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Objective

To compare the effects of 35% hepatic cryoablation with a
similar degree of radiofrequency ablation (RFA) on lung inflam-
mation, nuclear factor kB (NF-«B) activation, and production
of NF-kB dependent cytokines.

Summary Background Data

Multisystem injury, including acute lung injury, is a severe
complication associated with hepatic cryoablation of 30% to
35% or more of liver parenchyma, but this complication has
not been reported with RFA.

Methods

Sprague-Dawley rats underwent 35% hepatic cryoablation or
RFA and were killed at 1, 2, and 6 hours. Liver and lung tissue
were freeze-clamped for measurement of NF-«kB activation,
which was detected by electrophoretic mobility shift assay. Se-
rum concentrations of tumor necrosis factor « and macrophage
inflansnmatory protein 2 were measured by enzyme-linked immu-
nosorbent assay. Histologic studies of pulmonary tissue and
electron microscopy of ablated liver tissue were compared
among treatment groups.

Results

Histologic lung sections after cryoablation showed multiple
foci of perivenular inflammation, with activated lymphocytes,
foamy macrophages, and neutrophils. In animals undergoing

RFA, inflammatory foci were not present. NF-«B activation
was detected at 1 hour in both liver and lung tissue samples
of animals undergoing cryoablation but not after RFA, and
serum cytokine levels were significantly elevated in cryoabla-
tion versus RFA animals. Electron microscopy of cryoablation-
treated liver tissue demonstrated disruption of the hepatocyte
plasma membrane with extension of intact hepatocyte or-
ganelles into the space of Disse; RFA-treated liver tissue
demonstrated coagulative destruction of hepatocyte or-
ganelles within an intact plasma membrane. To determine the
stimulus for systemic inflammation, rats treated with cryoabla-
tion had either immediate resection of the ablated segment or
delayed resection after a 15-minute thawing interval. Immedi-
ate resection of the cryoablated liver tissue prevented NF-«xB
activation and lung injury; however, pulmonary inflammatory
changes were present when as little as a 15-minute thaw in-
terval preceded hepatic resection.

Conclusions

Hepatic cryoablation, but not RFA, induces NF-«B activation
in the nonablated liver and lung and is associated with acute
lung injury. Lung inflammation is associated with the thawing
phase of cryoablation and may be related to soluble media-
tor(s) released from the cryoablated tissue. These findings
correlate the clinical observation of an increased incidence of
multisystem injury, including adult respiratory distress syn-
drome (ARDS), after cryoablation but not RFA.
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mechanisms, including internal freezing, solute—solvenfIETHODS
shifts, and small vessel obliteration. RFA involves radiofre- .
guency current passed through a 15-gauge needle and d%yrglcal Procedures
ployable electrode arrays placed in the tumor center, gen- Sprague-Dawley rats (weight 250—400 g) were anesthe-
erating heat that leads to tumor cell destruction by means dfzed with intramuscular ketamine hydrochloride (87 mg/
a Coagu|ative_type process. kg) and XylaZine (13 mg/kg) Animals were pIaCEd on a
Although cryoablation of small areas of the liver is Small heated animal operating table, the abdomen was pre-
usually well tolerated, significant side effects, including Paréd with povidone—iodine using aseptic technique, and a

thrombocytopenia, disseminated intravascular coagulaMidline laparotomy was performed. Aliquots of blood were

tion, renal failure, hepatic failure, and ARDS, have been@spirated directly from the inferior vena cava with a 25-

noted when 30% to 35% or more of the liver is tredfsg  9auge needle. Avascular attachments to the liver (falciform,
12; this has been described as the “cryoshock phenomegastrohepatic ligaments) were divided, and the liver was

non.” Multisystem injury is a recognized complication mobilized. . . :
. . Cryoablation (n= 35) was performed with a small disc
of large-volume cryoablation, but the mechanisms of

distant organ injury have not been defined. InterestinglyprObe (Cryotech LC System 2000; Cryogenic Technology

imil temi licati h b ted wh Ltd., Derbyshire, UK) with careful isolation of adjacent
simifar systemic complications have not been noted w er:]structures, including the gastrointestinal tract, to avoid in-
RFA has been used for tumor ablati6f Because tech-

