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Objective: This study was designed to basic information concerning the efficacy and safety of cryosur-
gery for pancreatic cancer. Fifteen healthy pigs were used to perform biochemical analysis and histo-
logical assessment. Methods: Following anesthesia and laparotomy, an argon-helium cryoprobe was
inserted into the pancreas. The introduction of argon gas induced a rapid decrease in temperature to
—160°C (Group I, 5 pigs) or —110 °C (Group II, 5 pigs), respectively, resulting in ice-ball formation of

Keywords: 15-20 mm diameter after 5 min. Following freezing, helium gas was circulated in the probe tip to
Egﬁ;ﬁig&;&mer increase the temperature to 10-20 °C over 3 min to thaw. The freeze/thaw cycle was then repeated.
Efficacy Group III (3 pigs) had a cryoprobe inserted, but without freezing, and Group IV (2 pigs) included
Safety untreated or normal control animals. Levels of serum amylase (AMY), IL-6 and C-RP were measured

prior to freezing and for 7 days following the procedure. All pigs were euthanized 7 days post-treat-
ment and pancreases were examined histologically. Results: Neither hyperaemia, edema or hemorrhage
were observed in the un-frozen parts of the pancreas. Histological assessment revealed a significant
level of necrosis in the central and lateral regions of the tissue frozen within the ice-ball. All cellular
ultrastructure was destroyed and only observable as a few of remaining nuclei with broken crests
and degranulated mitochondria and rough endoplasmic reticulum. There was a significant increase
of serum AMY levels for a brief period in both “deep frozen” and the “shallow frozen” groups. However,
the AMY also increased in two pigs in the “normal control” group and one pig from the “inserted cryo-
probe without freeze” control group. All experimental pigs appeared healthy until the sacrifice time.
Conclusion: Cryosurgery is a safe and effective ablative procedure for pancreatic tissue resulting in min-
imal complications.

Experimental study

© 2010 Elsevier Inc. All rights reserved.

Introduction Materials and methods

Pancreatic cancer is a malignancy with very poor prognosis and
with few treatment options [5]. Cryoablation can be a useful ther-
apeutic choice of pancreatic cancer [10,23]. However, little atten-

Experimental animal

Fifteen certified healthy Tibet miniature pigs were obtained

tion has been paid to experimental observation of the pancreas
after cryosurgery. In an effort to provide the basic information
for efficacy and safety of cryosurgery for the treatment of pancre-
atic cancer, we performed serial blood biochemical determinations,
and light microscopic and electron microscopic observations of the
pancreases of healthy experimental pigs before and after
cryosurgery.
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from the Animal Experimental Center of South Medical University,
weighing 27-32 kg, with an average weight of 30 kg. For 2 weeks
prior to the experimentation, the pigs were observed to ensure
normal behavior.

Argon-helium cryosurgery system

This study utilized the EndoCare™ CryoSurgical System (CA,
USA). This system relies on the Joule-Thomson effect, in which
pressurized gas is permitted to depressurize through a narrow noz-
zle located at the tip of the probe. The depressurization of argon
gas results in cooling of the cryoprobe tip to —160 °C. Helium gas
is used for probe tip heating (up to 67 °C).
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Groups and experimental methods

Group I (deep freezing)

Five pigs were anesthetized with Isoflurane. Using sterile tech-
nique, the pancreas was exposed through abdominal access. A 2-
mm diameter cryoprobe was inserted directly into the pancreatic
body, argon flow was set to 100% yielding a cryoprobe tip temper-
ature of —130 to —140 °C and an ice-ball of 15-20 mm in diameter.
After 5 min, argon flow was stopped and helium gas introduced to
raise the temperature from 10 to 20 °C for 3 min. This freeze/thaw
cycle was repeated. The freezing process was completed under
ultrasound monitoring. With ice-ball formation, the ultrasound
echoes yielded images of ice expanding from the center of the fro-
zen area adjacent to the cryoprobe and gradually expanded. The
cryosurgery was considered a success when the ultrasound
showed large areas of non-echo from the frozen area (Fig. 1). A silk
suture was placed to mark the center of the frozen area. After
removing the probe, the hole caused by the cryoprobe was filled
with a thrombin gelatin sponge, and the abdomen was closed
without drainage. Post-surgically, anesthesia was stopped, pigs
were retuned to their cages, and offered their regular diet. Neither
intravenous infusion, antibiotics, nor other medications was
administered.

