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1.  INTRODUCTION
Extended curettage and wide resection are surgical options 
often used to treat bone tumors, and it has been shown that 
curettage alone exhibits better functional outcomes than wide 
resection.1,2 However, extended curettage alone could result 
in residual tumor cells, which can potentially give rise to an 
increased risk of recurrence. For example, in giant-cell tumor 
of bone (GCTB), the recurrence rate has been reported to be 
as high as 31% after wide excision of unsalvageable limbs, but 

remained at approximately 8% after intralesional curettage.3,4 
As a result, adjunctive therapy using chemicals or cryogens have 
been adopted to control local recurrence in aggressive benign 
bone tumors, low-grade bone tumors, and metastatic bone 
tumors that had received curettage.5–8

Direct liquid nitrogen (LN) pouring is a conventional cryoa-
blative method, however associated complications have been 
reported to be as high as 58% (30 of 52 patients) in an early 
pilot study.8 Common complications associated with direct 
LN pouring are skin necrosis, neurovascular injury, infec-
tion, and pathological fracture.8,9 Injury to surrounding tissue 
may occur due to direct contact with LN or radiant cooling.10 
Worth noting, cryotherapy can attenuate bone strength,11 and 
cause postoperative pathologic fracture (range: 3.8% [1/26] to 
6.5% [3/46]).8,12,13 Combining cryotherapy with intralesional 
curettage, which interrupts the bone structure, may cause fur-
ther bone damage. This has been demonstrated in a preclinical 
canine model.14

GCTB is a rare benign neoplasm predilected to occur in the 
long bones of young patients aged between 20 and 40 years.15 
GCTB can be aggressive and inflict pain, swelling, including in 
the joint, and pathological fracture.16 Apart from the multinucle-
ated osteoclast-like giant cells, stromal cells, and mononuclear 
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osteoclast precursor cells are also associated with GCTB.16 
Stromal cells have been found to remain and can potentially give 
rise to tumor recurrence after targeted therapy combined with 
surgery.17 It is not known if the giant cells and stromal cells have 
different response patterns to adjunctive cryotherapy.

Previous reports have indicated that the nadir temperature, 
cooling rate, and the number of freeze-thaw cycles are the key 
factors associated with cryotherapy efficacy.18 A lethal dose of 
cryoablation was previously defined as –20°C for 1 minute19; 
however, this temperature was later extended to –60°C to 
–70°C.20,21 Bischof et al.22 compared the effects of different cool-
ing rates on tissue injury, and found that –20°C/min may be 
satisfactory. Intracellular and extracellular ice crystals formed 
during exposure to extreme cold are thought to disrupt cellular 
morphology and function.23 It has been further acknowledged 
that the apoptotic response to temperature and morphological 
insults facilitate cellular destruction by cryotherapy.18

In the current report, we aim to address the effective range 
and cooling rate for LN-based cryoablation using GCTB exci-
sional specimens embedded in porcine femur bone to simu-
late an intralesional cryotherapy ex vivo. The specific research 
questions were as follows: (1) What is the effective range and 
cooling rate by direct intralesional LN pouring to meet the 
demands of a successful cryoablation? (2) Will GCTB situated 
within the effective range of cryoablation be susceptible to tis-
sue necrosis and cellular apoptosis? (3) Will the cartilage tissue 
situated close to the effective range of cryoablation be suscep-
tible to damage or degeneration? (4) Will multiple freezing 
cycles improve the cooling rate and widen the effective range 
of freezing?

2.  METHODS

2.1.  GCTB excisional specimens
Cryotherapy simulation was performed on freshly processed 
surgical specimens from 3 patients with GCTB at our hospi-
tal (Taiwan, 2019). Clinical and histological information was 
obtained from patient charts and pathological reports (Table 1). 
Briefly, all 3 patients were in their thirties, with their tumor size 
ranging between 4.5 and 6 cm. None of the patient had received 
denosumab or bisphosphonate. All patients signed informed 
consent before the surgery and tissue collection. This study was 
approved by the institutional review board guidelines (approval 
no: 2019-02-021A) and conducted in accordance with the ethi-
cal statements in the Declaration of Helsinki.