DT . advertent organ injury. RFA (= 19) was performed by
nology limitations of most available RFA systems allow girecting a needle guide into the liver (RITA Medical, Inc.,
ablation of liver tumor volumes of no more than 3 ¢m in \1yntain View, CA), with advancement of the thermocou-
maximum diameter, it has been unclear whether RFA i)je guides into the parenchyma undergoing ablation. Abla-
a safer method of ablation or whether the minimal re-tje therapy using either cryoablation or RFA of the left
ported Side effeCtS haVe been related to the Sma” VOIUm%be was performed to encompass approximate'y 35% Of
of treatment. the total liver volume, with careful maintenance of normo-
When multisystem injury and the systemic inflamma-thermia during ablative therapy. After completion of abla-
tory response syndrome (SIRS) develop, there is usuallyion, 10 mL normal saline was instilled into the abdominal
overexpression of inflammatory mediators as part of thecavity, and the fascia and skin were closed in layers. After
host response. Cytokines are an important inflammatoryecovery, animals were killed at predetermined intervals (1,
mediator in this process and are produced by a number &, and 6 hours). Serum and tissue samples were collected
cells, predominately macrophages, in response to a varirom the liver and lung and were freeze-clamped and stored
ety of stimuli. These mediators are important in normalat —80°C until subsequent analysis.
physiologic responses but also may result in pathologic To assess the effect of the timing of the cryosurgery
states, including SIRS and ARDS, when they are excesihjury, animals underwent 35% cryoablation of the left lobe
sive or dysregulated. Under most circumstances, cytofollowed by either immediate hepatic resection £n18)
kines are not stored in a preactivated form in macro-With minimal or no liver thawing or delayed resection<n
phages (or other cells). Cytokine production requiresl4) after a 15-minute thaw interval and were killed at 1, 2,

active gene transcription of messenger RNA unique t@nd 6 hours. Aliquots of blood and tissue samples were

each cytokine, a process closely regulated by the tran(_:ollected as in animals undergoing cryoablation without

scription factor complex nuclear factaB (NF-«B) in resection.
the cell** Recent studies suggest that MB-activation
in alveolar macrophages in the lung occurs as an imporEnzyme-Linked Immunosorbent Assay

tant early ste_p n the development of ARB%B_ecaus_e Levels of tumor necrosis factar (TNF-«) and macrophage
Kupffer cells in the liver represent the largest site of f'xedinflammatory protein 2 (MIP-2) were determined in serum at
macrophages in the body, the liver is probably an impory,qejine and at 1, 2, and 6 hours after cryoablation or RFA.
tant site for mediator release in response to direct “"e%\ssays were performed with specific enzyme-linked immu-
injury and possibly in response to systemic injury. nosorbent assay kits (TNk- Genzyme Corp., Cambridge,

In previous investigations of cryoablation-induced \ja; MIP-2, Biosource International, Camarillo, CA).
multisystem injury, we have demonstrated activa-

tion of NF-«B in liver and lung tissue with elevation
of NF-kB dependent cytokine® The current study
was undertaken to compare the effects of an equiva- Nuclear protein extracts were prepared from lung and
lent 35% hepatic ablation using either cryoablation orliver tissue by the method of Deryckere and Ganhbas
RFA on lung inflammation in a rat model and to de- previously outlined?® Aliquots of frozen tissue were mixed
termine possible factors responsible for induced lungwith liquid nitrogen and ground to powder using a mortar
injury. and pestle. Four milliliters of solution A (0.6% NP-40, 150

Nuclear Protein Extractions
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mmol/L NaCl, 10 mmol/L HEPES [pH 7.9], 1 mmol/L malin for subsequent light microscopy with conventional
EDTA, 0.5 mmol/L PMSF) was added to the mortar. Thehematoxylin and eosin staining. Slide review was per-
contents of the mortar were placed in a Dounce tissudormed by a masked pathologist for the following features:
homogenizer, and the cells were lysed with five strokes ofmargination of leukocytes in pulmonary vasculature, air-
the pestle. After transfer to a 15-mL tube, debris was pelspace edema, perivascular lymphoid cuffs, airspace edema
leted by centrifuging at 2,000 rpm for 30 seconds. Theand hemorrhage, and the presence of macrophages with
supernatant containing intact nuclei was transferred tdoamy cytoplasm. In selected cases, tissue samples were
50-mL Corex tubes, incubated on ice for 5 minutes, andlaced in glutaraldehyde or for electron microscopy assess-
centrifuged for 10 minutes at 5,000 rpm. Nuclear pelletsment. In these studies, samples were fixed for 48 hours in
were then resuspended in 300 solution B (25% glycerol, glutaraldehyde, then washed in phosphate-buffered 7.5%
20 mmol/L HEPES [pH 7.9], 420 mmol/L NaCl, 1.2 sucrose and postfixed in phosphate-buffered 2% osmium
mmol/L MgCl,, 0.2 mmol/L EDTA, 0.5 mmol/L DTT, 0.5 tetroxide for 1 hour. The samples were then stained with 1%
mmol/L PMSF, 2 mmol/L benzamidine, 0.5 g/mL pepstatin, uranyl acetate, dehydrated in a graded series of alcohols,
0.5 g/mL leupeptin, 0.5 g/mL aprotinin) and incubated oncleared in propylene oxide, and embedded in an araldite
ice for 30 minutes. The mixture was transferred to micro-resin. Thick sections (1.nm) stained with toluidine blue
centrifuge tubes, and nuclei were pelleted by centrifugatiorwere examined by light microscopy, and appropriate areas
at 14,000 rpm for 1 minute. Supernatants containing nucleawvere chosen for thin<{1-um) sections.