Group II (shallow freezing)

Five pigs underwent the same procedure as described above but
the argon flow set to 10%. Following activation of cryoprobe, the
indicated tip temperature was —110 to —120 °C resulting in a same
size ice-ball.

Group Il (inserted cryoprobe without freeze)

Three pigs underwent a sham procedure with only the cryo-
probe being placed into the pancreatic body without any freez-
ing/thawing procedures. The cryoprobe was held in place for
10 min, and then removed.

Group IV (normal control)

Two control pigs not experiencing either the sham or freeze
treatments were sacrificed and pancreatic specimens were taken
for light and electron microscope examination.

Observations

Clinically
The 15 experimental pigs were maintained on normal diets and
their daily activities were observed.

Serial blood biochemical tests
Preoperative and post-operative determination following tests
were performed for all of the experimental pigs:

(1) Serum amylase (AMY): serum amylase level was pre-opera-
tively and post-operatively determined on days 1, 2, 3, 4,
5,6 and 7.

(2) Serum interleukin-6 (IL-6) and serum C-reaction protein
(C-RP): were determined post-operatively on days 1, 2, 3,
4,5, 6 and 7 by solid-phase ELISA by the kits of Quantikine
- R&D Systems (Minneapolis, Minnesota, USA) and Behring
Nephelometer - Analyzer (Marburg, Germany).

Visual and histological observation

Group I and II: The 10 pigs were sacrificed by bloodletting at
post-operative day 7. A laparotomy was immediately performed
and the pancreas and its adjacent organs were observed. Two pan-
creatic specimens were taken at each three places within the pri-
mary freeze/insertion zone: (A) the central area of the ice-ball;
(B) the lateral central area of the ice-ball; and (C) ice-ball edge area
close to normal un-frozen tissue. The specimens were fixed in 10%
formalin and 2.5% glutaraldehyde for light microscopic and elec-
tron microscopic examination, respectively.

Group III: The pancreatic specimens were taken from the 3 pigs,
as above, for light microscopic and electron microscopic examina-
tion, respectively.

Group 1V: The two pigs as normal control also had pancreatic
specimens taken at operation and post-operative day 7,
respectively.

Results
Clinically

All of the 15 experimental pigs exhibited normal eating, drink-
ing and behavioral activities until their sacrifice. No bleeding ten-
dencies appeared.

Biochemical tests

Serum AMY (Fig. 2): 13 (86.7%) of the 15 pigs had significant in-
creased serum AMY. In all pigs of the Group I and I, serum AMY
showed a prompt increased levels after cryosurgery and reached
peak levels within 2-3 days before rapidly declining. However,
by post-freeze day 6, serum AMY returned to normal. In Group
III, two of three experimental pigs demonstrated no change in ser-
um AMY levels, only pig (No. 13) had mild increase of serum AMY
at post-operative day 5, and did not return to normal at post-oper-
ative day 7. Two pigs in Group IV, as normal controls, had signifi-
cant increases in AMY level at post-operative day 1. In one of the
two pigs, AMY returned to normal at post-operative day 4, while
the other remained high up to post-operative day 7.

Serum IL-6: Of 15 pigs, 5 (33.3%, 2 in the Group I, 1 in the Group
Il and 2 in the Group IV) had mild increases in IL-6 level at

Fig. 1. The pancreatic ultrasound imaging before (left) and after (right) the freeze.
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Fig. 2. Serum amylase levels before and after the experiment in the 15 pigs.

post-operative day 7, day 1, day 1 and day 6, respectively. For one
in the Group III, IL-6 level returned to normal the next day. The
other four pigs had slight increases of IL-6 up to post-operative
day 7. The average serum IL-6 levels in “deep freezing” and “nor-
mal control” groups were lower than in the “shallow freezing”
and “insert cryoprobe without freeze” groups (Fig. 3).

