
Abstract. This paper explores the crucial role of cryogenic
mediums in driving breakthroughs within the biomedical
sector. The objective was to investigate, critically discuss,
and present the current knowledge and state-of-the-art
practices, along with the challenges and perspectives of the
most common applications. Through an extensive literature
review, this work aims to supplement existing research,
offering a comprehensive and up-to-date understanding of
the subject. Biomedical research involving cryogenic
mediums is advancing on multiple fronts, including the
development of advanced medical technologies, clinical
treatments for life-threatening conditions, high-quality
biospecimen preservation, and antimicrobial interventions in
industrial food processing. These advances open new
horizons and present cutting-edge opportunities for research
and the medical community. While the current body of
evidence showcases the impressive impact of cryogenic
mediums, such as nitrogen, helium, argon, and oxygen, on

revolutionary developments, reaching definitive conclusions
on their efficiency and safety remains challenging due to
process complexity and research scarcity with a moderate
certainty of evidence. Knowledge gaps further underline the
need for additional studies to facilitate cryogenic research
in developing innovative technological processes in
biomedicine. These advancements have the potential to
reshape the modern world and significantly enhance the
quality of life for people worldwide.

Cryogenics, dating back to 1877, saw its early beginnings
when Louis Cailletet first liquefied oxygen in Paris using
compression and immersion cooling in sulphur dioxide,
resulting in a brief fog of oxygen droplets. Since then,
significant research and remarkable theoretical and
experimental advancements in materials’ behaviour at ultra-
low temperatures have fostered numerous cryogenic heat
transfer applications, driving innovative technological
processes that can transform the modern world. Cryogenic
mediums, known as cryogens, play a critical role in
healthcare, superconductivity, advanced manufacturing,
machining methods, aerospace, and advanced scientific
research (1). Among these mediums, argon (Ar), helium (He),
nitrogen (N2), and oxygen (O2) have found applications in
biomedicine due to their unique properties, which vary with
pressure, temperature, and phase. Notably, N2 and He are
widely used cryogenic mediums, owing to N2’s inert
behaviour, thermal properties, high availability, and cost-
effectiveness, while He’s capability to exist in a liquid state
at near-absolute zero temperatures presents challenges in
processing and storage optimization. O2, as the third most
abundant element in the universe, possesses commercial

1

in vivo 38: 1-39 (2024)
doi:10.21873/invivo.13407

Review

Cryogenic Media in Biomedical Applications: Current
Advances, Challenges, and Future Perspectives

KEFAH MOKBEL1, ALEVTINA KODRESKO2, HEBA GHAZAL3, 
RAMIA MOKBEL4, JON TREMBLEY5 and HUSSAM JOUHARA2,6

1The London Breast Institute, Princess Grace Hospital, London, U.K.;
2Heat Pipe and Thermal Management Research Group, College of Engineering, 

Design and Physical Sciences, Brunel University, London, U.K.;
3Kingston University, School of Pharmacy and Chemistry, Kingston Upon Thames, U.K.;

4The Princess Grace Hospital, part of HCA Healthcare UK, London, U.K.;
5Air Products PLC, Hersham Place Technology Park, Surrey, U.K.;

6Vytautas Magnus University, Kaunas, Lithuania

Correspondence to: Hussam Jouhara, Heat Pipe and Thermal
Management Research Group, College of Engineering, Design and
Physical Sciences, Brunel University, London, UB8 3PH, UK. E-
mail: hussam.jouhara@brunel.ac.uk

Key Words: Campylobacter decontamination, cryogenic mediums,
cryosurgery, cryotherapy, medical technology, sperm cryopreservation,
review.

This article is an open access article distributed under the terms and
conditions of the Creative Commons Attribution (CC BY-NC-ND) 4.0
international license (https://creativecommons.org/licenses/by-nc-nd/4.0).



viability as a cryogen due to its natural abundance and
accessibility (2, 3). Additionally, Ar, an abundant atmospheric
gas obtained through liquid air fractional distillation, is
widely used for its inert properties. Current research
continuously investigates cryogenic mediums, focusing on
heat transfer and material behaviour, often incorporating the
development of new numerical models to improve technology
performance. Innovative and efficient energy storage methods
are also under study to cater to processing and storage needs.

However, it’s important to note that despite discussions
surrounding xenon (Xe) and carbon dioxide (CO2) gases,
both possessing low temperature boiling points of −108.1˚C
and −78.5˚C, respectively, cryogenic experts and standards
do not classify them as cryogenic mediums since the
cryogenic range at ambient pressure is suggested to start
below −150˚C.

Considering the impressive discoveries and technological
advances in cryogenic mediums for biomedicine, this paper
aims to investigate and critically analyse current knowledge
and state-of-the-art practices while addressing challenges and
offering perspectives on the most common applications. The
article will provide a comprehensive and up-to-date review
of current applications, identifying knowledge gaps and
suggesting areas for future research.

Medical Technology

Magnetic resonance imaging. One of the most remarkable
advances in medical technology is magnetic resonance
imaging (MRI), a powerful tool that plays an increasingly
significant role in clinical diagnosis and treatment
monitoring. Unlike traditional imaging methods that utilize
ionizing radiation, MRI produces detailed three-dimensional
(3D) anatomical images without any harmful radiation
exposure. This makes it a safe and highly valuable diagnostic
tool for various medical conditions.

MRI excels in providing exceptional soft tissue contrast,
making it particularly useful for examining conditions
involving the spine, brain, or abdomen, including vascular
abnormalities, infections, and multiple sclerosis. The ability
to visualize these areas in such great detail enhances medical
professionals’ ability to make accurate diagnoses and design
effective treatment plans.

A critical component in the efficient and reliable
functioning of MRI machines is Liquid Helium (He), which
serves as a cryogenic coolant. Operating at an incredibly low
temperature of −269.1˚C, Liquid Helium enables the necessary
levels of superconductivity required in the scanner’s magnetic
coils. This, in turn, allows electrical current to flow through
the coils with minimal resistance, resulting in the generation
of high-intensity magnetic fields essential for the imaging
process, schematically represented in Figure 1 (4). 

Throughout the years, helium’s demand has outstripped
supply due to various factors. Helium is a non-renewable
natural resource with limited availability on Earth, and its
importance has grown significantly in multiple industries,
such as fibre-optic telecommunications and space propulsion.
However, the number of producers remains relatively small.
In 2012, this situation led to a global helium shortage,
causing prices to soar by over 250% (5).

During the helium scarcity, the scientific community faced
challenges due to limited purchasing power, especially
concerning the operation of MRI scanners, which require a
substantial amount of periodically topped-up liquid gas,
approximately 1,700 litres per scanner. To address this issue,
new scanner designs were developed, capable of functioning
with only around 7 litres of gas sealed within the device.
These innovative designs eliminate the need for constant
refilling and prevent helium from escaping, offering more
flexibility in placement as well.

One notable example of such a design is the Philips
BlueSeal MRI magnet, which employs zero boil-off
refrigeration and was introduced in 2018. This ground-
breaking technology allows for helium-free operations,
enhancing convenience and safety. Despite the impressive
advancements in cryogen-free designs that have improved
efficiency and reduced costs, further research is needed to
address certain challenges. Some studies have identified
complications arising from magnetic field variations caused
by temporal magnetic field instability (6, 7).

Cystic fibrosis. Interestingly, cryogenic mediums play a vital
role in MRI modality, serving as contrast agents to enhance
visibility. They work on the principle of shortening the T1
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Figure 1. Schematic representation of a typical superconducting magnet
with liquid He chambers coloured blue (4).



relaxation time of protons within body tissues, which boosts
the decay rate of induced polarization. This process
facilitates high-resolution image construction with 3D spatial
and temporal precision through systematic sampling across
the examined tissue’s spatial region.

Over the past few decades, this non-invasive assessment has
proven crucial in studying lung diseases, including asthma,
chronic obstructive pulmonary disease (COPD), and cystic
fibrosis (CF). CF is an inherited monogenic disorder affecting
at least 162,000 people in 94 countries. It is caused by
mutations in both gene copies that encode the cystic fibrosis
transmembrane conductance regulator (CFTR) protein,
responsible for the functioning of the epithelial ion channel.
CFTR is essential for the transportation of chloride and
bicarbonate, as well as mucus hydration and clearance (8, 9).

The hallmarks of CF include chronic upper respiratory
tract diseases, such as nasal polyps and rhinosinusitis, along
with lower respiratory tract diseases like neutrophilic and
muco-obstructive inflammation. Additionally, CF can lead to
pancreatic exocrine insufficiency, cystic fibrosis liver
disease, and cystic fibrosis-related diabetes (10, 11).
However, until recently, MRI imaging of low lung density
regions posed challenges due to the inherently low-fat proton
abundance and corresponding low signal (12).

Furthermore, the presence of multiple air-tissue interfaces
in traditional pulmonary MRI has been causing susceptibility
artefacts and magnetic field distortions. These issues
compromise the magnetic resonance signal, resulting in
degraded image quality of cardiac and respiratory motion
during image acquisition. Consequently, this hampers the
clinical utility of pulmonary MRI (13).

However, recent advancements in medical research have
led to the development of a novel pulmonary MRI technique
that utilizes the inhalation of hyperpolarized noble gases as
contrast agents (referred to as HP MRI). This innovative
approach has demonstrated the capability to detect changes
in lung microstructure, perfusion, and ventilation associated
with CF disease. Numerous studies have consistently shown
that this new imaging technique holds promise as a valuable
tool for early detection and longitudinal monitoring of CF
progression. For instance, a study conducted by Mallallah et
al. (14) highlighted the high sensitivity of HP MRI in
comparison to the forced expiratory volume in 1 second
(FEV1) modality for detecting CF structural and functional
ventilation defects, as well as monitoring the response to
treatment. HP MRI overcomes the limitations associated with
low proton density in standard MRI.

Traditionally, FEV1 has been the primary measure used to
characterize lung function. However, it has its limitations,
such as its inability to depict total airway resistance and
insensitivity to obstructions in small airways, which
contribute to approximately 10% of overall healthy adults’
resistance. Moreover, using high percentage predicted FEV1

(ppFEV1) values alone cannot determine the existence of
damage or the potential for improvement in lung function
through treatment, as it relies on population-based metrics
with spirometry nature. Consequently, a highly sensitive
technique like HP MRI holds great promise as a novel
modality for pulmonary imaging in medical research,
providing a more comprehensive assessment of lung function
and potential treatment outcomes.

Hyperpolarized helium-3 (3He) is one of the most
commonly used gases in HP MRI, obtained in gas mixtures
with dilute concentrations through spin-exchange optical
pumping (SEOP) and further cryogenic gas separation (15).
Research has shown that 3He enables the detection of
ventilation defects in CF (Cystic Fibrosis) patients with
normal spirometry, and these abnormalities identified by HP
MRI 3He are correlated with structural abnormalities
observed through computed tomography (CT) (16-18).
Moreover, the ventilation defects found in these patients have
been observed to respond to conventional treatments such as
mechanical airway clearance and bronchodilators (19, 20).

A significant study conducted by Altes et al. (21) supports
this finding, demonstrating the capability of 3He MRI to
assess and evaluate the effect of short-term and long-term
ivacaftor treatment. This highlights the technique’s potential
as an efficient measure in clinical trials for determining the
effect of treatments in CF by assessing regional lung
ventilation, including lobar analysis, and personalizing
disease monitoring.

Despite its relatively high cost and low availability, 3He
has been found to be efficient and safe, even in vulnerable
paediatric, elderly, and respiratory-compromised patients.
However, there is another contrast gas agent - xenon-129
(129Xe) - which has been found to more efficiently dissolve
in the blood and provide better information on gas exchange.
Nonetheless, polarizing 129Xe is more challenging, and
there are not fully developed clinical and research protocols
for its application (22, 23). As a result, the transition to using
naturally available 129Xe for CF HP MRI is still
questionable due to the scarcity of studies.

Numerous previous comparative research studies have
demonstrated that both HP 3He and 129Xe MRI are sensitive
to CF lung function impairment, including mucus plugging,
bronchial wall thickening, tissue destruction, airspace
consolidation, and bronchiectasis (18-20, 24-27).
Interestingly, Shammi et al. (23) concluded that the choice
between 129Xe and 3He is largely inconsequential, but
xenon could be more sensitive to partial obstructions. Their
findings, along with MR images and associated defect
analysis, are depicted in Figure 2.

However, there are contradictory findings as well. A study
by Thomen et al. (28) identified that 49% of the 129Xe
defect volume was not attributed to an apparent structural
abnormality, highlighting the controversial 129Xe MRI
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sensitivity to ventilatory impairment. More research is
needed to clarify and establish the advantages and limitations
of using 129Xe in CF HP MRI.