proteins were saved, aliquoted, and stored-@0°C. Pro-

tein quantification was performed using the method of Brad Statistical Analysis

ford.*® .
Data are expressed as mearstandard error. Compari-

. - . sons were made between baseline values and postablation
Electrophoretic Mobility Shift Assays results (cryoablation vs. radiofrequency parameters) using
(EMSAs) unpairedt tests. We assumed significancePatl .05.

Gel shift assays were performed as previously de-
scribed'® A consensus double-stranded MB-oligonucle- RESULTS
otide (Stratagene, La Jolla, CA) ¢(GATCGAGGG- .
GACTTTCCCTAGC-3) was used for EMSA. End labeling LUNg Inflammation
was accomplished by treatment with T4 kinase in the pres- Lung sections from animals undergoing hepatic cryoab-
ence off?P-ATP. Labeled oligonucleotides were purified on lation demonstrated prominent patchy perivenular inflam-
a Sephadex G-25 mol/L column (Pharmacia Biotech, Inc.mation, with discrete lesions measuring up to 2 mm. They
Piscataway, NJ). Five grams nuclear protein was added towere most prominent 2 hours after cryoablation (Fig. 1A)
binding reaction mixture containing 10 mmol/L Tris HCI and were present in all assessed animals undergoing cryoa-
(pH 7.5), 100 mmol/L NaCl, 1 mmol/L EDTA, 0.2% Non- blation at 2 hours. The smallest perivenular lesions con-
idet P-40, and 0.5 mmol/L DTT and a nonspecific blocker,sisted of a cuff of small lymphocytes admixed with larger,
salmon testis DNA (0.1 g/L) and was incubated on ice foractivated-appearing lymphocytes surrounding a small to
15 minutes. Next, approximately 150,000 cpm labeled doumedium pulmonary vein. In larger lesions, the inflammatory
ble-stranded oligonucleotide was added to each sampl@nfiltrate expanded to involve the interstitium of the adjacent
This mixture was incubated at 25°C for 20 minutes andpulmonary parenchyma. The inflammatory infiltrate in these
separated by electrophoresis on a 6% polyacrylamide gdarger lesions was predominantly mononuclear but also
(PAGE) in 1 X TGE buffer. Gels were vacuum-dried and contained neutrophils. Focal spillover of inflammatory cells
subjected to autoradiography. Cold competition was perinto alveolar spaces occurred in the animals killed at 1 hour,
formed by adding 50 ng specific, unlabeled, double-although the inflammatory process was primarily intersti-
stranded probe to the reaction mixture. Nonspecific competial. Clusters of foamy macrophages were present in the
tition was done by adding 50 ng unlabeled double-strandethrger lesions.
oligonucleotide that does not bind NdB. Supershift assays  In the animals that underwent RFA, there were no sig-
were done with polyclonal antibodies to the MB-proteins  nificant changes in pulmonary histology in the majority of
(RelA; Santa Cruz Biotechnology, Inc., Santa Cruz, CA).assessed animals, with occasional areas of mild patchy
These antibodies were added to the above reaction mixturgeerivascular and airspace and patchy vascular congestion
at a concentration of lug/15 uL. The samples were then edema (Fig. 1B). No perivascular lymphocytic infiltrate or
incubated at 25°C for 1 hour before gel loading. evidence of pulmonary inflammatory changes was seen in

any animals.