Serum C-RP: All experimental pigs had no marked change before
and after the experiment.

Visualizing

After the 15 pigs were sacrificed by bloodletting at post-opera-
tive day 7, a laparotomy was immediately performed. All un-frozen
pancreatic tissue appeared normal with no hyperaemia, edema or
hemorrhage observed (i.e., acute pancreatitis or pancreatic fistula).
In Group I and II, there were obvious dark-brown necrotic areas
around the silk suture on the pancreases with a definite boundary
close to un-frozen pancreases (Fig. 4). In pig No. 1 of the Group I,
there was a 2 x 2 x 3 cm necrotic area on the colon wall close to
the pancreatic frozen zone that had an extensive adhesion with
the surrounding tissues, and a small volume of ascetic fluid within
the abdominal cavity. In the Group III, the only obvious abnormity
on the pancreas was some faintly visible damage along the needle
insertion tracts.

Histology

By light microscopy (Fig. 5): H&E staining showed a significant
zone of coagulative necrosis in all pancreatic specimens in the cen-
tral and lateral central zones of the ice-ball in Groups I and II. More
than half specimens had inflammatory infiltration in these zones.
The severity of the necrosis and inflammatory lesions gradually
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Fig. 3. Serum average IL-6 levels before and after the experiment (normal value is
5.9 pg/ml).
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Fig. 4. The visualizing at post-freeze day 7.

diminished from the center areas outwards to freeze zone edges.
Conversely, granulation tissue hyperplasia appeared on 8 speci-
mens at the edges, 4 specimens at the lateral central areas, and 2
specimens in central areas. In addition, pancreatic duct hyperplasia
appeared in 3 specimens of the Group I, and 1 of the Group II,
respectively. There was vasculitis on a specimen on the edge freeze
zone in the Group I. No significant difference in the severity of
necrosis between Group I and II was noted. Likewise, no abnormal
changes were noted in Group III and IV.

By electron microscopy (Fig. 6): In the Group I and II, all cells be-
came necrotic, all cellular ultrastructure was destroyed and disap-
peared in the central areas. In the lateral central zone of the freeze
zone, most cells were necrotic with few relict cellular nuclei along
with ruptured nuclear membranes. Organelles were persistent,
mitochondria broken with degranulation. Also rough endoplasmic
reticulum was degranulated. At the edge of the frozen areas, most
of the cellular membranes had ruptured but most organelles re-
mained including nuclei, rough endoplasmic reticulum and secre-
tory granules. No significant differences between the severity of
tissue necrosis and organelle damage between the Group I and II
was observed. No abnormal changes were noted in Group III and IV.

Discussion

Pancreatic cancer is one of the most fatal cancers with a one-
year survival rate of only 10% [7]. The preferred option of pancre-
atic cancer treatment is surgical resection. However, because of
the difficulty of early diagnosis, less than 10-20% patients are able
to accept radical surgery. Even if the cancer was resected, there is
the operating trauma and complications in about 50% of the pa-
tients and a 3% mortality [20,13,21]. Cryosurgery is a minimally
invasive surgery. Kovach et al. [12] reported on cryosurgery for
10 patients with un-resectable pancreatic cancer from 1995 to
1999, with no post-operative complications (i.e., pancreatitis, pan-
creatic fistulas, etc.) and no operative death. After cryosurgery the
cancer pain was lessened in the all patients. Korpan et al. [9,11] re-
ported that all patients with pancreatic cancer have responded
well to cryosurgery without surgical complication (i.e., intra- or
post-operative bleeding, fistulas or sepsis) or mortality directly
associated with the cryosurgery. The authors postulate that since
the cryosurgical method is far less invasive than conventional pan-
creatic resection with lower rates of complications and post-oper-
ative mortality, cryosurgery should be choice modality for most
patients with pancreatic cancer. Xu et al. [23] have used percutane-
ous cryosurgery for patients with locally advanced pancreatic can-
cer under ultrasound guidance and/or computed tomography (CT)
since 2001. Of the reported [24] 49 cases, the 12- and 36-month
survival rates were 63.1% and 9.5%, respectively; 53.1% of cases
surviving for 12-month or more with median survival of
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Fig. 6. The pancreatic tissues by electron microscopy at post-freeze day 7.