2.2.  Cryotherapy simulation and temperature recording
Before the experiment, a LN-holding cavity and 6 additional 
holes appropriately distanced away from the cavity were made 
in fresh porcine femurs purchased from a local slaughterhouse. 
A LN-holding cavity 40 (length) × 20 (width) × 30 (depth) mm 
was created on the medial epicondyle of the porcine femur 
by handheld electric drill. The residual trabecular bone was 

removed by handheld electric burr to ensure the volume of the 
cavity reached 24.0 mL. The LN-holding cavity was designated 
as point 1 and acted as the nadir of the cryotherapy simulation. 
Four holes (points 2–5) situated at 5, 10, 15, and 20 mm away 
from the proximal edge of the freezing cavity were made in the 
shaft, and 2 more holes (points 6 and 7) were made 10 and 
20 mm away from the distal edge of the freezing cavity in the 
condyle cartilage (Fig. 1).

During the null cryotherapy simulation (ie, in the absence of 
GCTB tissues), temperature sensing probes were inserted into 
the 5 measuring points (ie, the cavity plus the 4 holes in the 
shaft) and the freezing cavity was filled (and maintained) to 
80% capacity with fresh LN. The femur bone was left to stand 
for 10 minutes, during which the temperature on the 5 points 
was recorded every second by Paperless recorder VM7000A 
(Ohkura, Saitama, Japan). Cooling rates were derived from 
the temperature recordings. This was defined either as Δ°C/
minute for the bone to reach –60°C or after 10 minutes since 
LN application, whichever came first. Previously, the target 
temperature and cooling rate required for successful cryother-
apy had been established to be –60°C and –20°C/min, respec-
tively.20,22,24 This is visualized with dashed lines in Figs. 2 and 
6 and is used as the reference for minimal freezing require-
ments. Three porcine bones were utilized for the cryotherapy 
simulation.

To test the dynamics of multiple freeze-thaw cycles, the femur 
bone with the thermo probes in place were subjected to the 
indicated cycles consisting of one 10-minute freezing step and 
one 30-minute thawing step. In the efficacy validation experi-
ment, the GCTB excisional specimen was collected and cut 
into appropriate size in order to fit into hollow copper tubes 
3.0 mm in diameter. These tubes were used to transfer and hold 
the bone tumor tissue in place while measuring points 1–5 
described above. A fresh porcine bone was utilized when a new 
patient specimen was available. The GCTB tissue placed in the 
femur bone was then subjected to 5 minutes of freezing by LN 
directly poured into the cavity (point 1) followed by 30 minutes 
of thawing according to previously described methods.7 GCTB 
tissue exposed to freeze-thaw cryoablation was extracted from 
the bone and fixed with 4% paraformaldehyde. The cellular 
morphological changes and DNA damage were examined by 
Hematoxylin and Eosin (H&E) stain, and terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assay, 
respectively. Porcine cartilage samples were also exposed to con-
trol treatment in LN. Those samples collected from points 6 and 
7 were tested using safranin O and Fast Green stain to identify 
microscopic cartilage changes.

2.3.  H&E stain
Sections of 3 μm were prepared from paraffin-embedded tissue 
blocks and stained using commercial hematoxylin and eosin 
reagents (Sigma-Aldrich, NJ). Briefly, slides were deparaffinized 
and processed as follows: incubation at 75°C in an oven for 10 
minutes; three 5-minute rinses in xylene; three 5-minute rinses 
in 100% ethanol; one 5-minute rinse in each of the 95% etha-
nol, 75% ethanol, and 50% ethanol solutions, consecutively; 
one 3-minute rinse in running tap water; one 5-minute staining 
incubation immersed in Mayer’s hematoxylin solution. Slides 
were then rinsed once in running cold tap water for 5 minutes, 
10 times in 95% acid ethanol for 3 second each and stained in 
eosin Y solution for 30 seconds. Slides were dehydrated by one 
3-minute immersion in each of the 50% ethanol, 75% ethanol, 
and 95% ethanol solutions, and three 3-minute immersions 
in 100% ethanol, and cleared in three 3-minute immersions 
in xylene. Data from 5 representative nonoverlapping fields 
selected under 400× magnification were pooled for each clini-
cal specimen.