Histology and Electron Microscopy
Studies Serum Levels of TNF-a and MIP-2

Lung and liver tissue samples obtained when the animal Serum TNFea and MIP- 2 concentrations were measured
was killed were immediately sectioned and placed in for-by enzyme-linked immunosorbent assay in serum after



Vol. 231 + No. 5 Cryo-Induced Acute Lung Inflammation 755

Figure 1. Photomicrographs of lung sections 2
hours after 35% hepatic cryoablation (A) or 35% ra-
diofrequency ablation (B). In animals undergoing
cryoablation treatment, there was a characteristic
pattern of marked perivenular infiltration of activated-
appearing lymphocytes with admixed neutrophils and
clusters of foamy macrophages (arrows). These
changes were not present in lung sections from ani-
mals undergoing radiofrequency ablation, where
there were no changes of lung inflammation and only
occasional patchy zones of interstitial edema and
vascular congestion (arrow). (Hematoxylin and eosin;
magnification X100, inset X400)

cryosurgery and RFA (Figs. 2 and 3). MIP-2 is a majorminimal elevation of MIP-2 (22t 12 pg mL,P < .05 vs.
C-X-C chemokine in the rat (analogous to human interleucryoablation at 1 hour) levels occurred with RFA treatment.
kin-8) and functions to recruit polymorphonuclear leuko-

cytes to sites of inflammation. It may be important in rats for

directing the polymorphonuclear leukocyte alveolitis that isRupture of Hepatocyte Plasma

characteristic of acute lung injury. Although the levels of Membrane and Release of Cellular

both cytokines were normal in untreated animals, the meafrontents

TNF-a concentration increased to 289 56 pg/mL by 1 Electron microscopy of liver sections taken 15 minutes
hour after cryosurgery and remained elevated for 6 hours. IBfter cryoablation or RFA demonstrated markedly different
contrast, only minimal elevation of TN&{18 = 18 pg/mL,  effects on cellular architecture (Fig. 4). After cryoablation,
P < .01 vs. cryoablation at 1 hour) was detected in thethe overall hepatic architecture at the ultrastructural level
serum of rats that underwent RFA ablation. was maintained, with the normal arrangement of hepato-
A similar pattern was observed for MIP-2. Mean MIP-2 cytes along the space of Disse. Cytoplasmic organelles were
levels increased to 249.@ 75 pg/mL by 1 hour after intact, with normal nuclei, endoplasmic reticulum, and mi-
cryosurgery and remained elevated for 6 hours, wherea®chondria. Cryoablation, however, resulted in disruption of
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Figure 2. There was a significant increase in levels of tumor necrosis
factor a starting 1 hour after cryoablation that remained elevated until 6
hours after the ablative procedure. No significant changes were noted in
tumor necrosis factor a levels of animals undergoing radiofrequency
ablation (P = .01, cryoablation vs. radiofrequency ablation).

Ann. Surg. «+ May 2000

structures occurred. In contrast, RFA induced a coagulative-
type denaturing of intracytoplasmic organelles and proteins
with much less disruption of the cell surface, and possibly
“resealing” of the hepatocyte plasma membrane.

NF-kB Activation in Liver and Lung

Because of the noted increases in Thfend MIP-2 in
serum from animals treated with cryoablation but not RFA,
we performed EMSAs to determine whether the increased
cytokine levels correlated with NkB activation, because
cytokine production is known to be closely regulated by the
transcription factor NR<B. Figure 5 shows EMSA gels
from nuclear extracts of liver and lung samples taken at 1
hour after cryoablation and RFA. There was prominent
activation of NFxB at 1 hour in both liver and lung tissue
from animals undergoing cryoablation, but not from RFA-
treated animals. The specificity of detected binding on
EMSA is shown by cold and nonspecific competition. The
addition of 50 ng specific NixB oligonucleotide markedly
diminished the NF<B bands (cold competition= C),

hereas the addition of 50 ng unlabeled oligonucleotide that

he h | b ith large breaks such
the hepatocyte plasma membrane, with large breaks S“Ccﬂd not contain the NRB motif (honspecific competitios

that hepatocyte organelles appeared to extend into the spagg;

of Disse with no clear zone of demarcation.
In contrast, hepatocytes from RFA-treated liver tissu

had totally unrecognizable intracytoplasmic organelles, and i

) did not affect NF«B binding. These findings authen-
ticate the identification of the EMSA bands identified as
kB.

the cytoplasm was filled with amorphous electron-dense
material. The hepatocyte plasma membranes and space Biesection of Cryoablated Liver Before
Disse appeared intact for the most part. There were focalhawing

areas in which this amorphous material was present in the

space of Disse immediately adjacent to hepatocytes, but t

In animals undergoing immediate resection of the cryoa-
ated segment of liver, there were no areas of perivascular

plasma membrane was either intact or had very focal are"j}ﬁflammatory infiltrates and there was only minimal evi-

of possible disruption.