16.2 months. The longest surviving patient is 52 months. There
was no therapy-related mortality; acute pancreatitis was seen in
6 cases, one of whom developed severe pancreatitis, 3 cases

(6.1%) had intra-abdominal bleeding. All adverse effects were con-
trolled by medical management. However, the application of cryo-
surgery for pancreatic cancer is still in its primary stage. Its efficacy
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and safety require more observation by experimental and clinical
practice. Korpan [9] has used the disc cryoprobe with a diameter
of 20 mm placed on a dog pancreas at a temperature of —180 °C
for 9 min in a single freeze-thaw cycle. His results showed the
immediate formation of an ice-ball with 12 mm in diameter
around the cryoprobe and a line of demarcation of the cryozone.
In the following hours, the area exposed to freezing showed aseptic
necrosis with thrombus formation developed. After 4 weeks, loose
connective tissue with numerous blood vessels had developed.
After 9-12 weeks tight connective tissue developed. In the study,
we used the argon-helium cryosurgical system which relies on
the principle of the Joule-Thomson effect to freeze pig pancreas.
The temperature of frozen pancreatic tissue reached —110 to
—140 °C very quickly resulting in an ice-ball for 5 min, then a thaw
for 3 min. There was a total of two cycles of freeze/thaw. After
7 days, there was an obvious necrotic area with definite boundaries
in the frozen area. Histological examination by both light and elec-
tron microscopy show there was significant necrosis in the frozen
areas and all of the cellular ultrastructure had been destroyed.
Generally, temperatures lower than —40 °C are necessary to
cause the irreversible necrosis of the target cells. However, the
temperatures of freeze edge close to normal un-frozen tissue are
always higher —40 °C. In order to achieve complete ablation, freez-
ing must be accomplished beyond the tumor edge by at least 1 cm,
namely a “1 cm safe border” [17,14,19]. In this experiment, as with
freezing liver and other solid organs, tissue necrosis and cellular
structural damage in the frozen pancreas was related to proximity
to the cryoprobe. The severity of cell necrosis was gradually re-
duced from the central frozen areas outwards to the edge of the
freeze zone. This indicates that the frozen zone also should go be-
yond the tumor edge. Due to pancreas’ small volume, a “1 cm safe
border” may be difficult to achieve. This study shows that although
most cellular membranes had ruptured, they were rich in organ-
elles with rough endoplasmic reticulum and secretory granules
at the edge of the frozen area. Also, there was significant granula-
tion tissue hyperplasia and vasculitis at the edges indicating that
the pancreatic damage was also severe even at the edge of the
freeze zone. Therefore, the frozen area of pancreatic cancer may
not necessarily require the “1 cm safe border”. However, this con-
clusion requires further study. Our study includes “deep freezing”
group and “shallow freezing” group, where the argon gas output
was 100% and 10% with the final temperatures —140 and
—110 °C, respectively. The freeze time was 5 min and the non-rou-
tine 10 min. However, the results of light and electron microscopy
showed that there was no significant difference in the severity of
tissue damage between “deep freezing” group and the “shallow
freezing” group. This finding is an important observation for clini-
cal treatment, and it indicates that the procedure of lower argon
gas output power, shorter time and the relative non-extreme cold
temperature can be used for pancreatic cancer cryotherapy.
Accordingly, milder subfreezing temperatures may assure effective
cryoablation for cancer while reducing excessive trauma to the
pancreas. Because pancreas contains digestive enzymes, damage
to pancreatic tissue may causes acute pancreatitis, pancreatic
necrosis, pancreatic fistula and other serious co-morbidities. This
is the most concerning clinical problem. To help solve this prob-
lem, we examined the levels of serum AMY, IL-6 and C-RP pre-
operatively and at post-operative day 1, 2, 3, 4, 5, 6, 7, respectively.
Thirteen (86.7%) of the 15 pigs had a brief period increase of serum
AMY. It reached peak levels within 2-3 days, then fell rapidly and
returned to normal at the post-freeze day 6. Two pigs in Group IV,
as normal control, had significant increases of AMY level at post-
operative day 1. In one of the two pigs, the high AMY level re-
mained up to post-operative day 7. Myers, etc. [15] also found
the similar results in a pancreas frozen by liquid nitrogen in 15
healthy rhesus monkeys. The serum AMY had a prompt increase