Overall, there is strong and robust evidence supporting the
validity, reliability, and reproducibility of HP MRI studies in
patients with cystic fibrosis. This innovative technique
utilizes cryogenic 3He, offering a unique advantage in early
disease detection and longitudinal monitoring. Its potential
to improve the survival rates of CF patients, who still face
significant unmet treatment needs, including minimally
invasive and pharmaceutical interventions, is promising.

However, further validation studies are necessary to
address certain aspects. These include investigating modality
sensitivity, accessibility, and obtaining quantitative values
that can justify the complexity and cost associated with HP
MRI. By conducting such studies, we can enhance the
acceptance and implementation of this advanced imaging
technique in clinical practice.

Recent advances in low-helium zero boil-off systems have
brought attention to potential areas of promising future
developments. These areas warrant more comprehensive and
cost-effective investigations to harness their full potential.
Nevertheless, it’s important to acknowledge that liquid
helium remains a critical resource, acting as the lifeblood of
scientific enterprise. It is indispensable in fuelling essential,
life-saving standard MRI technologies, which have already
contributed to numerous biomedical patents, fundamental
scientific discoveries, and Nobel prizes.

Hyperbaric oxygen therapy. The significance of oxygen in
medicine dates back to 1600, but its widespread use began
in 1943 with hyperbaric oxygen therapy (HBOT) for
decompression sickness in military divers and aviators. This
involved administering 100% oxygen at higher pressures in
a chamber to increase oxygen delivery to tissues. Hyperbaric
chambers often use liquid oxygen for HBOT, along with
converters and bottled gas backup (29). You can see a typical
mono chamber in Figure 3 (30).

The treatment technique’s mode of action is rooted in gas
laws, along with the biochemical and physiological effects of
hyperoxygenation. It can be categorized into primary and
secondary effects (31). Firstly, the heightened oxygen
concentration results in increased oxygen tension in tissues and
enhanced diffusion. Secondly, hyperoxygenation triggers
vasoconstriction, angiogenesis, fibroblast proliferation, and
increased leukocyte oxidative killing in tissues. These processes
are crucial for addressing conditions like central retinal artery
occlusion, problem wounds, carbon monoxide poisoning,
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Figure 2. MR images demonstrating defect analysis for both 129Xe and
3He gases from two representative subjects. Top set of images (Subject
6): excellent concordance between the ventilation defects with both
129Xe and 3He; bottom set of images (Subject 3): shows more and
larger ventilation defects with 129Xe compared to 3He. MR, Magnetic
resonance (23).

Figure 3. Top: A typical HBOT mono chamber; Bottom: Diagram of
HBOT working scheme including a chamber, air compressor, and
oxygen concentrator. HBOT, Hyperbaric oxygen therapy (30).



clostridial myonecrosis (gas gangrene), decompression sickness,
and intracranial abscesses, such as necrotizing soft tissue
infections. These mechanisms are visually illustrated in Figure
4, showcasing the principal therapeutic mechanisms and
associated processes initiated by HBOT.

Problem wounds management. Based on statistical evidence,
problem wounds represent a silent epidemic impacting quality
of life and healthcare costs due to their failure to heal within a
standard medical timeframe. They encompass skin perfusion
restoration, pressure relief, metabolic control, infection
treatment, and local wound care. A notable example is diabetic
foot ulcers (DFUs), a severe complication of diabetes linked
with peripheral arterial occlusive disease (PAOD) and lower

extremity amputations (32-36). Hyperbaric oxygen therapy
(HBOT) offers promise by inducing physiological changes like
wound hypoxia correction. It enhances tissue oxygenation,
vasoconstriction, fibroblast proliferation, suppresses
inflammatory cytokines, elevates growth factors, boosts
immune function, and stimulates angiogenesis (37). Notably,
HBOT upregulates vascular endothelial growth factor (VEGF)
and platelet-derived growth factor (PDGF), preserving
intracellular ATP levels (38). HBOT also stimulates nitric oxide
synthase 3 (NOS-3) in bone marrow, crucial for circulating
stem progenitor cell mobilization (39). Although HBOT usage
shows no adverse events statistically, potential side effects like
middle ear barotrauma (2%), myopia, lung collapse, and
oxygen toxicity seizures should be considered (40-42).
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Figure 4. Three principal therapeutic mechanisms of HBOT and associated clinical conditions, including multiple reactive species induction as
hemoxygenase-1 and including heat shock proteins. DCS, Decompression sickness; GF, growth factors; HBOT, hyperbaric oxygen therapy; RNS,
reactive nitrogen species (29).



Current studies consistently demonstrate HBOT’s
effectiveness in enhancing DFU healing and reducing
amputations (43-46). Huang et al.’s study (47) highlights
HBOT’s role in fibroblast proliferation, angiogenesis
regulator production (SDF-1 and VEGF), and activation of
receptors CXCR4 and VEGFR. Fadol et al. (41) exhibit
improved ulcer healing and reduced amputation rates in non-
healing DFU cases, demonstrating safety and efficacy. Oley
et al.’s study (48) shows accelerated healing through
increased serum IL-6 and VEGF levels, as reflected in
PEDIS score reduction. Systematic reviews like Brouwer et
al. (49) suggest no difference in minor amputation rates or
healing time, but major amputation rates decrease in PAOD
patients with DFUs, contingent on good general condition
and stamina. A study by Jenwitheesuk et al. (50) underscores
poor prognosis in patients with problematic wounds due to
factors like diabetes, arterial occlusion, and bone exposure.
HBOT significantly improves short-term DFU healing, while
its long-term benefits require confirmation. Bai et al.’s meta-
analysis (51) supports HBOT’s positive impact on venous leg
ulcers, decreasing healing time, ulcer area, swelling
regression time, colour improvement time, and VAS score.
However, these effects were observed in surgical patients;
non-surgical treatment outcomes need more investigation.
HBOT appears effective as an adjunct to standard care for
severe conditions, inducing beneficial physiological changes.
Its universal use is limited due to lacking evidence and
potential side effects. Future research targeting patient
subgroups based on factors like occlusion location, ulcer site,
and transcutaneous oxygen measurement could enhance
effectiveness and quality of life.

Cryotherapy

Mode of action. In health care, the origins of the use of low
temperatures go back as far as 2500 BC, when the Egyptians
used cold temperatures to treat injuries and inflammation
(52). Many centuries of challenging research later have led
to the development of impressive revolutionary discoveries
and state-of-the-art modalities such as cryotherapy – a non-
invasive technique which uses ultra-low temperatures of
cryogenic mediums and works on the principle of heat
withdrawal, assisted by core and tissue temperature
reductions and blood flow alterations (53). Nowadays, liquid
N2 is the most effective and common cryogenic option for
cryotherapy in the treatment of conditions associated with
pain and inflammation. It is administered in the form of N2
vapor or by air refrigeration applied locally at about −160˚C
or as a whole-body cryotherapy (WBC), as shown in Figure
5, briefly exposing the body to a temperature of −110˚C to
−160˚C in a chamber environment (54, 55).

According to experimental evidence, cryotherapy can be
attributed to three general effects: reduction of pain,

inflammation, and oedema. In terms of pain, it has been
found that ultra-low temperatures induce the activation of
thermal receptors associated with the blockage of the
nociception – pain signals within the spinal cord (56). In
addition, low temperature exposure can affect the neural
cells’ exchange between calcium and sodium, leading in
action to a delay in potential generation (57). Local
application of cooling also activates proprioceptors due to
tissue pressure changes, resulting in the inhibition of the
transmission of the nociceptive signal to the brain and
therefore in the increase of spinal cord activity. This leads to
reduced muscle spasm, muscle tone, and a consequent
increase in blood flow. Prostaglandin E2 (PGE2)
concentration, known as a mediator responsible for
sensitisation to central and peripheral pain, has been also
found to be reduced when ultra-low temperatures are applied
(58, 59). In the case of the anti-inflammatory effect, a
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Figure 5. (a) Localized cryotherapy device KRIOSAN (Wrocław,
Poland); (b) Stationary cryo-chamber by KRYOSYSTEM (Wrocław,
Poland) (54, 55).



hypermetabolic state within the treated tissue was recorded
as well as compromised circulation of the blood (60). PGE2
which is also a marker of inflammation has been found to
decrease in concentration during cryotherapy, indicating a
positive anti-inflammatory effect. Cryogenic temperatures
therefore can affect the regenerative process by its reduction
from a hypermetabolic state with its capability of inducing
secondary hypoxic injury, to a lower metabolic state that
demonstrates lower oxygen demands and energy
requirements, overall increasing the survival rate of the cells.
The above-mentioned cellular metabolism additionally
results in a reduction of swelling or oedema formation. The
application of ultra-low temperatures on the tissue leads to
an increased alpha-adrenoceptors sensitivity found in the
blood vessel walls, resulting in vasoconstriction and a blood
flow decrease within the tissue itself, interrupting
sympathetic nerve conduction (61). The process has been
found to be cyclic, also known as Hunting reaction, where
the last activity before the cycle repeats itself, involves tissue
rewarming by returned blood flow and nerve conduction re-
establishment with increased alpha-adrenoceptors sensitivity.

Despite the widespread use of cryotherapy with
established cost-effectiveness and safety, conflicting results
have shown that its application can be associated with
adverse side effects, such as frostbite, Raynaud’s
phenomenon, superficial nerve palsies, cold urticaria or a
delayed regeneration process. When assessing therapeutic
modalities, it is vital to compare any benefits with possible
harm and risks as cryotherapy demonstrates the capability of
modifying essential biochemical and physiological
parameters in the human organism (62). Nevertheless,
randomised studies and systematic reviews have been found
to fail to provide solid evidence of cryotherapy safety.
Therefore, this should remain a subject for future high-
quality randomized controlled studies with evaluated timing,
dose, temperature and frequency, using a standardised set of
reliable and valid measurements of outcomes, enabling the
performance of meta-analyses.

Professional sport athletes. WBC is widely used in
rehabilitation programmes in sports medicine for both acute
and chronic soft tissue injuries due to the biological and
physiological effects which decrease the local inflammatory
reaction and therefore reduce the severity and duration of
musculoskeletal trauma recovery, maximising the
performance of athletes (63). WBC has also been shown as a
beneficial modality applied after intense training to minimize
the risk of injury during competition seasons. Moreover,
beneficial effects have been recorded, such as an increase in
the endurance-associated margin for metabolic heat
production as well as in the amount of time to touch the
critical limiting temperature (64). Specifically, the mode of
action of ultra-low temperatures on athletes could be divided

into two major phases. Firstly, a stimulated sympathetic
nervous system inhibits the heat loss, leading to narrowing of
dermis and subcutaneous tissue blood vessels and increasing
the body’s insulating properties. Next, mechanisms that are
responsible for intensifying heat production via the metabolic
rate elevation are activated, consequently leading to tissue
hyperaemia and concentrations of oxygen in the muscles with
a number of recognized valuable biochemical, hormonal, and
clinical effects persisting after the procedure. The important
fact of WBC dose-dependency was recorded by Lubkowska
et al. (65).

Importantly, research by Banfi et al. (66) showed that
WBC is not deleterious for cardiac function when studying
its effects on troponin I (TnI), high sensitivity C-reactive
protein (hsCRP), and N-terminal pro B-type natriuretic
peptide (NTproBNP) levels in rugby players. Furthermore,
no negative effect was reported when investigating
haematological values by measuring the concentration of
haemoglobin and count of erythrocytes, leukocytes, platelets,
and reticulocytes in peripheral blood. Beneficially improved
antioxidant capacity exposure to professional athletes’
intense training was discovered as well with associated
increased antioxidant agent level activity, such as glutathione
peroxidase and superoxide dismutase (66, 67). A general
beneficial antioxidant effect was identified, addressing
oxidative stress as the main performance-affecting factor,
enhancing antioxidant capacities and counteracting the
reactive oxygen species (ROS) production after muscle
activity associated with membrane, cellular structure, and
deoxyribonucleic acid (DNA) damage (68, 69). An additional
study on rugby players by Banfi et al. (70) that focused on
changes in immunological parameters, cytokines adhesion
molecules, and muscle enzymes [creatine kinase (CK),
lactate dehydrogenase (LAD)]. This demonstrated no change
in immunological parameters and therefore no impairment of
the immune function, with a decrease in pro-inflammatory
cytokines and an increase in anti-inflammatory cytokines, as
well as significantly decreased CK and LAD levels after the
cryotherapy treatment, closely associated with triggering a
cascade of events leading to an improved recovery from
exercise-induced muscle trauma and damage after intense
physical training. In terms of the application of cryotherapy
prior to training, researchers have identified improved
recovery by beneficially affecting power output associated
with pain alleviation, reduced muscle fibre recruitment and
sense of fatigue by eliciting a post-activation potentiation
(PAP) response (71, 72). PAP is a physiological phenomenon
involving acute changes in muscular power output occurring
by phosphorylation of myosin regulatory light chains making
myosin and actin more sensitive to Ca2+. Nevertheless,
contrasting findings demonstrated that ultra-low
temperatures applied locally can cause increased resistance
to movement requiring the athlete to exert extra power on
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the agonist muscle in order to achieve the desired
performance, overall resulting in impaired muscle flexibility
associated with an increased injury incidence. Similarly, a
study by Alaca & Kablan (73) demonstrated that the rectus
femoris muscle became harder and less elastic in terms of
mechanical properties for 10 minutes after local spray
cryotherapy. Accordingly, careful warming should be
recommended to ensure muscle normalization and therefore
to prevent potential injuries.