Table 1

Profile of patients with giant-cell tumor

 Case 1 Case 2 Case 3 

Age 30 35 33
Gender Male Male Female
Location Distal femur Proximal tibia Distal femur
Size (cm) 5 4.5 6
Stage II III II
Use of denosumab No No No
Use of bisphosphonate No No No
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2.4.  TUNEL assay
Genomic DNA fragmentation resulting from an apoptotic sign-
aling cascade was detected using a TUNEL assay (In Situ Cell 
Death Detection kit; Roche, Basel, Switzerland).25 To identify 
TUNEL signals specific to giant cells and stromal cells in the 
GCTB tissue, the cellular nuclei were counterstained using 
4,6-diamidino-2-phenylindole (DAPI). Slides were covered with 
glass slips and code-labeled for blinded evaluation using an 
Olympus BX41 microscope (Olympus, Tokyo, JP). Data from 5 
representative nonoverlapping fields selected under 400× mag-
nification were pooled for each specimen.

2.5.  Safranin O/Fast Green stain for cartilage
Sections of 3 μm were prepared from paraffin-embedded tis-
sue blocks and stained using safranin O or Fast Green and 
counterstained using hematoxylin.26 Briefly, slides were depar-
affinized and processed following the same procedures as in 
H&E staining up to the hematoxylin step, followed by slides 
were then rinsed once in running cold tap water for 2 minutes, 
stained with 0.08% Fast Green for 2 minutes, immersed in 
1.0% acetic acid for 10 seconds, stained with 0.1% safranin O 
solution for 5 minutes, dipped in 0.5% acetic acid, and rinsed 
for 5 minutes under running water. Slides were air dried and 
covered with glass slips. Data from 5 representative nonover-
lapping fields selected under 400× magnification were pooled 
for each specimen.

2.6.  Data presentation and statistical analysis
Slides were covered with glass slips and coded for blinded evalu-
ation before evaluation using an Olympus BX41 microscope 
(Olympus, Tokyo, JP). Cell counts from 5 randomly selected 
nonoverlapping fields viewed under 400× magnification were 
analyzed. All data are presented as mean ± SD. One-way ANOVA 
was used to analyze the cooling rates and cellular counts from 
the various staining assays. Two-way ANOVA was used to ana-
lyze the cooling rate between three tests.

3.  RESULTS

3.1.  The kinetics of temperature change in different points 
of the femur bone during LN-based cryotherapy
To evaluate the effective distance and cooling rate of intral-
esional LN-based cryotherapy, a simulation model using por-
cine femur bones was established as described in the Materials 
and Methods and schematically shown in Fig. 1. The kinetics of 
temperature change at the indicated points in the porcine femur 
bone were recorded and are presented in Fig. 2.

At point 1 (freezing cavity, nadir), the temperature dropped 
to –60°C within 6 seconds, indicating a cooling rate of 
–1330.8 ± 427.9°C. At point 2 (situated in the shaft and 5 mm 
away from the proximal edge of the cavity; bone_d_5 mm), the 
temperature dropped to –60°C in 93 seconds, indicating a cool-
ing rate of –55.7 ± 16.7°C. The target temperature was achieved 

Fig. 1 Schematic figure showing the locations of the 7 observation points A. Point 1: control, freezing cavity. Point 2: bone_d_5 mm, the point in bone marrow 
5 mm distant from the edge of freezing cavity; Point 3: bone_d_10 mm, the point in bone marrow 10 mm distant from the edge of freezing cavity; Point 4: 
bone_d_15 mm, the point in bone marrow 15 mm distant from the edge of freezing cavity; Point 5: bone_d_20 mm, the point in bone marrow 20 mm distant from 
the edge of freezing cavity; Point 6: cartilage_d_10 mm, the point in cartilage 10 mm distant from the edge of freezing cavity; Point 7: cartilage_d_20 mm, the point 
in cartilage 20 mm distant from the edge of freezing cavity. *Distal porcine femur bone; **Freezing cavity, 40 mm in length, 20 mm in width, and 30 mm in depth; 
***Articular cartilage over distal femur. Temperature kinetics of points 1–5 were derived continuously from recordings during cryotherapy.

