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Long-Term Follow-Up Post-Cryosurgery in a Sheep Breast Model*
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This study constitutes the advanced stage of an ongoing project for the development of cryosurgical devices
and techniques for breast cryosurgery. The current study focuses on the long-term follow-up post-cryosurgery
in a sheep breast model. Results of this study indicate that the cryotreatment site in a sheep breast model cann
be identified up to 5 months post-cryosurgery by means of ultrasound, mammography, or MRI. Histology
findings of this study further indicate that there is no gross or microscopic difference between lesions that have
been subject to one versus three freeze/thaw cycles. Under either cryosurgical protocol, there is a main
cryoinjured region that has uniform destruction of epithelium and healing scar formation and a transition zone
of damaged lobules without acini, surrounded by healthy tissues. The cryoinjured region at 5 months post-
cryosurgery was found to be about half the diameter of the ultrasound-imaged frozen region during the
cryoprocedure. This study shows that, in terms of recovery and regeneration, surgical excision appears to have
an advantage over cryosurgery, which results in a more rapid healing process. Based on observations that th
cryoinjured region is no smaller than the ultrasound-imaged ice-ball and that the typical thickness of the
transition zone is up to 5 mm, a conservative use of the cryosurgical device developed for the current study in
an ultrasound-monitored cryoprocedure requires at least 5 mm safety margins of the frozen region radius arounc
the target region. © 1999 Academic Press
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The treatment of breast cancer has evolvefdom mastectomy to lumpectomy. By 2010 AD,
from the time of mutilation and ignorance in thet is estimated that 50% of all new breast can-
middle ages to one of breast-conserving mamers discovered will be less than 10 mm in
agement and an intense study and understardiameter (4), which represents 90,000 patient:
ing of the biological mechanisms driving tumorStandard surgical treatment would require ai
cells. As the treatment is directed to the cellulaopen segment resection, an operating room, at
and subcellular level, breast-conserving surgicalsthesia, cosmetic concerns, and substanti
procedures take on a more important role. Re&ost. Add to this the number of patients who
cent published results from neoadjuvant trialsequire segmental resection following complete
(6) indicate a decrease in tumor size in 80% dflinical or pathological response following neo-
patients and a modest increase in conversi@ujuvant chemotherapy and the cost increase:

An alternative method of tumor removal or
destruction for small malignancies is needed ftc
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minimally invasive surgery. Low temperaturescryotreated site is expected to take a role in th
generate anesthetic effect. Hemorrhage is reecovery process and (ii) large size is needed t
duced due to thrombosis of small blood vesselsinake imaging practical.
Cryotherapy may cause stimulation of the Since the initial clinical reports on cryosur-
body’s immune system, which additionally auggery in 1965, the need for repetitive freeze/thaw
ments local tumor destruction and may alseycles is stressed (8). A multi-cycle procedure
induce a response in metastatic tumor sites (1, 4, expected to enhance cryoinjury by repeated!
19, 21, 22). exposing the cells to the deleterious physico
With multiple treatments such as neoadjuvarghemical changes of damaging thermal condi
therapy, hormone therapy, and radiation, whicions. Experimental evidence of the increase
have the ability to downsize primary cancergestructive effect of repeated freeze/thaw cycle
and treat small cancers, the use of lumpectomy sybstantial. An up-to-date overview is given
can increase. Current diagnostic imaging trengsy; Gage and Baust (8). However, the enhance
are increasingly detecting small cancersl( |etha| effect of repeated freeze/thaw cycles i
cm). The minimization of surgical interventionpyact seen at the phase transition temperatu
to compliment these trends is a natural progre§émge and even in somewhat lower tempera
sion of technology and understanding of th‘f'ures, ie., in the—30 to 0°C range. Using

biological processes involved. modern cryoprobes, this temperature range e»

The current study is a part of ongoing rejqq only near the edge of the frozen region

search dealing with development of Cryosurg'Temperatures below this range are widely ex

cal devices and techniques. This study focu_s%%cted to be sufficient to cause maximal cryo:
on the long-term follow-up post-cryosurgery inyo i, ction in a single cycle, hence the benefi

a sheep breast model in an effort to: (a) stug repeated cycles is obscured by the severity ¢

the recovery and regt_an_eratlon processes fle low-temperature injury (7, 9). In the treat-
breast tissues post-cryoinjury and (b) determine