Another valuable study on the subject presented by
Galliera et al. (63) focused its investigation on the effect of
bone remodelling after WBC in athletes by measuring new
bone remodelling osteoimmunological biomarkers, known as
OPG – a bone formation marker, RANK – a marker of
resorption, and RANKL – a strong marker of bone
resorption, which defines the “osteoimmunology” concept as
the main regulatory mechanism linking immune system and
the bone (74-78). The study obtained consistent findings
with previous research, demonstrating that the increase of the
OPG/RANKL ratio is strongly associated with an osteogenic
and osteoprotective effect and therefore improved bone
formation and recovery. This indicates the beneficial effect
of cryotherapy on musculoskeletal recovery in athletes after
endurance physical activity. Nevertheless, due to the
preliminary findings, further research is desired to evaluate
further the effect of cryotherapy on bone metabolism.

Much of the current research agrees that hormones with
an established circadian rhythm is one of the key
mechanisms manipulated during the exposure to ultra-low
temperatures. Specifically, salivary testosterone levels
increased up to 28% have been found to elicit acute exercise-
like effects in concentrations of hormone affecting the desire
and motivation to compete, due to WBC increased
testosterone concentrations especially beneficial to male
athletes involved in sports played late in the evening (79).
The relationship between training, cryotherapy and stress-
related cortisol levels have been investigated recently and
preliminary studies demonstrated a marked decrease in
cortisol concentration and therefore positive performance
consequences. In addition, the ratio of testosterone to cortisol
is of special interest for professional athlete performance
where the inverse relationship reflects the hormonal balance
status (80). Returning to the aspect of stress, an increase in
salivary alpha-amylase (sAA), a biomarker for stress-related
changes and a measure of catecholamine concentration, such
as epinephrine, norepinephrine, and dopamine, has been
found to be beneficial for athletes’ preparation and readiness
in addition to a reduction in muscular fatigue and
enhancement in muscle priming effects (81- 83).

Despite the wealth of literature on whole body
cryotherapy, published data on professional sport athletes’
rehabilitation are scarce and the effectiveness and viability
are yet to be fully described. Further investigations,

including a case-control protocol, are essential to provide
more robust evidence about the findings on the topic.
Consequently, they can determine the practical value and
clinical significance of the use of ultra-low temperatures in
sports medicine that have a potential benefit of minimising
the risk of musculoskeletal injury and reducing the severity
and duration of trauma; quick recovery is a primary concern
for both sports physicians and athletes especially during the
competition seasons.

Pain management. Apart from its application in professional
sport, cryotherapy is used increasingly in pain management.
According to the statistics, 66.6% of patients suffer from
acute postoperative pain which exerts an enormous economic
and personal burden (84). Several studies have already
shown the advantages of cryotherapy as a post-operative
treatment due to its effect on oedema, pain, and
inflammation, in addition to relative safety, low cost, and
ease in administration for healthcare professionals and
patients. One clinical example is total knee arthroplasty
(TKA) which is often accompanied with high postoperative
pain ratings. A study conducted by Wyatt et al. (85)
demonstrated that cryotherapy decreases opioid consumption
in the first postoperative week when they are used the most
extensively. Nevertheless, ultra-low temperature effects on
pain, range of motion, and swelling are still being debated
and heterogeneous protocols make comparisons challenging.
Accordingly, more research is needed to draw conclusions
on measures of outcomes, cryotherapy optimization, cost
analysis, and postoperative protocols for patients recovering
after the TKA.

Supportive findings were reported by Lizis et al. (86)
investigating the effect of cryotherapy with mobilization
(CM) or reinforced as well with home stretching exercises
(CMS) on chronic neck pain. This affects from 5% to 14% of
individuals, which causes major financial loss due to repeated
absence at work, limitations on professional activity, sick
leave, and potentially premature retirement (87-89). Evidence
from clinical trials has shown that combinations of different
treatment types including manual therapy, physiotherapy, and
local cryotherapy induce pain relief significantly more
effectively and function restoration. The study results were
consistent with a great deal of previous research and
demonstrated the efficiency of a combination of therapies in
chronic neck pain, showing the potential of improving the
patients’ quality of life. In addition, a study by Salas-Fraire
et al. (90) demonstrated WBC efficiency in the pain and
disability treatment of patients with chronic low back pain
due to a significant improvement in clinical score, specifically
an increase in anti-inflammatory cytokine IL-10 and a
decrease in IL-2 values.

To date, cryotherapy has also been shown as an effective
treatment used extensively in dermatology, specifically for
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plantar warts, pigmentation and melanocytic lesions, cysts,
vascular lesions and naevi, acne vulgaris, rhinophyma,
alopecia areata, and xanthelasma. Plantar warts are benign
inwardly growing myrmecia or superficial mosaic wart
clusters caused by infection with the human papillomavirus
(HPV) (91). The warts can be painful, interfering with
walking which leads to hip or knee pain. A broad range of
therapeutic options can be offered from cyto-destructive
methods, chemotherapeutic compounds, and antiviral therapy
to topical acid and immunomodulators. Nevertheless, the
condition still possesses a therapeutic challenge for clinicians
due to the high recurrence rates as clinically untreated
surrounding tissue often still harbours HPV (92). The most
commonly applied treatments include topical acids,
electrosurgery, and cryotherapy. Interestingly, evidence from
the study presented by Singh & Neema (93), who compared
the efficacy of cryotherapy and electrosurgery, found that the
incidence of pain, infection of the wound, delayed wound
healing afterwards, scarring, and recurrence was higher with
electrosurgery when compared with cryotherapy. This
demonstrates the successful, safe and painless use of ultra-
low temperature treatment is suitable for treating plantar
warts. In addition, a growing body of evidence, mainly from
clinical experience, has shown cryotherapy to be an excellent
second line treatment in the protocols when the initial agent
application is unsuccessful (94). A study by Awad et al. (95)
has shown that adding N2 cryotherapy prior to intralesional
(IL) antigen immunotherapy is a promising therapeutic
approach in multiple and recalcitrant warts. It works on the
principle of the effector immune cells attraction to HPV-
loaded keratinocytes, highlighting the safety and efficacy of
the combination therapy with the potential of reducing the
number of treatment sessions.

To sum up, the findings of the current body of evidence
in the pain management sector demonstrate cryotherapy
efficiency in the treatment of patients after total knee
arthroplasty, with chronic neck and low back pain, as well
as in pain and recurrence of plantar warts. Nevertheless, due
to the scarcity of studies and controversial findings, the
interpretation of ultra-low therapy is still facing difficulties,
highlighting the need for further research.

Neurocognition. Since the beginning of the 21st century,
several studies have focused on the effect of ultra-low
temperatures on neurocognition. According to the statistics,
970 million people are living with a mental health disorder,
such as depression, schizophrenia, anxiety, bipolar disorder,
and drug or substance use disorders, that have a direct
impact on the quality of life of patients and their families and
their income (96). Individuals with severe mental health
disorders are more likely to be victims while being more
dangerous to themselves than to others. What is of great
significance is the fact that 70-75% of individuals receive no

treatment, potentially due to the lack of effective, affordable
and easily accessible treatment options. Therefore, the
clinical community is still looking for effective add-on
treatments targeting multiple symptom clusters, also known
as transdiagnostic interventions. To address the demand, one
of the studies conducted by Doets et al. (97) demonstrated
preliminary evidence that application of WBC is an efficient
add-on treatment for mental health problems, specifically
depression, targeting symptoms like sleeping problems and
inactivity. Nevertheless, further research in the form of
randomized controlled trials with a larger number of
participants is required due to the lack of previously
established evidence, including systematic reviews and meta-
analyses.

Today, the pace of population ageing is much quicker than
ever in the past, closely associated with an increased
prevalence of neurocognitive disorders like dementia. This
is an incurable syndrome with no treatments modifying
disease progression characterized by the decline of brain
functioning, leading to memory loss, a decline in mental
sharpness and language abilities, changes in perception as
misperceptions, hallucinations, delusions, time-shifting,
difficulties in movement and daily activities (98). Mild
cognitive impairment (MCI) is a condition referring to the
transition stage between normal cognitive functioning and
dementia (99). Due to the irreversible and progressive nature
of dementia, there is an urgent demand for intervention that
could address cognitive impairment at its early stage. It is
hypothesised that WBC might be beneficial in MCI and
Alzheimer’s disease (AD), the common form of dementia,
via a protective effect on the central nervous system by
induced hypothermia (100). The vast majority of studies
have also identified an immunomodulation effect when
exposed to ultra-low temperatures, leading to a decrease in
pro-inflammatory cytokines as IL-1 and IL-2, as well as in
oxidative stress, and an increase in the anti-inflammatory
cytokines’ concentration as IL-6 and IL-10. This in turn
results in an increase in glutathione peroxidase and
glutathione reductase activities, and concentrations of
antioxidants, such as uric acid and extra-erythrocyte
haemoglobin (70, 101). Furthermore, a c-reactive protein
(CRP) and soluble intercellular adhesion molecule-1
(sICAM-1), markers of inflammatory response, have been
found to be downregulated. This is especially important due
to the correlation of neuroinflammation with cognitive
impairment, such as an accumulation of amyloid beta peptide
deposits inducing chronic neuroinflammation and the
consequent apoptosis of neuronal cells in AD (102, 103). In
addition, it has been found that a continuous pro-
inflammatory reaction is associated with a reduction in
microglia activity, and the changed secretion of chemokines,
reactive oxygen species, cytokines, and nitric oxide (NO),
subsequently inflicting damage to the blood-brain barrier.
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Therefore, there is a growing body of evidence that
alterations in the inflammatory events may precede the
clinical development of cognitive impairment (104-108).
One of the studies supporting this suggestion was conducted
by Rymaszewska et al. (109), which demonstrated that WBC
has the potential of increasing the performance of cognitive
functions in MCI patients due to the systemic effect of ultra-
low temperatures initiating neuro-muscular, analgesic, anti-
inflammatory, antioedematous, circulatory, and hormonal
reactions. Nevertheless, further research is needed as the
study lacked sufficient information about regulatory role
cryotherapy in MCI patients’ immunological response and
oxidative status. Another study by Misiak & Kiejna (100),
based on accumulating a number of expert opinions,
hypothesized that WBC is an effective modality with the
potential of preventing AD acting on underlying path
mechanisms of the disease via a multidirectional therapeutic
approach, such as therapeutic hypothermia slowing down
neurodegeneration, pro-hormones and antioxidant release,
and affected lipid metabolism. Nevertheless, this field is still
in its infancy and research including animal models is
needed to determine underlying mechanisms of the cognitive
impairment and evaluation of biological pathways in terms
of ultra-low temperatures, in addition to putative targets for
cryotherapy, and long-term results, due to the potential AD
challenges as advanced neuropathological lesions being
irreversible.

Returning to the aspect of the effect of WBC on lipid
profile, a supportive study by Rymaszewska et al. (110)
found that ultra-low temperatures can lower the levels of
total cholesterol, triglycerides, and low-density lipoprotein,
and this is of particular importance due to the evidence that
dyslipidaemia is a risk factor for dementia. According to the
evidence, cryotherapy induces the release of catecholamines
leading to liver lipolysis and glycogenolysis. In addition, it
can stimulate hepatic enzymes that convert cholesterol to bile
acids, as well an increase in insulin sensitivity and brown
adipose tissue, altogether accounting for the beneficial
effects of cryotherapy on alterations of lipid profile.
Therefore, WBC is proposed as a promising effective
intervention. Nevertheless, more studies are required due to
the small amount of supportive research and the considerable
methodological heterogeneity of the studies.

Whilst the cryotherapy application method is open to
change, the mechanisms of ultra-low temperature action and
properties remain the same. The growing body of evidence
highlights the positive perception that surrounds the
application of cryotherapy in professional sport, pain
management including after surgical treatment and to
neurocognition, while being well tolerated with rarely
reported side effects. In this sense, more research is desired
in terms of eliciting the necessary physiological alterations
while excluding the initiation of adverse pathopsychological

effects, developing high-quality protocols, and therefore
establishing a safe and efficient modality.