Fig. 2 Temperature kinetics during the 10-minute cryotherapy simulation. (A) The temperature change over time at control, bone_d_5, 10, 15, and 20 mm (n = 
3). (B), the cooling rate (velocity) of indicated points in the porcine femur bone (n = 3); the velocity was derived from the period from 0 seconds to the time point 
when the temperature reached –60°C or the period from 0 to 600 seconds (10 minutes) if the temperature d not reach –60°C and expressed as ∆°C/minute. The 
reference values (dotted line) showing the minimum requirement for cryotherapy was plotted in accordance with the published data.22
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at points 1 and 2, and the cooling rates at each point were 
significantly greater than the reference (p = 0.006 and 0.021, 
respectively).

At point 3 (situated in the shaft 10 mm away from the 
proximal edge of the cavity; bone_d_10 mm), the temperature 
reached the –60°C target in 340 seconds, indicating a cool-
ing rate of –14.8 ± 1.1°C. In contrast, the target temperature 
(–60°C) was not reached within the observation period (600 
seconds) at points 4 (bone_d_15 mm) and 5 (20 mm). The cool-
ing rates at points 4 and 5 were –7.5 ± 1.2°C and –3.3 ± 0.4°C, 
respectively. The cooling rates at points 3–5 were all signifi-
cantly lower than the reference (all p < 0.001), suggesting that 
the effect of cryoablation may be reduced at distant sites. We 
subsequently tested the temperature kinetics in porcine femur 
bones exposed to multiple freeze-thaw cycles of intralesional 
LN-based cryotherapy simulation. Furthermore, the efficacy of 
LN-based cryoablation were then validated using freshly col-
lected GCTB specimens.

3.2.  Cellular morphological changes after cryotherapy
Cryotherapy results in tumor cell shrinkage and injury,27 which 
then activates the cascade of cellular apoptosis.28,29 The H&E 
stain was used to evaluate the morphological and histological 
changes in the GCTB tissue after cryotherapy (Fig. 3A).

The proportion of giant cells that displayed cellular shrinkage 
in untreated samples (unexposed to cryotherapy, 0.4% ± 0.7%) 
compared with samples treated at point 1 (control, 24.3% ± 
3.7%) and point 2 (bone_d_5 mm, 18.4% ± 6.3%) was sig-
nificantly higher (both p < 0.001). The proportion of shrunken 
giant cells in samples treated at point 3 (bone_d_10 mm, 
13.2% ± 8.3%) was also significantly higher than that in the 
untreated samples (p = 0.002). The proportion of giant cells 
that underwent cellular shrinkage in samples treated at point 
4 (bone_d_15 mm, 2.4% ± 2.5%) and point 5 (bone_d_20 mm, 
0% ± 0%) showed no significant difference compared with 
the untreated group (p = 0.058 and p = 0.081, respectively) 
(Fig.  3B). Based on the histology examination, point 3 was 
exposed to some cryoablation compared with points 1 and 2, 
whereas points 4 and 5 received limited cryoablative activity 
derived from LN.

3.3.  DNA damage and apoptotic changes after cryotherapy
TUNEL stain was used to confirm the DNA damage and cellular 
apoptosis,25 and DAPI staining was used to identify giant cells 
(indicated by yellow-dashed lines in Fig. 4A) from stromal cells.