dence of perivascular edema; this was indistinguishable

These findings suggested that in the case of cryoablatioqrom animals undergoing RFA ablation (Fig. 6A). However,

plasma membrane disruption with otherwise intact ceIIuIari
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Figure 3. There was a prompt increase in the chemokine MIP-2 level
after cryoablation, with no significant elevations found in animals under-
going radiofrequency ablation (P < .05, cryoablation vs. radiofrequency
ablation, at 1 and 2 hours).

n animals in which a 15-minute complete thaw interval
preceded resection of the ablated segment, a similar but less
intense perivascular inflammatory infiltrate was present in
the lung histology sections 1 and 2 hours after the initial
cryoablation injury, in a pattern similar to animals under-
going cryoablation but without resection (Fig. 6B). In ani-
mals undergoing cryoablation followed by immediate resec-
tion, there was no activation of NkB in liver or lung tissue
samples (Fig. 5).

DISCUSSION

Our results demonstrate that in a rodent model, 35%
hepatic cryoablation results in acute lung inflammation that
does not occur in association with radiofrequency-induced
ablation of a similar volume of hepatic parenchyma. These
changes are associated with MB-activation in the nona-
blated liver and lung and increased production of thedi-
dependent cytokines TN&-and MIP-2. Electron micros-
copy studies of the ablated liver tissue demonstrate a mark-
edly different injury pattern at the ultrastructural level be-
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Figure 4. Electron micrographs from normal (A), cryoablated (B), and radiofrequency-ablated (C) liver
tissue 15 minutes after ablative treatment. (A) The untreated liver contained hepatocytes with normal nuclei
(N) and the usual complement of cytoplasmic organelles, with abundant endoplasmic reticulum (ER),
mitochondria (M), an intact plasma membrane (arrows), and normal bile canaliculus (arrowhead) (RBC,
erythroctyes in sinusoid). After cryoablation (B), the overall hepatic architecture at the ultrastructural level
was maintained, with the normal arrangement of hepatocytes along the space of Disse (arrow). Cytoplasmic
organelles were intact, with normal nuclei, endoplasmic reticulum, and mitochondria, and red blood cells
(RBC) were seen in the region of the space of Disse. However, cryoablation resulted in extensive disruption
of the hepatocyte plasma membrane, with large breaks such that hepatocyte organelles appeared to
extend into the region of the space of Disse (arrow); however, there was not a well-defined hepatocyte
plasma membrane at this location. In contrast, hepatocytes from radiofrequency-ablated liver tissue (C) had
totally unrecognizable intracytoplasmic organelles, and the cytoplasm was filled with amorphous electron-
dense material. The hepatocyte plasma membranes and space of Disse (arrow) appeared intact for the
most part; there were very focal areas that had some amorphous material in the space of Disse, adjacent
to either intact plasma membranes or very focal breaks in the plasma membrane. (Magnification: A, X8,320,
inset xX41,600; B, %X8,320, inset X17,810; C, X10,140, inset xX17,810)

e,

tween the two ablation techniques. Cryoablation results in
plasma membrane disruption and dispersion of intact cellu-
lar structures into the space of Disse that could reach the ~ CRYO RF IM-RES o o
systemic circulation. In contrast, RFA appears to induce a Lver  Lung  Lher  Lung Lver tomd, =, =2
coagulative destruction of intracytoplasmic organelles while

maintaining the integrity of the cell surface. The cryoabla- l l : » ; |||

tion-induced lung inflammatory response appears to be as
sociated with the thawing phase of cryoablation, because
immediate resection of the ablated liver parenchyma before v
the thawing period prevented NEB activation and acute .
inflammatory changes in the lung.
Although hepatic resection remains the standard therapy
for primary and metastatic tumors in the liver, there isgigure5. Composite electrophoretic mobility shift assay gel performed
increasing interest in nonresectional tumor ablative therapyan tissue taken from the nonablated liver and lung from representative
Hepatic tumors represent a major healthcare problem in thenimals undergoing cryoablation (cryo) and radiofrequency ablation
United States, with approximately 14,000 new cases O{RFA)IkiIIed 1 hour after treatment. Each IaQe represents a single animal
. . . . experiment. These results demonstrate activated nuclear factor kB (NF-
primary hepatlc mallgnanué% and _45’000 new cases _Of kB) in liver and lung tissue extracts from animals undergoing cryoabla-
metastatic colorectal cancer to the lif&each year. There is  tion but not from animals undergoing RFA. Also, immediate resection
little doubt that surgical resection in carefully selected pa<IM-res) of the cryoablated liver before thawing prevented activation of
tients improves survival for those with primary liver cancer NF-«B in liver and lung tissue. Addition of 50 ng unlabeled, specific
and hepatic colorectal metastases. Survival of patients WitHF-‘KB oligonucleotide markedly diminished all three bands (cold com-

tastati | tal fined to the li ho d Eetltion = (C). The addition of 50 ng unlabeled oligonucleotide that did
metastalic colorectal cancer contined to the iver who do no ot contain the NF-«kB motif (nonspecific competition = NS) did not

undergo trgatment is a median of 3 to 24 monthg, Withaffect NF-«B binding. These results confirm the authenticity of detected
5-year survival rates reported at 0% to 3%Alternative  protein bands in NF-«B analysis.