Cryosurgery

Cryobiology. The modern application of cryosurgery in clinical
practice dates back to the 1960’s when Cooper & Lee (111)
developed and applied a cryogenic probe, an ultra-small
diameter vacuum-insulated tube-like tool served as a cryogen
conduit, for the treatment of Parkinson’s disease. It is important
to point out that the term cryosurgery, or cryoablation, is
usually misleadingly confused with cryotherapy, in contrast
referring to an invasive closed system modality associated with
total tissue destruction. The state-of-the-art third-generation
cryosurgery systems work on the Joule-Thomson principle of
temperature change accompanying gas expansion, exhibiting
no heat exchange with the environment. Modern intra-
operative ultrasound (US) in real-time monitoring aids
cryoprobe placement and the extent of the freezing, while
allowing easier atraumatic probe placement, greater control of
the margins, and an even temperature distribution and as a
result more efficient heat transfer. The rapid expansion of
liquid N2 or Ar gas, which is delivered through an uninsulated
tip, results in extreme and rapid temperature drops while
freezing adjacent tissues at −140˚C within a few seconds. The
process is accompanied by an ice ball formation resulting in
cell death out to 3 mm inside the ball margin as depicted in
Figure 6, and the following thawing is achieved by instillation
of the helium gas (112). 

According to the growing body of experimental and
clinical evidence, cryosurgery has been shown to be less
invasive and associated with lower morbidity when
compared with other surgical resection interventions in the
management of life-threatening health conditions such as
cancer. Several decades of challenging research led to
fundamental scientific discoveries that allowed the
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Figure 6. (a) Percutaneous cryoablation probes; (b) Schematic
representation of the active tip of a cryoablation probe and ice ball
formed (112).



underlying pathophysiological mechanisms of cryo-
destructive effects on biological tissues, schematically
represented in Figure 7, to be postulated (113).

Based on the findings on the direct cellular injury
presented, extracellular compartment ice crystal formation has
been found to give rise to a concentration gradient leading to
enzymatic damage and denaturation of the proteins. At the
same time, in the case of rapid freezing, crystal aggregation
has been found to disrupt the mitochondria and organelles,
ultimately resulting in cell membrane rupture at cell thawing
(113). Furthermore, during thawing, hyperaemic injury
reperfusion leads to toxic free radical release, inducing
peroxidation of the cell wall lipid membrane. 

In terms of a delayed mechanism vascular injury, it has
been found to take place hours or days afterwards, when
associated intracellular ice crystals cause damage to the
endothelium, leading to vascular stasis, platelet aggregation,
and intravascular thrombus formation, eventually resulting
in ischemia and tissue necrosis reabsorbing over time (114).
Regarding the cells that were not directly destroyed by
cryoablation, these undergo a special cellular process of
programmed cell death, known as apoptosis, usually at the
periphery of the cryoprobe ice ball. Finally, cryogenic
temperatures have been found to be associated with an
immune-mediated cytotoxicity involving the activities of
macrophages, neutrophils, and T cell infiltrates, leading to
subsequent tumour cell death. 

Nevertheless, it is of special importance to highlight that,
according to the research study findings on the subject of the
above-mentioned pathophysiological mechanisms,
cryoablation has been found to demonstrate variable and less
controllable effectiveness as each tissue cell is affected by
and reacts to different thermal histories, such as cooling
temperature and rate, time of exposure, hold time, and end
temperature, resulting in variable degrees of cell injury.

Therefore, despite extensive in vitro and in vivo experiments
significantly contributing to the current understanding of
cryobiology mechanisms and effects, more research to fill
the knowledge gaps is required due to the complexity of the
process and the multiple existing theories, which limit
further developments in research.

Breast cancer. Nowadays, breast cancer is the most common
malignancy among women due to the progression to deadly
metastatic disease in 25-50% of cases, associated with an
unfavourable prognosis and a low 5-year survival rate (115).
Furthermore, while prodigious innovations in imaging allow
the detection of breast cancers in its earliest stages, improving
the prognosis for a 5-year survival rate up to 98%-99%, a
close association has been found between current treatment
protocols and overtreatment or unnecessary mastectomy
interventions, which are a partial or complete surgical breast
removal. Despite mastectomy historically being the gold
standard of breast cancer treatment, its application is
associated with anaesthesia, postoperative pain, longer
recovery periods, as well as adverse cosmetic impacts, overall
highlighting the need for de-escalation of treatment towards
less invasive forms. According to the growing body of
experimental and clinical evidence, cryosurgery possesses a
confirmed feasibility, effectiveness, and tolerance in breast
tumour destruction, given the method’s simplicity, lack of
pain, quick recovery, low associated morbidity, and cost-
effectiveness (116, 117). Specifically, in regard to breast
cancer, cryosurgery has been found to not only destroy cancer
cells but additionally to induce the release of intact tumour-
specific antigens into the circulation, essential for immune
system recognition and consequent response (118). As
cryosurgery is conducted in an ambulatory setting under local
anaesthesia, sedation and operating room needs are decreased,
as well as associated surgical complications, recovery times,
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and health-care costs, making the technique cost-effective.
Importantly, cryosurgery does not involve caving within
breast parenchyma which is a cause of breast asymmetry and
poor cosmetic results, and therefore results in better cosmesis
with no tissue loss, less breast deformity, and a smaller
wound. Specifically, meta-analysis on small breast cancers
showed cryosurgery satisfactory to be excellent cosmesis in
more than 95% of the treated patients, in addition to lower
complication rates of 5% compared to other ablation
modalities including microwave ablation (MWA), high-
intensity focused ultrasound (HIFU), radiofrequency ablation
(RFA), and laser ablation (119). Minor adverse events are rare
and include minor bleeding, bruising, or pain with anaesthetic
injection, while being similar to those associated with needle
biopsy application. Nevertheless, owing to the large
heterogeneity of studies included, further large sample,
randomized, controlled studies with a uniform protocol are
necessary to consider other vital aspects, such as biological
subtype or density category of the tumour in terms of
modality response. Similarly, a study by Fine et al. (120) on
the N2-based cryosurgical system demonstrated no severe
device-related adverse complications, while two thirds of
moderate complications in 2.4% of the cases and mild
complications in 18.4% of them have been demonstrated to
be unrelated to the device or study procedure but rather were
patient specific. 

The cryosurgery procedure under the guidance of US or
MRI is performed by placing a single cryoprobe or multiprobes
percutaneously into the lesion, while generating an ice ball
covering the entire tumour. An appropriate surrounding tissue
margin of 5 to 10 mm has been found to be sufficient and
efficient for breast tumours (121, 122). An additional
procedure, known as saline hydro-dissection, is required to
protect overlying skin from the ultra-low temperatures of the
ice ball. Figure 8 is a representative example of imaging during
breast cancer cryosurgery, demonstrating cryoprobe and saline
hydro-dissection needle placement in the tumour and the
consequent ice ball formation (123).

During surgical preparation, patient eligibility criteria must
be always followed, and ideal cryosurgery candidates are
those with well visualized low-grade invasive ductal
carcinomas (IDC) <1.5 cm without an extensive intraductal
component (EIC), that are lower grade, less aggressive
tumours located 1 cm from the skin and less likely to be
multifocal, multicentric, or contralateral (124, 125). Patients
with a pure IDC, ductal carcinoma in situ (DCIS) with EIC,
or invasive lobular carcinoma (ILC) should be excluded.
Since, according to the vast majority of supportive studies, the
size of tumour has been found to be an essential predictor of
residual cancer, US, MRI and mammography assessment
together with multiple core biopsies of the tissues surrounding
the tumour are required for optimal patient selection, as well
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Figure 8. Ultrasound (US) guided cryosurgery for right breast invasive ductal carcinoma. (a) Size of tumour visualized by US. (b) Visualization of
cryoprobe penetration and saline hydro-dissection. (c) Visualization of distance of probe and hydro-dissection needle projection past tumour. (d)
The ice-ball, tumour, and safety freeze margin visualization (123).



as to exclude extensive intraductal components associated with
the lack of cryosurgery radicality and thus with diminishing
modality efficiency (122, 124, 126-131).

Importantly, in the light of a quicker pace of population
ageing than ever in the past, the significant progress in breast
cancer genomics has allowed a more precise patient-specific
management approach that led to a reconsideration of how
to treat elderly patients. Cryosurgery being a minimally
invasive ablation technique demonstrated efficacy equal to
that of breast conservation therapy, while avoiding the risk
associated with surgical intervention. A study on the subject
by Habrawi et al. (123) in patients over 60 years old with
infiltrating ductal carcinomas size ≤1.5 cm showed good
tolerance without serious complications, good cosmesis, and
no evidence of tumour recurrence, demonstrating that elderly
patients with early breast cancers up to 1.5 cm with a
favourable low-risk profile benefit from a single session of
cryosurgery and do not require subsequent surgical
intervention. Nevertheless, as for other similar studies, this
small patient number series with a short follow-up needs
further larger-sample long-term follow-up to record local
control. Another study by Manenti et al. (132) in post-
menopausal women between 64 and 82 years with larger
ductal invasive unifocal breast cancers ≤2 cm demonstrated
the successful target lesion destruction in 14 of the 15 cases,
highlighting the cryosurgery efficiency of single small breast
cancers resulting in complete necrosis, excellent cosmesis,
and patient satisfaction. However, large multi-centre
randomized control trials are desirable to determine its long-
term advantages in order to confirm a similar efficacy to
other breast conservation treatment options.

Evidently, dynamically evolving cryosurgery has
demonstrated its antitumoral immunity effects and
metastases development control in patients with stage IV
metastatic disease and clinically indolent or nonpalpable
tumours with stable metastatic disease, that, despite
substantial discoveries and advances in treatment modalities,
still lack an effective treatment regimen. While lumpectomy
as a resection of the primary tumour could offer a survival
benefit, removing potential tumour stem cell sources that
have been found to support distant metastases through
different neoplastic cell lines, resection could expose the
patient to serious complications, delaying a systemic
treatment and affecting the survival benefit (133). It has
found that ultra-low temperature applications can affect
tumour-infiltrating lymphocytes (TILs) in distant tumours,
stimulating a tumour-specific response, while reflecting a
systemic link in terms of local response, and therefore
resulting in a regression of metastatic lesions. Interestingly,
a greater number of TILs have been found to be associated
with a better response to neoadjuvant chemotherapy
treatment and therefore with better survival rates. The above-
mentioned mechanism was demonstrated in experimental

studies in animal models that recorded an increased number
of immune effector cells in the distant tumours’
microenvironment and fewer immunosuppressive regulatory
T cells (Tregs) closely associated with tumour growth
promotion. Specifically, the findings of the retrospective
study conducted by Pusceddu et al. (134) demonstrated
cryosurgery as an effective, well-tolerated, and feasible
treatment option for primary advanced breast cancers in
patients with bone metastatic ductal invasive breast lesions
previously treated with systemic therapy, as complete
regression was achieved in 88% of cases. Pusceddu et al.
(135) supported this view in a further study, additionally
demonstrating cryosurgery safety and efficiency in primary
tumours in stage IV breast cancer patients, resulting in
complete tumour necrosis in 85.7% at 2-month and in 100%
at 6-month follow-up. Additional retrospective analysis by
Niu et al. (115) comparing the therapeutic effects of
cryosurgery to other therapies, such as immunotherapy and
chemotherapy in metastatic patients after failure of radical
surgery demonstrated the highest median overall survival of
83 months in the group treated with both cryosurgery and
immunotherapy. Therefore, there is a beneficial effect of
cryosurgery when applied in conjunction with other
treatment modalities. The major study limitation as for
nearly all breast ablation studies is its retrospective nature
and sample size. Therefore, prospective large, well-designed
studies comparing cryosurgery with other treatment options
used in metastatic breast disease is vital for a deeper
understanding of the cryobiology and tumour response in this
subgroup of patients and the associated survival benefits.
Furthermore, as most of the cryosurgery research has been
focused on patients with early small breast cancers, the use
of the modality in metastatic breast cancer is scarce, in
addition to the presence of controversial studies, therefore
more studies are awaited.