4-5 times that of normal level on the first post-freeze day but re-
turned to normal 3 days later without evidence of acute pancreati-
tis. Since many reasons can cause an increase of serum AMY [22], it
is valueless to judge pancreatitis by serum AMY only. More articles
[3,8,18,1,6] showed that unexplained only elevated serum AMY is
not evidence of pancreas damage. Serum IL-6 and C-RP are consid-
ered valuable indicators of acute pancreatic damage [16,4,2]. The
average serum IL-6 levels in “deep freezing” and “normal control”
groups were lower than in the “shallow freezing” and “insert cryo-
probe without freezing” groups. The undulation of serum IL-6 lev-
els within each group were not regular. Serum C-RP of the all pigs
showed no marked change. Both serum IL-6 and C-RP did not show
complicating acute pancreatitis after the freeze. It is important to
note that all experimental pigs exhibited normal characteristics
post-operatively. After the aparotomy at post-operative day 7, all
un-frozen pancreatic tissue appeared normal with no hyperaemia,
edema or hemorrhage in the “deep freezing” and “shallow freez-
ing” groups. These observation show that pancreatic cryosurgery
is safe. As with any surgery, the safety of pancreatic cryosurgery
is closely related to operative performance. Especially in percuta-
neous procedures, accurate positioning and appropriate freezing
are very important. In one pig from the “deep freezing” group,
there was a local necrotic area on the colon wall close to the pan-
creatic frozen zone, it was apparently too deeply frozen.

Acknowledgments

We thank John G. Baust, Ph.D., UNESCO Chair and Professor,
Director, Institute of Biomedical Technology, Binghamton Univer-
sity, State University of New York, Binghamton, NY 13902 for writ-
ing assistance.

References

[1] D.K. Boeck, M. Weren, M. Proesmans, et al., Pancreatitis among patients with
cystic fibrosis: correlation with pancreatic status and genotype, Pediatrics 115
(2005) e463-e469.

[2] T.D. Campos, C. Cerqueira, L. Kuryura, et al.,, Morbimortality indicators in
severe acute pancreatitis, JOP 9 (2008) 690-697.

[3] A. Carroccio, L. Di Prima, C. Scalici, et al., Unexplained elevated serum
pancreatic enzymes: a reason to suspect celiac disease, Clin. Gastroenterol.
Hepatol. 4 (2006) 455-459.

[4] E. de-Madaria, J. Martinez, L. Sempere, et al., Cytokine genotypes in acute
pancreatitis: association with etiology, severity, and cytokine levels in blood,
Pancreas 37 (2008) 295-301.

[5] M. Ducreux, V. Boige, D. Malka, Treatment of advanced pancreatic cancer,
Semin. Oncol. 34 (2 Suppl. 1) (2007) 25-30.

[6] RW. Forsman, Macroamylase: prevalence, distribution of age, sex, amylase
activity, and electrophoretic mobility, Clin. Biochem. 19 (1986) 250-253.

[7] RA. Fryer, C. Galustian, A.G. Dalgelish, Recent advances, developments in
treatment strategies against pancreatic cancer, Curr. Clin. Pharmacol. 4 (2009)
102-112.

[8] L. Gullo, Day-to-day variations of serum pancreatic enzymes in benign
pancreatic hyperenzymemia, Clin. Gastroenterol. Hepatol. 5 (2007) 70-
74.

[9] N.N. Korpan, Pancreas cryosurgery, in: N.N. Korpan (Ed.), Basics of
Cryosurgery, first ed., Springer-Verlag, Wein, New York, 2001, pp. 151-154.