All giant cells and stromal cells were undergoing apoptosis 
(stained green by TUNEL) in samples treated at point 1 (con-
trol; 100%) or point 2 (bone_d_5 mm; 100%) after cryotherapy. 
This was significantly increased compared with untreated sam-
ples (0%, both p < 0.001). Although the proportion of TUNEL 
positive giant cells (30.3% ± 11.0%) and stromal cells (8.3% ± 
2.4%) in samples treated at point 3 (bone_d_10 mm) were lower 
than those at points 1 and 2, they were significantly higher than 
those in the untreated samples (p = 0.02 and p < 0.001, respec-
tively). No apoptotic signals were observed in samples treated at 
points 4 and 5 (Fig. 4B,C).

Consistency between the TUNEL results and histology find-
ings further demonstrate that giant cells in samples treated at 
points 1 and 2 had undergone apoptosis regardless of the pres-
ence of a shrunken appearance, which may be more reflective of 
the cooling rate rather than target temperature.

3.4.  Cartilage changes after cryotherapy
Safranin O and Fast Green staining reveals the smoothness of 
the cartilage surface and also cartilage cavity size that can be 
translated into the extent of chondrocyte degeneration.

As illustrated by representative micrographs in Fig. 5A, the 
cartilage surface of all samples appeared smooth, and no dif-
ferences were observed between samples. The chondrocyte 
degeneration rate was significantly increased in the cartilage 
exposed directly to LN (control, 15.7% ± 18.9%) and in the 
cartilage at point 6 (cartilage_d_10 mm, 8.3% ± 14.9%) com-
pared with untreated cartilage (0.6% ± 4.5%; both p < 0.001). 
No significant change was observed between cartilage at point 
7 (cartilage_d_20 mm, 1.3% ± 5.6%) and the untreated samples 
(0.6% ± 4.5%, p = 0.266) (Fig. 5B). Therefore, despite the target 
cooling rate was not achieved 10 mm away from point 1, which 
was exposed to LN directly, and the cartilage situated a similar 
distance to LN was injured to some extent.

3.5.  Cooling rate after repeated cryotherapy
The temperature kinetics at points 2–5 during each of the 3-con-
secutive cryotherapy freeze-thaw cycles did not indicate a sig-
nificant change in the cooling rates (Fig.  6). The temperature 
kinetics curves at points 4 and 5 remained above the reference 
(Fig. 6C,D), although the target temperature was reached in the 
last few seconds of the second and third cycles at point 4. This 
result implies limitations associated with additional freeze-thaw 
cycles (eg, unwanted tissue injury) in terms of enhancing cryoa-
blative activity.

Fig. 3 H&E stain after cryotherapy. (A) Representative micrographs (400×) taken from specimens (n = 3) in the negative control, control, bone_d_5 mm, 
bone_d_10 mm, bone_d_15 mm, and bone_d_20 mm groups. (B) Histogram of GCT cell shrinkage, data presented as mean ± standard deviation (n = 3 clinical 
specimens, *p < 0.05, **p < 0.01, and ***p < 0.001).
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4.  DISCUSSION

4.1. Although intralesional curettage is a common 
treatment choice for various bone tumors, it is associated 
with a high recurrence rate
Intralesional curettage is an important surgical management tool 
for local aggressive bone tumors such as a GCTB or low-grade 

chondrosarcoma. Li et al.30 reported a local recurrence rate after 
intralesional curettage of 41.9% in 179 patients treated for 
GCTB between 1998 and 2010. A separate study indicated that 
the rates of local and metastatic recurrence in GCTB ranged from 
8% to 62% and 1.5% to 7%, respectively.31 Surgical treatment 
in aggressive bone tumors remains challenging, and many adjunc-
tive therapies have been utilized to reduce the risk of recurrence.

Fig. 4 The proportion of apoptotic cells after cryotherapy. Clinical specimens (n = 3) in each of the treatment groups were stained by TUNEL assay and DAPI; (A) 
representative micrographs (400×) taken from specimens in the negative control, control, bone_d_5 mm, bone_d_10 mm, bone_d_15 mm, and bone_d_20 mm 
groups, where giant cells were marked by yellow broken lines; histograms of apoptotic giant cells. (B) and stromal cells (C) (n = 3 clinical specimens, *p < 0.05, 
**p < 0.01, and ***p < 0.001).