Finally, despite being in its infancy, it is vital to mention
the promising potential of the synergism of cryosurgery and
immunotherapy in breast cancer management, where ultra-
low temperature induced tumour-specific immune responses
have been found to increase the efficacy of the checkpoint
inhibitors. The beneficial effect of this synergism is
associated with critical components of de novo adaptive
immune response that includes tumour antigen release and
presentation, immune suppression regression, and tumour
antigen-specific T cell activation. One of the clinical pilot
studies by McArthur et al. (136) on cryosurgery and
preoperative single dose ipilimumab (anti-CTLA-4) in early-
stage breast cancer showed safety and favourable systemic
immunologic and intra-tumoral effects, including a higher
inducible costimulator expression playing a vital role in
increased antitumor activity. The continuous CD4 and CD8
cell proliferation has been also recorded. A study by Page et
al. (137) on T cell clonality and intra-tumoral T cell density

Mokbel et al: Cryogenic Media in Biomedical Applications (Review)

13



presented supportive conclusions while demonstrating the
cryosurgery-induced death of both tumour and TILs as well
as the release of a broader variety of tumour specific
antigens essential for the immune system recognition, with
a proliferation of a small subset of T cell clones mediated by
the synergy of cryosurgery and immunotherapy.
Nevertheless, despite promising findings, the research is
limited by the use of animal models and small sample sizes.
To date, several ongoing clinical trials have been initiated
and are underway to examine further the above-mentioned
relationship, aiming to treat both small breast cancers and
metastatic disease. One such trial is focusing on the adverse
side events, such as the primary outcome of cryosurgery,
Nivolumab (anti-PD-l) and Ipilimumab (anti-CTLA-4)
treatment in patients with early-stage breast cancer (138).

To date, cryosurgery has been explored with the intention
of achieving equal efficacy to that of mastectomy and
conservation therapies, while eliminating the associated risks
and complications in the management of early breast cancer,
metastatic disease and patients not suitable for the standard
form of treatment. Experimental evidence agrees on
cryosurgery effectiveness as minimally invasive,
cosmetically preferable, safe, and a cost-effective treatment
modality, in addition to recorded ease in its use. Comparison
with standard treatment regimens, development of the
optimal protocols, and establishment of the precise patient
selection criteria are essential and are yet to be confirmed
before accepting cryosurgery as a method of standard clinical
practice. Accordingly, more studies are required for modality
efficiency and validity evaluation due to the overall research
scarcity and heterogeneity in study methods and outcomes. 

Intralesional cryosurgery in keloid scars. Keloid and
hypertrophic scars are benign fibrous nodules composed of
type I or type III collagen resulting from an abnormal
healing response following skin injuries, such as burns,
injections, surgery or dermatitis, including acne vulgaris and
bites (139). The scars can significantly reduce the quality of
life causing a cosmetic burden accompanied by pruritis and
pain (140-143). To date, numerous treatment options are
available based on scar type, cause, recurrence rate,
recovery rate, and complications, and include surgery,
corticosteroid, 5-fluorouracil, or interferon intralesional
injection, silicone coating and compressing, intense pulsed
light (IPL), and cryosurgery (144-148). For decades,
cryotherapy in the form of liquid N2 applied externally was
used in clinical practice. Nevertheless, this modality was
associated with hypopigmentation, blistering and infection
due to prolonged hold time, and attempts to minimize the
damage of surface epithelium led to less volume decrease
and higher recurrence rates (149, 150). To address these
serious side effects and drawbacks, intralesional (IL)
cryosurgery was introduced, freezing the scar from the

inside using a hollow needle with the cryogen administered
directly to the core of the scar, targeting the exact location
of the pathology and not affecting the surface epithelium
(151). The standard treatment regimen comprising 20
therapeutic sessions attended every two weeks has been
reported together with a recovery rate of 76% (152).
Nevertheless, the considerably greater length of the
treatment period compared to other treatment modalities has
been found to be the main shortcoming.

Liquid N2 and Ar gas-based IL cryosurgery devices are
currently available, both showing a similar volume decease.
A study of the thermal behaviour by Van Leeuwen et al.
(153) comparing the two different gas type IL cryosurgery
devices demonstrated that the Ar gas-based device showed a
faster freezing rate and a lower end temperature, resulting in
lower recurrence rates. More hypopigmentation was recorded
for the Ar-based device, as well as low outer surface
temperatures of the keloid scars measured by the thermal
camera for both devices, suggesting that some post-treatment
hypopigmentation is inevitable as fast freezing rates are
associated with cell necrosis, while slow freezing rates are
associated with an irreversible apoptosis process. Figure 9
shows the IL cryotherapy liquid N2 based device used prior
to the procedure on keloid scar.

The study findings were consistent with previous research
and clinical practice experience, where N2 gas devices based
on a simple Dewar cylinder were associated with a limited
freezing capacity and elongated freezing times that led to
dysfunctional treatments, in addition to an inability to closely
control and monitor the freezing process. In contrast, Ar-
based devices relying on the Joule-Thomson effect
demonstrated controlled and accurate freezing, allowing the
internal tissue temperature to be monitored. Similarly, a
study by Van Leeuwen et al. (154) showed promising results
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Figure 9. Intralesional cryotherapy with the liquid nitrogen-based
device and two thermocouples placement prior to the procedure on
keloid scar (153).



for an Ar-based device for the treatment of keloid scars in
terms of a reduction in the volume and low recurrence rates.
On the other hand, there is the growing body of evidence of
contrasting findings highlighting N2-based device efficiency
in scar management. Supporting this view, Meymandi et al.
(155) showed that a combination of intralesional
corticosteroid injection and IPL or cryosurgery based on N2
gas is an effective treatment for keloid and hypertrophic
scars with high rates of participant satisfaction and no
significant complications. Nevertheless, it should be
highlighted that the number of complications in the N2 gas
device treatment group was higher when compared to the
one treated by IPL. 

To conclude, N2 and Ar based IL cryosurgery alone or in
combination with other treatments is a promising new
technique for keloid and hypertrophic scars. More research
is required due to the scarcity of published studies as well as
their heterogeneity in study methods and outcomes in
addition to the absence of a clear definition of recurrence,
outcome measures, differentiation between scar types, and
the type of cryosurgery device used.

Urologic malignancies. Renal cancer. Over the past years,
cryosurgery been used with success in the treatment of the
two most common urologic malignancies – prostate and
renal cancer. Small renal masses (SRMs), as abnormal
growths in kidneys in size ≤4 cm, also referred to as clinical
stage T1a, are increasingly detected incidentally from the
widespread use of cross-sectional imaging performed for
unrelated indications. SRMs vary in histology and include
benign renal tumours and potentially aggressive renal cell
carcinomas. Most of these lesions are commonly seen in
older or frail patients with concomitant comorbidities, such
as hypertension, diabetes, or congestive cardiac failure.
Therefore, management options of renal preservation are
preferable, aiming to reduce the radical nephrectomy or
morbidity associated with nephron-sparing surgery (113,
156). Cryosurgery may also confer benefit for patients with
congenital syndromes, renal masses in solitary kidneys, as
well as for patients having preferences for minimally
invasive treatment. The major contra-indications recorded
include widespread metastases, less favourable size or
location of the tumour, and a life expectancy of less than a
year. Renal cryosurgery is applied through either a
percutaneous or a laparoscopic approach using probes of
various shapes and sizes defining the ice ball characteristics.
In recent years, despite two renal cryosurgery approaches,
similar 5-year recurrence-free survival (RFS), cancer-specific
survival (CSS), and OS rates, the percutaneous approach has
gained prominence due to its application under sedation and
the capability of decreasing pain as well as the length of
hospitalization, hence showing its overall cost-effectiveness
(157-160).

A great deal of previous research agrees on SRM
cryosurgery effectiveness and safety with minimal morbidity
and the absence of renal impairment, both as a primary
treatment and for recurrent disease after partial nephrectomy
(161). Moreover, recent data suggest that cryosurgery could
be indicated as part of a multimodal approach for
oligometastatic renal cell carcinoma (162). The rate of
recorded complications is 7.8-20.0% and they include renal
abscess formation or bleeding; pancreas, spleen, or bowel
injury; or paraesthesia and pain at the entry site of the probe
(163). Specifically, research conducted by Rodriguez Faba et
al. (164) demonstrated that focal cryoablation with the use
of Ar cryogen is safe and effective due to a low risk of
complications and good functional outcomes. Renal function
preservation is one of the main objectives in cryosurgery,
especially for patients with pre-existing chronic kidney
disease. Nevertheless, oncological outcomes require further
research due to the lack of robust evidence, making
cryoablation a favourable modality only for selected patients
with contra-indications to extirpative approaches. An
additional study on the subject presented by Carvalhal et al.
(165) addressed two important concerns that remain in
current research as a need for long-term follow-up and
functional impact as regards hypertension and renal function.
The study findings of a mean of 20.6 months laparoscopic
renal cryoablation follow-up revealed no significant
differences in terms of modality impact on the researched
postoperative parameters.

When defining the role of a new modality in clinical
practice, comparisons with existing standard approaches are
crucial. According to the meta-analysis by Tang et al. (166),
laparoscopic renal cryoablation demonstrated less blood loss,
significantly shorter operative time, fewer complications, as
well as a lower risk of conversion, while laparoscopic partial
nephrectomy (PN) to which it was compared was associated
with better oncological outcomes with a lower risk for
distant metastasis and local recurrences. Similarly, a study
by Klatte et al. (156) showed that laparoscopic renal
cryoablation was correlated with lower estimated blood loss,
shorter operative time and length of hospital stay, a lower
risk of conversion, in addition to a lower risk of
complications. However, a significantly increased risk of
local tumour progression and a risk ratio for metastatic
tumour progression was recorded for the modality compared
to PN. Additionally, both laparoscopic cryosurgery and PN
on multiple ipsilateral tumours showed a similar renal
function, complication rates, and intermediate-term survival
rates, as stated in the study by Lin et al. (157). The vast
majority of studies were consistent with the finding that renal
cryosurgery is associated with higher recurrence rates than
for standard PN. In contrast, a study by Thompson et al.
(159) comparing RFA with percutaneous cryosurgery and PN
demonstrated similar local recurrence-free survival among
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the three modalities while metastasis-free survival was
significantly higher for the PN and cryosurgery groups. In
addition, there were no statistically significant differences of
metastasis-free survival and local recurrence-free survival
when PN was compared with cryosurgery.

To sum up, the findings of the current body of evidence
present renal cryosurgery as an effective, minimally invasive
modality with minimal morbidity and the absence of renal
impairment and a low rate of complications, especially for
older and frail patients. Nevertheless, due to the lack of
robust research evidence and long-term data, the high
variability across case series, and publication bias, further
research is needed to give definite conclusions regarding this
novel modality in the management of renal malignancies.

Prostate cancer. To date, it is evident that slow growing
cancers of the prostate, a male reproductive system gland
surrounding the urethra, have been increasingly treated by
cryosurgery as whole-gland therapy in primary cancer, as
salvage therapy in disease recurrence, or as a focal therapy
for localized cases. The procedure is performed in the patient
extended Lloyd-Davies position with the use of a transrectal
ultrasound scan (TRUS) probe and a 17-G brachytherapy
template for accurate cryoprobe placement, where the
formation of the ice ball starts at the anterior region
extending laterally into the periprostatic tissues. There are no
absolute contra-indications except for rectal fistulas and
haemorrhagic diathesis, when transurethral resection of the
prostate (TURP) is associated with an increased risk of
urethral sloughing due to the difficulty for the coaptation
related to the application of urethral warming device. In
addition, previous history in obstructive lower urinary tract
symptoms increases the risk of urinary obstruction after
treatment (167). Furthermore, previous urethral and pelvic
surgery could disturb the anatomy and is a contra-indication
for cryosurgery, while the prostate mid lobe requires pre-
cryosurgery treatment. It is a common practice to monitor
pretreatment clinical parameters to predict the outcome as
prostate-specific antigen (PSA), Gleason score, and clinical
stage. Interestingly, Fushimi et al. (168) suggested the
measurement of the levels of γ-globulin and IgE, in that high
levels are contra-indicated for cryosurgery, associated with
deaths due to cryo-shock, a syndrome of multiorgan failure,
or cachexia, a complex syndrome of not entirely reversed
ongoing muscle loss.

It has been reported that molecular adjuvants, as pre-
cryosurgery treatment, could enhance the injury within the
ice ball, and include thermophysical adjuvants targeting ice
crystal formation injury, chemotherapeutic approaches
targeting apoptosis, intravascular agents assisting in vessel
damage, and immunomodulators assisting in immune-
mediated tumour damage. In particular, a study by Jiang et
al. (169) showed that tumour necrosis factor alpha (TNF-α)

as a 4-hour pre-conditioning enhances cryosurgical lesions
via vascular mechanisms, consequently leading to injury to
tumour cells by initiation of inflammation and leukocyte
recruitment. The findings are schematically represented in
Figure 10.