NF-kB
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Figure 6. Photomicrographs of lung sections 1 hour after 35% hepatic cryoablation with immediate
resection of the ablated segment (A) or after a 15-minute thawing interval before resection of the cryoab-
lated segment (B). Immediate resection prevented the inflammatory infiltrate (A), whereas delayed resection
(B) was associated with infiltration of lymphocytes, neutrophils, and macrophages (arrows) as in cryoablated
but nonresected animals. (Magnification X100, inset X400)

treatment with chemotherapy alone also provides poor rean electrical current through a 15-gauge needle guide passed
sults, with 10% to 30% response rates usually lasting lesmto the tumor, causing ionic charge shifts that generate
than 6 months, and 5-year overall survival rates of less thaheat. The heat is dispersed in a spherical shape around the
5% However, complete tumor resection in patients withneedle tip and extended needle electrode array. Because the
three or fewer metastatic foci results in a 30% to 35% 5-yeacurrent can be delivered through a needle delivery system,
survival rate, compared with less than 5% for patients nothis technique lends itself to laparoscopic use; it can also be
undergoing resectioft, in nonrandomized studies. Hepatic used percutaneously under selected circumstances. Unlike
tumor ablation with cryoablation and RFA has been applieccryoablation, tissue ablated with RFA becomes diffusely
to patients with unresectable tumors with results that appedryperechoic under ultrasound monitoring, but RFA does not
to be similar to those of conventional surgical resec-generate a clearly demarcated ablation zone, so real-time
tion,>®12 although most series still have relatively short monitoring is less precise than with cryoablation. Instead,
follow-up and small numbers of patients, and there havehermocouples are placed at the ends of the extended elec-
been no controlled trials comparing these techniques.  trode array to monitor surrounding temperatures. Thus,

At present, there are overlapping indications for cryoab-RFA is performed as a timed treatment, either at a specified
lation and RFA, and it remains unclear whether one of thes¢arget temperatufe or a specified power settirffgAlso
techniques will emerge as superior. There are several difunlike cryoablation, most radiofrequency systems at present
ferences in the technical aspects of these modalities thatn generate ablation zones of no more than 3 cm because
influence selection of the ablation method. Cryoablation hasf technology limitations. For this reason, tumors 3 cm or
been available clinically for a longer time than RFA. This larger usually require multiple overlapping fields of abla-
technique can generate large freeze zones (up to 10 cm tion, which can make it difficult to ensure complete tumor
diameter with a single 10-mm probe), with a sharp ultra-ablation.
sonic demarcation between frozen and nonablated tissue. In addition, system availability and surgeon preference
However, most cryoablation systems require placement ofontinue to play significant roles in technology selection.
relatively large probes (3—10 mm), making laparoscopic us&lany hepatobiliary centers now have both cryoablation and
impractical and precluding percutaneous applications. SysRFA available for use, depending on the clinical circum-
temic side effects of cryoablation have been recognized anstances.
commonly include thrombocytopenia, myoglobinuria, and There is increasing evidence that the liver plays an im-
renal insufficiency'®~*? Thrombocytopenia occurs in al- portant role in many systemic inflammatory disease states.
most all patients undergoing hepatic cryoablation, but theSIRS can result from infectious or noninfectious causes and
incidence of ARDS increases when the volume of ablatedommonly includes the development of acute lung injury,
liver approaches or exceeds 30% to 35%. ARDS is uncomeefined clinically as ARDS. Cytokines, including TNE-
mon when the volume of ablated hepatic parenchyma is lessterleukin-1, and other proinflammatory mediators, are
than 30% to 359423 known to be produced by Kupffer cells in the liver in