Fig. 5 Cartilage changes after cryotherapy. Porcine cartilage tissue (n = 3) subjected to cryotherapy were stained by safranin O and Fast Green stain to 
demonstrate changes in the smooth surface and lacuna space, (A) representative micrographs (400×) taken from specimens (n = 3) in the negative control, 
control, bone_d_5 mm, bone_d_10 mm, bone_d_15 mm, and bone_d_20 mm groups. (B) Histogram of shrunken area of lacuna (%); data are presented as mean 
± standard deviation. *p < 0.05, **p < 0.01, and ***p < 0.001. There was no difference in surface and width of cartilage in all groups.

CA9_V85N8_Text.indb   870CA9_V85N8_Text.indb   870 17-Aug-22   12:43:1517-Aug-22   12:43:15



www.ejcma.org  871

Original Article. (2022) 85:8 J Chin Med Assoc

4.2. Adjunctive therapies including phenol and cryotherapy 
have been utilized to decrease the risk of recurrence
Adjuvant therapy such as phenol or cryotherapy with LN 
have been used to lower local recurrence rate. Capanna et al.32 
reported a 7% local recurrence rate in 165 benign bone tumors 
treated with curettage followed by the application of phenol. 
Mittag et al.6 reported that phenol at a concentration of 60% to 
80% may not be suitable for the treatment of remaining solid 
tissue of giant-cell tumors due to the penetration depth being 
low at up to 100 μm maximally. More solid tumors may exhibit 
septum or sclerotic chambers that can be problematic for tumor 
removal in upper or distant chambers regardless of prior curet-
tage or phenol use. Trieb et al.33 revealed the local recurrence 
rate of giant-cell tumors treated with or without phenol was 
comparable. Meanwhile, LN has also gained acceptance as an 
agent for cryotherapy as pioneered by Tsuchiya et al.34 for the 
purpose of biomechanical reconstruction. To improve upon 
the limitations associated with LN-based cryotherapy, freezing 
nitrogen ethanol composite has been proposed and tested clini-
cally as a cryogen for adjuvant therapy to clear the remaining 
tumor cells after curettage.7

4.3.  The critical role of cryotherapy effective range
Due to the potential presence of a septum or sclerotic chamber 
in a bone tumor that are more solid in structure, the effective 
range or depth of cryotherapy is critical for treatment success. 
The lethal temperature and cooling rate for tumor eradication 
have been established to be –60°C and –20°C/minute, respec-
tively.20,22 This was used as a basis for determining the effec-
tive range of cryotherapy. Our cryotherapy simulation study 
found that both the target temperature and cooling rate were 
achieved only within a depth of 5 mm, whereas the result from 
the TUNNEL assay revealed a sharp decrease in giant-cell 

apoptosis from 100% to 30% at 10 mm, indicating that the 
tumor-killing capacity of cryotherapy may be limited beyond 
a distance of 10 mm. On the other hand, the apoptosis rate of 
stromal cells at 10 mm was only 8.3%, indicative of relatively 
little apoptotic activity in this population. This observation 
also suggests that GCTB stromal cells may be protected from 
LN-based cryotherapy at 10 mm. Therefore, these results sug-
gest that tumor cell eradication can be achieved by LN pour-
ing for 10 minutes at an effective depth of 5 mm, and that the 
tumor-killing activity is gradually lost between 5 and 10 mm in 
depth, in contrast to the 100 μm penetration demonstrated by 
phenol.6 We suggest that careful removal of all visible tumor 
and a breakage of the intralesional sclerotic septum are vital 
for bone tumor surgeries involving curettage. Prolonged cry-
otherapy may be an option to extend the effective distance 
or reach at a lower temperature, but our study found that 
at 10 mm away from the nadir, the target temperature was 
reached without a sufficient cooling rate, which translated into 
decreased tumor-killing activity. Moreover, LN will need to be 
replenished during prolonged cryotherapy, increasing the like-
lihood of unwanted spillage or overflow that may damage the 
surrounding tissue.