In terms of quality of life, according to statistics the most
commonly reported prostate cryosurgery complications are
erectile dysfunction (ED) in 3.7-88.0% of patients; urinary
retention in 4.1-18.0%; urinary incontinence in 1.6-18.0%;
and lower urinary tract infection in 3.0-16.7% (170). Despite
high rates of ED, the research suggested that other salvage
modalities have a similar effect. Cryosurgery-related data
vary but it was reported that only 8.8% of men returned to a
normal sexual function without the assistance of injectables,
phosphodiesterase type 5 inhibitors, or mechanical devices
(171). Urinary retention-associated complications included
lower urinary tract symptoms and dysuria, consequently
progressing and requiring TURP in 13% of cases, as reported
in a larger retrospective study by Long et al. (172). In
addition, according to the data from the Cryo On-Line Data
(COLD) registry, prolonged catheterization was recorded in
3.6% of cases, where 2.1% required TURP.

In the matter of primary whole-gland cryosurgery, the
longest series conducted by Cohen et al. (173) studied
recurrence rates of PSA and reported a 10-year biochemical
disease-free survival (BDFS) as 80.56% for low-risk
stratification, 74.16% for intermediate-risk stratification, and
45.54% for high-risk stratification, with an overall rate of
negative biopsy of 76.96%. A further study by Levy et al.
(174) on the COLD registry reported 14.5% of positive
biopsy rates in patients with no suspicion of recurrence or
biochemical failure, with 38.0% in defined biochemical
failure. An additional study by Donnelly et al. (175)
demonstrated 89.0% of overall 5-year survival and 98.6% of
disease-specific survival. Despite enormous progress made
in the research, it is difficult to predict a biochemical
recurrence of prostate cancer as well as the patients who
would potentially have a positive biopsy rate, as cryosurgery
leaves viable periurethral prostate tissue which consequently
produces PSA. Cryosurgery is also used in a form of salvage
therapy following primary radiation therapy that resulted in
biochemical relapse seen in 30% of patients as local
recurrence or metastases (176). According to the evidence,
third-generation cryosurgery achieved BDFS rates of 86% at
1 year and 74% at 2 years (177). Another study on the
subject conducted by Williams et al. (178) identified BDFS
values of 47%, 39%, and 39%, as well as overall survival of
95%, 91%, and 87% at 5, 8, and 10 years, respectively.
Despite a lack of long-term data related to efficacy and
survival, focussed prostate cryosurgery targeting only parts
of the gland and attempting to minimize the risk of
associated complications has been found to offer comparable
functional and oncologic outcomes to radical prostatectomy
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for low to intermediate risk patients. Specifically, Bahn et al.
(179) demonstrated a 70% reduction of PSA values with
complete continence and patient erection sufficiency in 86%.

There is a growing body of research on the effectiveness
of cryosurgery as a modality option for prostate cancer.
Nevertheless, due to the scarcity of studies, the absence of
an established definition of biochemical recurrence, and the
studies using different definitions, a comparison of outcomes
with other treatment modalities is difficult, therefore it is
considered as experimental, while more research is required
before accepting the method as standard clinical practice. 

Gastroenterology. Barrett’s oesophagus. Barrett’s oesophagus
(BE) is a clinical condition of metaplastic change in the
mucosal cells of the oesophageal lower portion from normal
squamous epithelium to simple columnar with goblet cells.
The change is found to be premalignant, associated with a
high incidence of further development of oesophageal
adenocarcinoma with an estimated progression risk of 0.12%
to 0.40%, and 5.60% to 6.60% per year for nondysplastic
and dysplastic condition types, respectively (180). Figure 11
represents the progression from normal squamous epithelium
to non-dysplastic Barrett’s oesophagus, low-grade dysplasia

(LGD), high-grade dysplasia (HGD) and oesophageal
adenocarcinoma (EAC) with associated specific molecular
hallmarks, such as mutation rate and signature to mutations
in canonical cancer driver genes (181).

Due to the considerable oesophagostomy associated
morbidity, endoscopic ablative therapies such as cryosurgery
were developed to eradicate BE and prevent progression to
oesophageal adenocarcinoma by restoring oesophageal
epithelium. With cryosurgery, as a novel noncontact
endoscopic modality for abnormal gastrointestinal (GI)
mucosa treatment, ablation is performed with the use of
cryogens, such as liquid nitrogen or carbon dioxide gas
sprayed onto the target tissue. No serious adverse events
related to the modality were identified, but reported adverse
events included bleeding, stricture formation, and perforation
(180).

Much of the current research agrees on cryosurgery safety
and efficacy in the treatment of BE despite the lack of long-
term follow-up and comparison with other ablative
technologies, as well as the limited number of studies (182).
One of the studies supporting this suggestion was conducted
by Johnston et al. (183) on BE patients ranging from without
dysplasia to with multifocal dysplasia. The treatment with a
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Figure 10. (a) Histological changes following prostate cancer cryosurgery at day 7 with and without TNF-α pre-treatment. (b) Schematic
representation of the ice ball and associated 5 histological zones. (c) Schematic representation of changes of histological zones over time. Arrows
indicate histologic boundaries of granulation tissue zone (cryolesion edge). Dashed arrows represent the ice ball edge (169).



low-pressure liquid N2 spray device demonstrated that no
dysplasia, no sub squamous Barrett’s, or procedure-related
complications were identified at 6-month follow-up,
highlighting modality efficiency and safety, in addition to
being technically easy to perform. An additional study by
Dumot et al. (184) with the application of a liquid N2 device
in patients with HGD and early oesophageal cancer in
Barrett’s, including those with previous ablation or
endoscopic mucosal resection (EMR), showed a 56%
response for those without dysplasia, and 60% for 5 patients
with intramucosal cancer. Despite no procedure-related
mortality being observed, one Marfan syndrome patient
suffered a gastric perforation. Furthermore, using the same
liquid N2-based technology, two studies were conducted
where the first showed encouraging results with minimal side
effects in a group of clinically difficult patients with
adenocarcinoma, and the second showed no procedure-
related complications, a 93% response for HGD, 67% for all
dysplasia, and 56% demonstrating total elimination of
intestinal metaplasia (185, 186). Figure 12 and Figure 13
depict the endoscopic appearance of cryoablated oesophageal
mucosa and associated procedural endoscopic images of
oesophageal adenocarcinoma, respectively.

Moreover, a study using a low-pressure portable CO2
cryosurgery system on HGD or early adenocarcinoma in BE
recorded 50% complete reversal of intestinal metaplasia for
all Barrett’s patients, 86% for HGD, and 84% for LGD, while
no serious complications were noted, highlighting the CO2
system safety and efficiency as an alternative endoscopic

ablative modality for Barrett’s dysplasia, carcinoma, and in
refractory disease (187). A study by Sharma et al. (188) on
liquid N2-based cryosurgery quantified the risk of significant
bleeding events in patients either with or without concurrent
antithrombotic therapy applied in cardiovascular disease
management and confirmed that major bleeding
complications are extremely rare with no significant increases
in transfusion and hospitalization rates, overall supporting
current practice. Interestingly, evidence from the study of
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Figure 11. Schematic representation of progression from squamous epithelium to non-dysplastic Barrett’s oesophagus, LGD, HGD and EAC with
associated specific molecular hallmarks as mutation rate and signature to mutations in canonical cancer driver genes. Blue colour represents a
lower risk of progression, purple represents an increased risk and red represents high risk. LGD, Low-grade dysplasia; HGD, high-grade dysplasia;
EAC, oesophageal adenocarcinoma (181). 

Figure 12. Endoscopic appearance of cryoablated oesophageal mucosa
using liquid N2 (185). 



Jahromi et al. (189) revealed that Barrett’s recurrence
durability after complete remission of intestinal metaplasia is
comparable to the other endoscopic methods available.

Cryoablation performed with the use of liquid N2 or CO2
demonstrated encouraging results in the treatment of
abnormal GI mucosa such as in Barrett’s oesophagus. The
modality has been found to have a high success rate for
eliminating intestinal metaplasia and dysplasia, low rates of
recurrence and progression to oesophageal cancer in a long-
term follow-up, as well as an acceptable safety profile. In
addition, it is a robust and user-friendly technology, overall
highlighting the great potential in BE management and the
consequent improvement of patients’ quality of life.
Nevertheless, more studies are awaited due to the limited
duration of follow-ups and number of patients. The optimal
protocol is yet to be confirmed as to the number and duration
of freeze cycles, session frequency, and treatment endpoints.
More research is required to address the differences between
CO2 and N2-based devices as well as the treatment regimen,
including cryosurgery as a stand-alone monotherapy or as
part of a multimodal management.

Liver cancer. Hepatocellular carcinoma. Hepatocellular
carcinoma (HCC) as a primary cancer of the liver is a global
health-care challenge with an estimated incidence of more
than a million patients by the year 2025, while being the fifth
most common cause of cancer and the second leading cause
of cancer death in men worldwide (190, 191). Risk factors
for the condition include viral hepatitis, alcoholic liver

disease, as well as non-alcoholic liver steatohepatitis
associated with diabetes mellitus or metabolic syndrome
(192, 193). The presentation of HCC varies depending on the
tumour stage and cirrhosis, liver scarring background. While
non-cirrhotic related HCC could be asymptomatic in the
early stage of the condition, cirrhotic patients have major
implications for prognosis and management options and
demonstrate symptoms of decompensated liver failure as
abdominal pain, pruritus, ascites, worsening jaundice,
hepatic encephalopathy, fever, abdominal distension,
malaise, and cachexia. Paraneoplastic syndrome symptoms
in HCC patients due to the cancer presence in the body
induce the production of chemical signalling molecules or an
immune response, which include erythrocytosis,
hypercalcemia, diarrhoea, hypoglycaemia, and cutaneous
findings. Intrahepatic metastases are more frequent,
nevertheless, less common extrahepatic metastases could
spread to intra-abdominal lymph nodes, lungs, bones, and
adrenal glands. Despite liver resection representing the main
curative treatment option outlined in national and
international guidelines for patients with HCC, the modality
would significantly benefit patients with single tumours and
maintain function of the liver (194-199). Although, given
that many patients have cirrhosis, poor hepatic reserve,
multicentric tumours or extrahepatic disease type, as well as
the fact that patients with resectable colorectal metastases
have from 30% to 40% 5-year survival rates, non-surgical
tumour ablation therapies, such as percutaneous ethanol
injection, RFA, MWA, and cryoablation have been
developed, demonstrating substantial advantages. These
represent the first option for those patients (200). To date,
the vast majority of research studies were consistent in that
ablation techniques are associated with a minimally invasive
nature, minimal toxicity profiles, effective tumour responses
not affecting the normal parenchyma, larger tumour ablation
volumes, higher intra-tumoral temperatures, faster ablation
times, the use of multiple probes simultaneously, optimal
heating of tumours that are close to the vessels as well as of
cystic masses, and less procedural pain (201-204).
Historically, cryoablation of the liver using liquid N2 is an
open technique, only in 10% of the cases performed
laparoscopically. Nevertheless, with the advent of Ar gas-
based device systems and an associated decrease in the
cryoprobes’ size, percutaneous application has become an
option, inducing less diaphragmatic injury in addition to
significantly reduced post procedural pain (205).
Additionally, it has been found that cryoablation can be
successfully applied in close proximity to larger vessels
when compared to other ablative techniques. Nevertheless,
caution must be exercised when treating regions close to the
hepatic hilum due to unwanted induction or adverse effects
on bile ducts, subsequently leading to stricture or rupture.
Multiple probes can be inserted simultaneously, and their
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Figure 13. Endoscopic images of oesophageal adenocarcinoma after
chemotherapy and chemoradiation. (a) Initial appearance of
adenocarcinoma before chemoradiation. (b) 1 month post
chemoradiation with no adenocarcinoma detectable. (c) 5 months post
chemoradiation with adenocarcinoma and residual intestinal metaplasia
present. (d) After 3 cryoablation sessions, demonstrating no visible
residual cancer (185).



number and location are determined by the size and shape of
the ablated mass. The recent advances in imaging techniques
allow accurate visualization of the tumour and ablation ice
ball formation and therefore precise procedural real time
control, and include the use of US, CT, and MRI. An animal
model study conducted by Niu et al. (206) demonstrated the
high coherence between the CT image of the ice ball and
histological examination findings, both after the hepatic
cryoablation and 7 days later.