[10] N.N. Korpan, Cryosurgery in the 21st century, in: N.N. Korpan (Ed.), Basics of
Cryosurgery, first ed., Springer, Wien, New York, 2001, pp. 3-8.

[11] N.N. Korpan, G. Hochwarter, Pancreatic cryosurgery - a new surgical
procedure for pancreatic cancer, Eur. ]. Clin. Invest. 27 (Suppl. 1) (1997)
A33.

[12] SJ. Kovach, RJ. Hendrickson, C.R. Cappadona, et al, Cryoablation of
unresectable pancreatic cancer, Surgery 131 (2002) 463-464.

[13] P. Limongelli, S.E. Khorsandi, M. Pai, et al, Management of delayed
postoperative hemorrhage after pancreaticoduodenectomy: a meta-analysis,
Arch. Surg. 143 (2008) 1001-1007.

[14] T. Mala, E. Samset, L. Aurdal, et al., Magnetic resonance imaging estimated
three-dimensional temperature distribution in liver cryolesion. A study of
cryolesion characteristics assumed necessary for tumor ablation, Cryobiology
43 (2001) 268-275.

[15] R.S. Myers, W.G. Hammond, A.S. Ketcham, Cryosurgery of primate pancreas,
Cancer 25 (1970) 411-414.

[16] G.I. Papachristou, Prediction of severe acute pancreatitis: current knowledge
and novel insights, World J. Gastroenterol. 14 (2008) 6273-6275.



286 D. Chiu et al./Cryobiology 60 (2010) 281-286

[17] F. Popken, J.K. Serfert, P. Dutkowski, et al., Comparison of iceball diameter and
temperature distribution achieved with 3-mm accuprobe cryoprobes in
porcine and human liver tissue and human colorectal liver metastases
in vitro, Cryobiology 40 (2000) 302-310.

[18] D.W. Rattner, X.Y. Gu, GJ. Vlahakes, et al., Hyperamylasemia after cardiac
surgery. Incidence, significance, and management, Ann. Surg. 209 (1989) 279-
283.

[19] J.K. Seifert, C.D. Gerharz, F. Mattes, et al., A Pig model of hepatic cryotherapy. In
vivo temperature distribution during freezing and histopathological changes,
Cryobiology 47 (2003) 214-226.

[20] V.Velanovich, T. Kheibek, M. Khan, Relationship of postoperative complications
from preoperative biliary stents after pancreaticoduodenectomy. A new cohort
analysis, meta-analysis of modern studies, JOP 10 (2009) 24-29.

[21] Y. Vin, CS. Sima, G.I. Getrajdmani, et al, Management, outcomes of
postpancreatectomy fistula, leak, abscess: results of 908 patients resected at
a single institution between 2000 and 2005, J. Am. Coll. Surg. 207 (2008) 490-
498.

[22] RJ. Vissers, R.B. Abu-Laban, D.F. McHugh, Amylase, lipase in the emergency
department evaluation of acute pancreatitis, J. Emerg. Med. 17 (1999) 1027-
1037.

[23] K.C. Xu, Y.Z. Hu, L.Z. Niu, et al., Pancreatic cancer, in: K.C. Xu, L.Z. Niu (Eds.),
Cryosurgery for Cancer, first ed., Shanghai Science and Education Public House,
Shanghai, 2007, pp. 218-225.

[24] K.C. Xu, L.Z. Niu, Y.Z. Hu, et al., A pilot study on combination of cryosurgery and
125]odine seed implantation for treatment of locally advanced pancreatic
cancer, World J. Gastroenterol. 14 (2008) 1603-1611.



	The experimental study for efficacy and safety of pancreatic cryosurgery
	Introduction
	Materials and methods
	Experimental animal
	Argon–helium cryosurgery system
	Groups and experimental methods
	Group I (deep freezing)
	Group II (shallow freezing)
	Group III (inserted cryoprobe without freeze)
	Group IV (normal control)

	Observations
	Clinically
	Serial blood biochemical tests
	Visual and histological observation


	Results
	Clinically
	Biochemical tests
	Visualizing
	Histology

	Discussion
	Acknowledgments
	References