In contrast to cryoablation, RFA involves the passage ofesponse to a variety of stimuli. Previous studies have
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Figure 7. Lung sections taken at 24 hours from animals undergoing 35% cryoablation (A) demonstrated
severe lung injury with parenchymal hemorrhage and alveolar and interstitial edema. In contrast, animals
undergoing 35% radiofrequency ablation (B) had mild pulmonary edema with no evidence of acute lung
injury. (Magnification X100)

demonstrated that infusion of TN&produces changes in tokines. This result suggests that passive release of an
pulmonary endothelial cells and can produce changes simintracellular substance initiates the MB- activation cas-

ilar to ARDS?%?* Ferrari-Baliviera et &f* have demon- cade. In our study, this difference in ablative method led to

strated that infusion of TNF can produce interstitial and marked parenchymal lung injury at 24 hours in rats under-

alveolar edema, hemorrhage, and leukocyte sequestration gving hepatic cryoablation compared with minimal changes

the lung. We have shown similar histology findings thatin animals undergoing RFA under similar treatment condi-

support a link between hepatic damage from cryoablatiofjgng (Fig. 7).

and acute pulmonary damage. Interestingly, a recent report Tpe findings of cryoablation-induced activation of

. 5 .

by Seifert et a confirmed the release of TN&-and  NF.B dependent cytokines suggests strategies for inter-

interleukin-6 after hepatic cryoablation in their rat model. vention to minimize the multisystem injury observed with
Alth.oug: 3'5h/0N h%pat'(? nyoa,b'atr']onl, In-our q sltudy Wgs this modality. We have performed preliminary experiments
Eissigli)lai e\\I/ViI:ienclg o??:;ﬁ?gnh'iﬂ; Iﬁn'vﬁ;.i? :ngir(;ﬂar with TNF-a antibody blockade and other techniques that
0gIC | : op g Injury, appear to ameliorate the deleterious effects of cryoablation
ablative injury using RFA did not cause similar pUImonaryHeatment’-e Our current research involves the use of genet-

inflammatory changes. These findings are consistent wit ' . . . o

clinical reports of RFA in which procedure-related compli- !cally altered mice to identify spe_cmc pathways th_at result
in SIRS. We believe that prevention of the systemic effects

cation rates have been low. In the largest report to Yate, i . L
RFA was used in 123 patients, with no deaths and a com?f cryoablation may be possible through MB-inhibition,

plication rate of 2.4%. This is in striking contrast to the rate SPeCific cytokine blockade, and directed therapy against any
of cryoablation-associated complications in previous rel/dentified mediators of injury.
ports, which have ranged from 15% to 50%; common com-
plications are pleural effusion, renal insufficiency, and co-
agulopathy°—*2 References
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In that same vein, have you been able to modify those changes by
pretreatment with polymyxin or an antiendotoxin antibody?

Discussion Dr. GeorGe M. WAaTkins (Tampa, Florida): You know, the
cryoablation people, patients, look like they are snakebit. Mr.
Dr. R. SotT JonEs (Charlottesville, Virginia): My question is, President, you live in a den of vipers every day, and we mean that
first, because clinically there were patients that underwent cryditerally. These are rattlesnake bites—same sort of thing. Severe
who also had some renal failure and problems with the kidneyrattlesnake bite, you treat with steroids, all those symptoms tend to
have you yet or are you going to investigate the effects of hepatigo away and the person gets well.
cryo on renal function? That might be an opportunity, if you have Now maybe people have done that, | don’t know. | think that
not already done it, for some additional insights into the ill effectsmay be in the literature; I'd like to ask about that. But more
of this cryotherapy. importantly, preoperative steroids have gotten a bad mark because
My second question, and probably the most important andhey are such an invasive technique when we used to use them in
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the patients in ICU. These people are minimally intubated most otilation cascade. We have looked at these effects with cryo and
the time and have one single thing done. Has anyone, experimemoted, in our model, similar effects on platelet count reduction,
tally or clinically, used steroids, either preop or postop in patientswith thrombocytopenia and a marked decrease in fibrinogen levels
or rats? that have not occurred with hepatic resection. We have not inves-
The second thing, the phenomena you see may be bloodborne tigated the effect of those clotting parameters with RFA in this
may be borne by the lymphatic system via the peritoneal circulamodel.
tion. Has anyone studied that by cross-circulation experiments or Dr. Edwards raised a question about the potential mechanism of
taking blood from one animal and putting it into another animalinjury associated with cryoablation. The points you made regard-
from the superhepatic system? ing the possible release of intact protein from this cryoablated site
to the lung and distant sites are intriguing. This is certainly a
DRr. WiLtiam C. Grapman (Closing Discussion): A number of  possible cause of this effect. Whereas it appears that all intracel-
questions have been raised regarding the role of cryotherapyjlar structures are denatured with RFA treatment, exactly which
versus RFA. The major question is whether or not the multisystemypecific cellular components are responsible for this multisystem
injury associated with cryoablation eliminates its use clinically. effect, | think, still remains in question.
With the advent and introduction of RFA, which does appear cytokines are generally felt not to be prestored in cells, so that
clinically and, certainly, in our research models, to be a Safercytokine increases in serum, particularly TNF and MIP-2 in our
modality, will we effectively stop using cryoablation? ~ gygies, are generally thought to require gene transcription and
| don't know the answer to this question. There are significantycyya| production of these cytokines. So | don't think that it's
technical differences between cryoablation and RFA ablation thaéctual release of cytokines during this process, but exactly which