Nevertheless, despite cryoablation being an important
option for unresectable malignant hepatic tumours, the
results of only a limited amount of research are available
with no randomized studies with long-term follow-up to
prove the safety and advantage over other ablation therapies.
Furthermore, cryoablation usually requires multiple probes
making the procedure time consuming and not cost-
effective. To date, it has been recorded that the technical
success rate for HCC cryoablation is between 55-100%, and
local recurrence between 8-53% (207-211). Specifically, a
study on the subject presented by Kerkar et al. (212)
demonstrated 76%, 42%, 24%, and 16% hepatic recurrence–
free survival rates at 1, 2, 3, and 5 years, and overall
survival rates of 81%, 62%, 48%, and 28%, respectively.
Another large series study demonstrated a 3-year survival
rate of 40% and a 5-year rate of 27% (213). A study of
medium to large lesions showed a 5-year local progression
rate of 24% and a survival rate of 23% (214, 215). In
contrast, Zhou et al. (216) reported a 5-year survival rate of
34.8% while concluding that the cryoablation results were
compatible with liver resection. Similarly, a study conducted
by Goering et al. (217) showed no significant difference in
the survival of patients with metastases treated by
cryoablation only, resection only, or by a combined
treatment. In the matter of metastatic tumour cases, a study
with mixed lesions, including HCC, colorectal metastases,
and other metastatic tumours, demonstrated no significant
difference in survival rates that were 57% and 48% for 3-
year and 5-year for HCC patients, 43% and 22% for
colorectal metastases, and 44% and 28% for non-colorectal
metastases, respectively (212).

To conclude, cryoablation is a robust technology offering
the precision attained in the shape and size of the ablation
zone, as well as the ability to produce large zones of ablation
compared to other ablation modalities. Nevertheless,
according to the aforementioned contrasting overall survival,
recurrence–free survival, local recurrence and progression
rates of hepatic cryoablation, it is obvious that more research
on the inherent complexity of parameters associated with
HCC is needed to confirm the modality effectiveness.

Complications and the phenomenon of “cryoshock”. The main
reason liver cancer in terms of cryosurgery treatment was
chosen in this work is due to the increasing amount of

literature on associated complication rates following the
modality application. According to data, an overall
complication rate of 35% to up to 40% has been documented
in 11% of patients with major complications (218-220).
Haemorrhage, liver parenchyma fracture, fever,
myoglobinuria, thrombocytopenia, biliary fistula,
coagulopathy, pulmonary oedema, cold-induced lesions, and
cryoshock are the most common and major associated
complications (221). The so-called post-ablation syndrome,
including general malaise and low-grade fevers, can develop
in the postprocedural period and the severity correlates with
the volume of tissue ablated. It has been found that every
ablated patient had this complication to a degree, nevertheless,
clinically significant haemorrhage is not frequent. One of the
catastrophic complications associated that could occur is so-
called liver “cracking” resulting in massive and rapid blood
loss, caused by the air-ice interface in addition to tissue
reperfusion as the ice ball undergo the thaw stage.
Nevertheless, studies failed to identify experimentally an
increased risk of bleeding when analysing healthy animal
model livers as well as, to date, no data on cirrhotic liver
studies are available (222). Experimental evidence has
demonstrated that biliary complications in central lesions in
close proximity to portahepatis or close to the central portal
venous system are associated with accidental central biliary
tree damage, consequently leading to severe biliary ductal
structuring and obstruction. Abscesses requiring drainage
catheters or intravenous antibiotics are rare but despite well-
established risk factors no management protocols are
available. The history of biliary interventions is the primary
risk factor creating a conduit allowing bacteria migrating into
the necrotic ablation zone and producing an infection. 

Importantly, research on the subject found that the direct
exposure to the bloodstream of tissues undergoing necrosis
during cryoablation can lead to a severe systemic reaction
termed as the phenomenon of “cryoshock”, already
mentioned when discussing prostate cancer associated
deaths, resulting in thrombocytopenia, severe coagulopathy,
disseminated intravascular coagulation, and multiorgan
failure (213). Milder nonspecific phenomena, known as
cryoreaction, can occur, including symptoms of tachypnoea,
tachycardia, chills fever, or the temporary renal damage
recorded in 1% of cryoablation sessions (112). In vivo
comparison of cryoablation and radiofrequency ablation has
demonstrated more severe systemic effects with cryoablation
carrying a high mortality of up to 40%. Another study
reported overall mortality of 1.5%, where 18% of deaths
were due to cryoshock (218). The aetiology of cryoshock has
been found to be mediated by the cytokine TNF-alpha, IL-
1, and IL-6 release and associated with the volume of and
duration of cryoablation, as well as with double freeze cycles
or complete prior procedural thaw (223). In particular,
research analysing underlying pathophysiologic processes in
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cryoablation using liquid nitrogen, RF, and laser-induced
thermotherapy (LITT) in rat liver conducted by Jansen et al.
(224) showed similar a volume of complete liver
parenchyma destruction in all tested modalities, whereas
cryoablation in particular induced significant inflammatory
and coagulation responses that bidirectionally affected the
evolution of the cryoshock. Specifically, levels of liver
enzymes aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were significantly higher following
cryoablation, indicating increased cell membrane destruction
compared to RF and LITT, consequently leading to elevated
leakage of enzymes into the circulation. One of the
explanations of the cell membrane being more vulnerable to
cryosurgery is the time required for restoration of baseline
temperature values, where for RF they were 7 minutes
following a 2-cycle period, while more than 15 minutes was
needed after cryoablation before normal tissue temperatures
return. In the matter of increased levels of cytokines as
reflected by high IL-6 and IL-10 levels during cryoablation,
it was suggested that the sustained inflammatory response
was caused by protein release, protein that was
simultaneously frozen and consequently re-activated during
the thawing, whereas during RF and LITT the proteins were
immediately denatured via the application of extremely high
local temperatures, inactivating both cytokines and liver
enzymes. Supplementary study findings by Chapman et al.
(225) suggested that cryoablation results in hepatocyte
plasma membrane disruption with hepatocyte organelles
extending into the space of Disse. Furthermore,
thrombocytopenia, a condition of low blood platelet count
responsible for blood clotting, was significantly more
profound following cryoablation compared to RF and LITT.
The findings were explained by inhibited endogenous
fibrinolytic activity due to increased PAI-1, suggesting that
a suppressed fibrinolysis and systemic procoagulant state
could be induced after cryoablation, resulting in
disseminated intravascular coagulation. The procoagulant
changes themselves contribute to imbalance of thrombin
generation that results to systemic intravascular fibrin
deposition and disseminated intravascular coagulation,
overall leading to severe consequences such as organ failure. 

Returning to the aspect of ALT and AST levels, a
retrospective study on large HCC by Alnaggar et al. (226)
demonstrated that these values are valuable indicators of
liver function impairment following cryoablation, which is
important for patients with the hepatitis B virus, and liver-
protective treatment is a promising option for alleviating
impairment of liver function.

More research on the topic conducted by Niu et al. (206)
compared imaging and pathological changes for argon–
helium cryoablation and MW in a porcine liver model. The
findings indicated that complete tissue necrosis could be
achieved after both modalities, but the depth and extent of

necrosis would differ. MW resulted in a larger necrosis,
suggesting that MW is more suitable for larger volume
tumours with simple anatomical structures, whereas
cryoablation AH is more suitable for tumours located near
important organs or with complex anatomical structures.
Specifically, the findings demonstrated that the main
difference between the two modalities was the inflammation
area, where cryoablation induced the greater one. The results
were consistent with the previous research which found that
more severe systemic inflammation is associated with the
phenomenon of cryoshock and it is a key factor influencing
cancer development.

Despite enormous progress made in the research and
development of cryogenic technologies used with hepatic
malignancies and studies demonstrating acceptable results in
hepatocellular carcinoma, which are unresectable tumours,
more research is crucial to develop a safe modality with an
efficient ablation protocol and hence to demonstrate long-
term survival. This is in light of serious postsurgical
complications such as cryoshock and the inherent complexity
of mechanisms and parameters associated with the modality
mode of action.

Industrial Food Processing

Campylobacter contamination of chicken carcasses. Another
valuable biomedical application of cryogenic mediums is the
industrial food processing of chicken carcasses to address
Campylobacter spp. contamination. Campylobacters, Gram-
negative rods with characteristic ‘s’ or spiral shape, is a
leading cause of foodborne gastrointestinal bacterial
infections worldwide. Most common self-limiting symptoms
of Campylobacter infection that typically resolve in 7 days
include diarrhoea, fever, abdominal pain, nausea, headache,
and vomiting (227). Nevertheless, the latest studies
registered other serious complications such as triggering the
Guillain-Barré syndrome, possibly leading to permanent
nerve damage or muscle weakness and paralysis, as well as
irritable bowel syndrome in 5-20% of cases and arthritis in
1-5% of cases (228-231). Figure 14 schematically represents
other associated clinical manifestations as well as
environmental reservoirs and routes of transmission (232).

As a Campylobacter infection can spread to the
bloodstream, special attention should be paid to
immunocompromised patients, such as those with acquired
immunodeficiency syndrome (AIDS), blood disorders, or
those undergoing chemotherapy, due to a high susceptibility
to life-threatening complications. According to
epidemiological data, 143 outbreaks of Campylobacter
infection were reported in England and Wales between 1992
and 2009, schematically represented in Figure 15 in a form
of timeline with outbreaks worldwide (232). Importantly, 21
deaths per year were registered in UK, highlighting the
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potential severity of this infection as well as demonstrating
the importance of preventative measures which need to be
addressed (233).

The poultry reservoir has been identified as the main
source of Campylobacter infection in humans where the
infection is transmitted through consumption of undercooked
meat or other products cross-contaminated by raw poultry.
Campylobacter in chicken has been found to colonize the
epithelial cell mucus in the small intestines, nevertheless, the
bacteria can also be found in other parts of the digestive
system, such as the ceca, spleen or liver (234). The
transmission of infection between chickens in the broiler
house spreads very fast due to the bird coprophagic behaviour
in addition to other routes such as a contaminated drinking
water system and factors including flock size, the number of
poultry houses, insufficient biosecurity, wild birds, rodents,
litter, farm personnel, equipment, and transport vehicles (235-
239). According to data, it takes from 4 to 7 days after
infection of the first chicken to colonize a 20,000-bird flock
with Campylobacter shed at high numbers until slaughter
(240). Nowadays, strictly followed biosecurity protocols are

the most important measures to reduce primary farm bacterial
level production, in addition to farmer education and training,
improvement of the vehicles and container materials and
design. A probabilistic study by Dogan et al. (241) that
applied a farm-to-fork quantitative microbial risk assessment
(QMRA) demonstrated that contamination can be
significantly reduced during processing stages with the use of
antimicrobial processing aids, where chemicals have been
reported to be the most efficient ones, including peroxyacetic
acid or cetylpyridinium chloride spraying, and acidified
sodium chlorite or peroxyacetic acid immersion. While no
chemical aids are currently authorized in the EU according to
EC Regulation No 853/2004, these aids were associated with
a need for occupational safety precautions and constant
monitoring due to toxicity to humans. In addition to the cost
of implementation and maintenance at high concentrations,
the efficacy and the importance of implementing aids not
compromising the safety of the final product is highlighted.

One such technique is rapid cooling usually applied in a pre-
chilling step using N2 in the form of a spray. The results
demonstrated 63% efficiency in reducing the risk estimates,
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Figure 14. Schematic representation of Campylobacter species associated environmental reservoirs, routes of transmission, and clinical
manifestations. IBD, Inflammatory bowel diseases; IBS, irritable bowel syndrome. Question marks represent clinical conditions for which a role
for Campylobacter has been recorded but is uncertain (232).



especially when applied in addition to another processing aid.
Research conducted by Gunther et al. (242) showed that the
rapid freezing technique to –62.2˚C with N2 vapor applied to
ground turkey Campylobacter jejuni (RM1221) and
Campylobacter coli (RM1403) strains resulted in an efficient
2.5- to 3.7-log bacterial number reduction compared to
previously reported reductions using gradual freezing at –20˚C.
The effects of cryogenic freezing with N2 or CO2 were similarly
reported in a study by Rasschaert et al. (234) that demonstrated
the benefits of carcass outer surface crust freezing, resulting in
unfrozen meat remains, while eliminating the need for
additional freezers. A significant disadvantage was reported by
Haughton et al. (243) as increased drip loss during thawing due
to ice crystal formation puncturing the cell walls, making this
technique economically undesirable. Nevertheless, this variable
has been found to be dependent on temperatures and freezing
times used, while a growing body of evidence reported that
crust freezing has little negative effect on meat quality.
Similarly, the study conducted by Zhao et al. (244) showed that
liquid N2 freezing could substantially reduce Campylobacter
jejuni populations, but more research is needed on temperature,
storage time, and freezing conditions to improve the rate and

degree of reduction in the poultry industry. An additional study
by James et al. (245) concluded that the crust freezer illustrated
in Figure 16, used in combination with thermal steam
decontamination treatment, is an effective method for reducing
Campylobacter bacteria without degrading the carcass
appearance, highlighting the potential efficacy of the concept
and the importance of implementing combinations of several
antimicrobial processing aids.