4.4.  The range of cartilage damage during cryotherapy
The complication rate associated with direct LN pouring has 
been reported to range from 0% to 21% (Clinical experience of 
freezing nitrogen ethanol composite in treating bone tumors: a 
short-term follow-up, manuscript under review). The cause of 
complications may be LN spillage during transport, LN over-
flow due to breakthrough in the cortical bone, or radiant cooling 
originating from LN. Tumor lesions often occur in the epiphysis 
close to the joint, and when the tumor margin is close to the 
joint cryotherapy-derived cartilage damage becomes a clinical 

Fig. 6 Temperature kinetics over the 3-consecutive cycles of 10-minute cryotherapy. Temperature changes recorded at bone_d_5 mm (A), bone_d_10 mm (B), 
bone_d_15 mm (C), and bone_d_20 mm (D). The reference curve (dotted line) showing the minimum requirement for cryotherapy was plotted in accordance with 
the published data. Data are presented as mean ± standard deviation (n = 3 porcine femur bones). Two-way ANOVA analysis was utilized, and no significant 
differences were found in any of the groups.
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concern for surgeons. In the current study, the condyle cartilage 
in the porcine femur was utilized to demonstrate potential tissue 
damage from radiant cooling. We found that the cartilage tis-
sue at 10 or 20 mm, which is beyond the effective cryoablation 
range indicated earlier, showed tissue integrity comparable to 
that of untreated samples. However, increased lacuna shrinkage 
suggesting chondrocyte degeneration was noted upon safranin 
O/Fast Green stain at 10 mm away from nadir compared with 
untreated samples. Cartilage may only be partially protected 
from radiant cooling when situated 10 mm away during cryo-
therapy. Hence, sufficient protective measures such as warm 
water irrigation or warm pad protection to keep the surround-
ing normal tissue warm are pivotal. Additional care and atten-
tion should be given to neurovascular bundles within 10 mm 
from the cryotherapy nadir.

4.5.  The effects of repeated cryotherapy
It has been proposed that increased cellular apoptosis and 
tumor-killing could be achieved by using repeated bouts of cryo-
therapy. During cryotherapy, the structure of the bone may be 
altered, leading to enhanced radiant cooling. In our study, we 
found that repeated freeze-thaw cycles did not lead to a nota-
ble change in the lowest temperature reached or cooling rate 
from nadir to 20 mm away. Nevertheless, our study was unable 
to exclude the possibility of cellular membrane disruption by 
additional crystallization formed after repeated cryotherapy and 
this may contribute to increased tumor necrosis that has been 
hypothesized by others.24

The current study demonstrated the effective range and cool-
ing rate of LN-based cryotherapy via an ex vivo simulation 
using porcine femur bones. Porcine femurs were chosen based 
on their availability and similar size compared with humans; 
however, it is worth noting that porcine femurs differ from 
human bones in gross and microscopic anatomy. Furthermore, 
the size of tumors is always different in the clinical setting, 
and only one type of cavity was tested in the current study. In 
real-world scenarios, the continued vascular perfusion of the 
tumor lesion and the affected limb may influence the outcomes 
of cryotherapy, and vascular perfusion was unfortunately 
absent in the present simulation model, and the actual effect of 
blood supply would need to be investigated in future studies. 
We suggest the use of a tourniquet to prevent blood flow from 
disrupting the effective range and cooling rate associated with 
of cryotherapy.

In conclusion, the cryotherapy effectiveness of direct LN 
pouring sustained within a depth of 5 mm away from nadir. 
Tumor apoptotic activity was partially observed between 5 and 
10 mm away from nadir. An intermediate protection for carti-
lage could be achieved at 10 mm. The effective range and cool-
ing rate were not altered after three cycles of cryotherapy. The 
results should provide several points worthy of consideration 
for clinical decision making during intralesional or adjunctive 
cryotherapy. The extrapolation of the current findings should be 
validated in real-world settings.
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