make these techniques not interchangeable at the present img,myonent from these injured cells is responsible for the induction

Cryoablation generates a freeze zone—a freeze-ball, if you WI||—Of this inflammatory response, | don't think we know. But cer-

that is very clear and easily seen ultrasonographically. This teCht'ainIy this is something we are pursuing at the moment

nique can allow the generation of freeze-balls of significant size, so Dr. Pruitt raised questions regarding the possible role of endo-
that tumors of a large size can be cryoablated. On the other han

radlo_frequency ablation is limited no_w_to_ only ab(_n_]t a 3-cm studies. | would point out that the responses in terms of«dBF-
ablation zone because of technology limitations. Additionally, the

. . - : ) . ; ctivation in the liver and lung and increases in cytokines are ver
imaging that occurs, imaging changes in the heated tissue, is mucE}li g y y

e : imilar in this model to endotoxin models of systemic inflamma-
more difficult to follow, so that most centers use a timed treatmenf . L
ion. So certainly the systemic inflammatory responses appear to

after placing the RFFA probe in the center of the tumor, so that th%e similar, but whether or not there is an actual endotoxin role, we

confidence level surrounding the ability to adequately treat areas . . . .
- . 9 y q y can’'t say. | would point out that certainly in most settings, the
with RFA is much less secure.

Several weeks ago, Dr. Anton Bilczek and his group from themultisystem injury clinically associated with cryoablation is not

John Wayne Cancer Institute presented their results using RFA al tqought to be due tq SEpSIS. These_patlents .do nqt .have positive
cryo for liver metastatic tumors greater than 3 cm in size, angb ood cultu_res or ewdence_of bacterially medlgted injury. )
reported a local recurrence rate of 41% in the patient group treated, 2"~ Watkins raised questions about the possible role of steroids,
with RFA. So | think radiofrequency ablation from a technology &ither clinically or experimentally to lessen the effects of this
standpoint at the present time is limited. Will that change in theSYStemic inflammatory response. It was interesting to me that

future and will the technology allow treatment of larger areas ofS€veral years ago when we were using cryoablation in a more
tumor? | think if that occurs, then RFA may be able to be 299ressive way in our early experiences, one of our anesthesiolo-
substituted for many areas of cryoablation. gists did begin, on an anecdotal basis, to pretreat our patients with
There were a number of questions regarding other sites oft€roids by a bolus dose prior to treatment. There is certainly
multisystem injury, and other effects that we may have seen in oufXPerimental evidence that this may have a beneficial effect.
animal model. In our work thus far, we have concentrated primar-Steroids do inhibit activation of NkB, so this may provide a
ily on the effects on liver and lung, although we have begun toStrategy to lessen the multisystem injury. We have not looked into
investigate studies using genetically altered mice. We have startelflis experimentally.
studies with TNFe: and IL-1 knockouts to look at the effect of ~ What impact has this work had on our clinical use of cryoab-
specific cytokines in this process. We have also done some préation? | would say at the outset that we use ablative techniques in
liminary studies in an HLL NF«B luciferase promoter line of @ very limited way, in probably less than 10% of our patients. We
mice in which NF«B acts as a surrogate marker that is detectedhave begun use of RFA. We continue to use cryoablation for the
with a luciferase enzyme. In these studies, we have seen significaatose or focally positive surgical margin after a major resection.
evidence of activation in the liver, lung, spleen, and kidneys in thisThis is one area where cryoablation is beneficial and RFA cannot
mouse model with cryoablation within 1 hour after the cryo be utilized for that purpose.
procedure. So | think there is some evidence that similar effects to The ultimate use of one strategy (RFA vs. cryo) or the other is
the lung injury are occurring at multiple systemic sites following still a process that is evolving. We still use cryoablation in a
cryoablation. limited way, although | think in the future radiofrequency ablation
Dr. Henderson, you raised questions about the effects on coagvill play an increasingly important role.

?OXin. We have not utilized endotoxin antibody in these particular