One advanced food processing product available in the
market is the Air Products N2 based Freshline SafeChill
System, which is patented as a fully automated intervention
used to effectively and safely reduce the Campylobacter spp.
presence on contaminated broiler carcasses. This allows fully
preserved quality and organoleptic properties of products
with super-chilled skin with fresh raw poultry meat inside.
This is demonstrated schematically in Figure 17 (246).

Despite the availability of a wide range of options, more
research is required due to the number of drawbacks
associated with existing and new intervention technologies,
making decisions on the adoption of an intervention
challenging in terms of practicality and economy.
Nonetheless, much of the current research agrees that
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Figure 15. Schematic representation of worldwide Campylobacter spp. infection outbreaks since 2007 (232).



Campylobacter contamination could be prevented and
reduced at farm and processing levels by antimicrobial
interventions, such as taking the benefit of ultra-low
cryogenic medium temperatures as with liquid N2. In
addition, consumer education is critical for infection
prevention, since undercooking has been shown to be the
most valuable input parameter affecting the risk estimates.
With the implementation of these measures, the risk of
Campylobacter contamination and infection can be
effectively managed in the poultry industry, aiming to meet
the Appropriate Level of Protection (ALOP) of public health
and Food Safety Objectives (FSO) and thus reducing the
overall disease burden.

Cryopreservation

The state-of-the-art practice. A biobank is a biorepository
infrastructure responsible for identification, collection,
annotation, storage, and retrieval of high-quality
biospecimens providing accurate clinical data for research,
including advanced personalized technologies, such as
transcriptomic and genomic sequencing, metabolomics, and
proteomics (247). The biospecimens, or biological materials,

are body fluids, blood, solid tissues, nail clippings, hair,
specimens of infectious diseases, or laboratory-derived
products including plasma, serum, cell lines, proteins, DNA,
ribonucleic acid (RNA), metabolites, and proteins. A high
quality of biospecimens is crucial for the molecular
examination of complex disease processes prerequisite for
personalized precision medicine, as well as for the
development of diagnostic modalities and treatment options,
where erroneous research data could potentially result in
misleading both the investigator and the entire research
community. One of the major challenges in ensuring high-
quality are fluctuations in the variables in biospecimens
following removal from the body, which results in abrupt
temperature changes leading to numerous changes in protein
phosphorylation or gene expression at various degrees and
rates affecting metabolites, lipids, proteins, mRNA, and
miRNA. To address this problem, cryopreservation – a cell
preservation technology was developed to store biospecimens
at ultra-low temperatures from −80 to −196˚C for prolonged
periods of time of up to several years or decades (248).
Nowadays, the technique involves the use of cryogen N2 and
a cryoprotective agent (CPA), which allows ultra-low
temperature processing of the biospecimens and high-level
functionality recovery via a wide range of biophysical and
metabolic effects (249). Dimethyl sulfoxide (DMSO) and
glycerol are the two most widely used penetrating type CPAs.
Nevertheless, research still faces challenges with their
application due to their penetrating nature, and thus their
ability to influence cellular components such as enzymes,
consequently possessing intrinsic toxicity and inducing
clinical side effects in patients, including gastrointestinal or
renal dysfunctions, allergies, and respiratory disorders (250-
256). It has been demonstrated that a mixture of CPAs could
maximise cell viability through glass formation avoiding the
crystallization of ice during both cooling and thawing
cryopreservation of mammalian and bacterial cells, overall
showing the reduced toxicity associated with penetrating type
CPAs (257-262). Additionally, it has been found that toxicity
could be reduced by introducing CPAs in lower temperature
protocols, as well as by modification of equilibration times
and temperatures (263).

To date, in general two types of freezers are used for
cryopreservation in clinical practice. A liquid phase N2
storage under steady ultra-low (−196˚C) temperature shows
simplicity and mechanical reliability while requiring the use
of large N2 volumes, which is a potential hazard, in addition
to questionable cost-effectiveness. Moreover, viral cross
contamination was documented shifting the application
towards the most commonly used vapor phase N2 storage
freezers that possess no risk of cross-contamination while
being simple and reliable. Nevertheless, they require a
regular supply of liquid N2 and have high running costs due
to regular maintenance to avoid extreme temperature
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Figure 16. Experimental rapid chilling system for poultry meat (245).



fluctuations between −190˚C and −135˚C in the upper
regions of the storage vessel. Nonetheless, thanks to recent
technological advances, various modern designs of liquid N2
storage vessels for vapor phase storage freezers have been
developed and are routinely used both in research and
clinical settings.

Despite an impressive set of discoveries, a great deal of
previous research has identified continuous cell stresses
associated with cryopreservation freeze-thaw cycles,
specifically ROS, ice-induced osmotic and mechanical
injuries, where some studies indicated the last two as the
major causes of cellular death. Initial crystalline ice
formation outside the cells leads to a solute freeze-
concentration development with higher concentrations of
salts, sugars, and proteins in a co-existing unfrozen fraction
compared to the isotonic solution. Consequently, this results
in cell damage via changes in protein conformations and
bilayer structure, or the creation of osmotic stress on
thawing (258, 264-266). The relative water removal by ice

via hypotonic stress leads to dehydration and further
membrane phase changes with cell damage (267-271). It has
been found that cell damage in slow cooling protocols is
associated with intracellular water loss, osmotic injury,
leading to cell apoptosis or death, and the damage is
dependent on the presence of nucleation sites, the
concentration of solutes, and the rate of freeze/thaw. It is
important to highlight, in terms of other cryopreservation
cell injuries, that specifically ROS injuries have been found
to be associated with slow freezing protocols, showing
induced cellular redox imbalance, imposing the cell to the
oxidative stress damaging essential macromolecules, and
consequently leading to apoptosis and necrosis. On the other
hand, in rapid cooling protocols the intracellular water could
puncture cellular organelles and membranes, also known as
mechanical injury (249, 272). The above-mentioned effects
are represented in Figure 18. The analysis of these
contrasting mechanisms led to the development of the ‘Two
Factor Hypothesis’ proposing an ideal intermediate cooling
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Figure 17. Top: Air Products PLC nitrogen based Freshline SafeChill System (Cheshire, England, UK) designed to effectively and safely reduce the
Campylobacter spp. presence on contaminated broiler carcasses. Bottom: Detailed schematic representation of the equipment (246).



rate potentially leading to maximum cell viability,
represented by the inverted ‘U’ curve shown in black in the
bottom figure of Figure 18 (272, 273). Nevertheless, it must
be highlighted that the ideal cooling rate as well as
cryobiological responses are cell type specific, therefore
cell-specific biological and biophysiological characteristics
have to be evaluated prior to preservation to maximize post-

cryo viability (274). Interestingly, the graph depicts the
phenomenon of ultra-fast freezing, known as
cryopreservation vitrification, a method which uses high
concentrations of CPA (excess of 40% w/v) to cool the
biospecimen below glass transition temperature while not
causing ice formation or freeze concentration, subsequently
resulting in an amorphous matrix which is an ultra-cold
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Figure 18. Top: Schematic representation of cell damage at different cooling rates. Bottom: Graphical representation of Mazur’s Two-Factor
Hypothesis highlighting an optimal cooling rate (CRsf) which maximises cell survival (249).



viscous liquid (275). Nonetheless, the use of high
concentrations of CPA has been found to induce toxicity to
mammalian cells (276-278). As shown on the graph, the
traditional ‘U’ curve is modified and extended into the
region of ultra-fast cooling where cell viability increases
with increasing cooling rate.

After many decades of research, it’s evident that the
advancement of effective cryopreservation protocols, along
with the crucial use of non-toxic CPAs, is still at an early
stage. Several studies have indicated the need to address
various factors like CPA selection, its ability to penetrate
cells and inhibit ice formation, cooling rate, and unique
biophysical cell properties to enhance cryoprotection
efficiency and biocompatibility. These efforts hold the
potential to greatly enhance biobanking for personalized
precision medicine, leading to improved disease diagnosis,
monitoring, and treatment outcomes.

Clinical applications. The recent advancements in
cryopreservation have expanded possibilities in research and
medicine. For instance, assisted reproductive technology
(ART) benefits from techniques like intracytoplasmic sperm
injection (ICSI), in vitro fertilisation (IVF), and
gamete/embryo cryopreservation, effectively treating
infertility cases (279). Cryopreserved sperm maintain
viability and motility after thawing (280). Long-term
cryopreservation doesn’t affect pregnancy or live birth rates,
but sperm quality might decline after 5 years (281). Post-
thaw damage can impact various sperm aspects, like
acrosome integrity and fertilisation capability, due to DNA
fragmentation and gene lesions, as summarized in Figure 19
(282, 283).

To tackle this aspect, extensive prior research has revealed
that assessing pre-cryo sperm viability and motility can assist
in predicting outcomes and cryosurvival post-thawing.
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Figure 19. Schematic representation of a sperm and associated damage caused by freeze-thawing procedures as in the fluidity and permeability of
plasma membrane, and acrosome integrity resulting in degradation of mRNAs and proteins; DNA fragmentation, disruption of disulfide bridges
between cysteine radicals of P1, and translocation of nucleoproteins leading to detrimental effects on sperm nucleus (283).



Additionally, the duration of the pre-freezing holding period
of the semen, identified as a critical variable (284, 285),
must be taken into account. Other essential considerations
encompass evaluating initial sperm motility one hour after
delivery, where cells are primarily exhibiting forward
motility, noting a substantial reduction in forward motility
four hours after delivery, and observing the decay in sperm
motility (286).

Another exciting technological advance in reproductive
health that provides cryopreservation is the transplantation
of cryostored spermatogonial stem cells (SSCs) for pre-
pubertal boys or adult males with non-obstructive
azoospermia (NOA) for fertility preservation. This is
conducted before fertility threatening therapies such as
cytotoxic therapy that leads to SSCs depletion, as
investigated in the study conducted by Kanbar et al. (287).
Nonetheless, despite encouraging results obtained in
animal studies and preclinical experiments, the
development of a reproducible, improved, and efficient
cryopreservation method is awaited, in addition to optimal
culture media, injection techniques, and a standardized
protocol for SSCs. This is required to address safety and
technical issues such as the risk of cancer cell
contamination or epigenetic and genetic stability of
cultured SSCs prior to re-transplantation. In addition, a
study by Amidi et al. (288) identified spermatozoa
susceptibility to ROS injury, highlighting the need for
antioxidants during cryopreservation to help the cellular
antioxidant defence system to maintain the balance. An
additional study on the cryostorage of white cachama
(Piaractus orinoquensis) sperm presented by Medina-
Robles et al. (289) demonstrated significantly affected
motility and viability of spermatozoa after 24-hour
cryostorage, with no significant difference across the year
of storage as well as for other variables, such as pH,
motility duration, and total antioxidant capacity. On the
other hand, ATP content and DNA integrity were stable for
24 hours and 1 month, but drastically decreased when
stored for 6 and 12 months, in addition to the observed
substantial ultrastructural damage mostly at the head level
depicted in Figure 20. This highlights that liquid N2
storage does not terminate the metabolic processes,
therefore more research is required to investigate, evaluate
and optimize the cryostorage of gametes.

Alikani (290) highlighted similar conclusions regarding
cryostorage of human gametes and embryos, emphasised
contamination risks from liquid N2 exposure and reduced
viability. This indicates a need for comprehensive
experimentation and correction in cryostorage procedures for
successful and safe reproductive treatment. Despite progress,
challenges in protocols, agents, and biospecimen changes
persist, demanding further research for improved disease
management through cryopreservation.

Conclusion

The purpose of this article was to explore and discuss the
current biomedical applications of cryogenic mediums,
addressing challenges and perspectives. It provides an extended
literature review to supplement existing research and offer a
comprehensive view of these applications. The research covers
various aspects, including advanced medical technologies,
clinical treatments, biospecimen preservation, and food
processing. While these applications show promise, there’s a
need for further validation and investigation in certain areas. For
instance, MRI using cryogenic helium-3 for disease detection
requires more validation, and hyperbaric oxygen therapy using
liquid oxygen as a cryogenic medium needs more evidence to
enhance its effectiveness. Cryotherapy with liquid nitrogen has
conflicting results, demanding further studies. Cryosurgery,
antimicrobial intervention, and cryopreservation also require
more research to establish protocols and confirm efficiency. In
conclusion, while the current article contributes to
understanding cryogenic mediums’ potential, more clinical and
experimental studies are essential to address gaps and advance
biomedical research using cryogens. The review’s limitations
include scarcity of information, restricted accessibility, and
database reliability. Nonetheless, this work serves as a valuable
preliminary resource for future research.
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