. . ment of some malignancies, it is commonly
whether the regenerated tissue (the scar tlssueé9 -

appears like a potential tumor in the Iong-terma cepted that a procedure consisting of tw
using standard imaging techniques such as Jkeeze/tha\{v cycles has a better out'come tha
trasound, mammography, or MRI. | that of a smgle_-cycle'proceplure, as in the cas
cryotreatments were performed in health f prostate malignancies. It is also accepted the

breast tissues and not on a tumor model, whe[8€ Penefit in more than three consecutive
the underlying assumption is that the recoverlf€€Z&/thaw cycles is marginal, if at all. It is
and regeneration processes following cryoin?0t€d that, in addition to the effect of multiple
jury are not dependent on the preexistence of £€ZiNg, the extent of cryoinjury is known to be
breast tumor. Based on the reported results 8ifluénced by other factors such as the cooling
100% tumor kill with cryosurgery of breastand warming rates, the minimal temperature
cancer in small animals (20), it is further as@chieved, etc.

sumed that cryodestruction of breast tumors is The current study provides a comparisor
feasible. The authors are not aware of any tum&etween treatment with a single freeze/thaw
model for sheep breast nor of any other tumdtycle, three cycles, and surgical excision. The
model of large animals which are similar in sizééxtent of cryoinjury was evaluated in the
and structure to the human breast and, therefog)ort-term post-cryosurgery with the applica-
the cryotreatment of healthy breast tissue is #on of the vital stain 2,3,5-triphenyltetrazo-
choice of practice. The animal model must b&um chloride (TTC) (17). The recovery and
similar in size to the human breast because: (igprocess of the cryotreated region was eval
there needs to be large enough volume of umtated using routine histology with hematoly-
treated tissue surrounding the cryoinjured sitén and eosin stain (H&E) and with Masson’s
because the uninjured tissue surrounding thechrome stain (13).
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MATERIALS AND METHODS procedure in each of the two breasts. Thes
experiments were performed to test the cryo

The in vivo experiments were performed in . :
the Human Oncology Laboratory at the AIIe_probes, to provide a baseline for the long-tern
ollow-up, and to improve the application of the

gheny University of the Health Sciences. Th TC perfusion andn situ fixation as described

cryoprocedures were carried out in accordance . .
. o .. pelow. The second group included 3 animals
with the guidelines and standards of the United ;.

. . which were followed-up for 7 days post-cryo-

States Public Health Services for Use and Care . .
. : urgery. Each animal was cryotreated with &
of Laboratory Animals and with the approval o single-cycle cryoprocedure in one breast, while
the Institutional Animal Care and Use Commit-, '

. . the other breast was taken as a control.
tsege%fcéze Allegheny University of the Health™" 5 i01< of the third, fourth, fifth, and sixth

A inimally i . lauid nit groups were followed-up for 1, 2, 3.5, and 5
new minimally nvasive, iquid nitrogen- months, respectively. A single-cycle procedure

pased, .cryosurg|cal device, .Wh'Ch IS descnbe\g’as applied to one of the breasts of each anima
in detail elsewhere by Rabiet al. (16), has \nicn'sums up to three animals in the 1-montt
been applied in this study. All cryoproceduregy o, group and four animals in each of the
were performed using a single cryoprobe cons, e ctive follow-up groups. About one-half
structed of two adjacent tubes having adlamet%q the animals of the 1- to 5-month follow-up
of 1.15 mm each.-The _ac_tlve surface length Oéroups were used to compare a single-cycl
the cryoprobe varied within the range of 20 tq,ygprocedure in one breast with a three-cycle
30 mm. _ _ _cryoprocedure in the other breast, which in-
The cryoprotocol included maximal coolinggged one animal in each of the 1- and 2-montt
power at the cryoprobe active surface during thﬁ)llow-up group, and two animals in each of the
freezing stage and subsequent natural thawiRgs_ and 5-month follow-up groups. The rest of
with no assistance of external heating. Maximahe animals were used to compare the scar tisst
cooling power of this cryoprobe correlates withyeyeloped as a result of a surgical excision witt
liquid nitrogen supply at 30 psi, which yieldshat developed after a single-cycle cryoproce
the following typical variation of temperature atgyyre, which included one animal in the 3.5-
the cryoprobe outer surface: 37°C at the initiaqgnth follow-up group, and two animals in
tion of the procedure,—55°C after 15 s, each of the 3.5- and 5-month follow-up groups.
—82.5°C after 30 s,-107.5°C after 45 s, a|lin all, given the limited number of available
—116.5°C after 90 s, and-140°C in steady animals and given the possible complications ir
state. This cryoprobe generates an average fignimal maintenance for long periods post-oper
zen region diameter of 22.3 mm within 5 min ofation, an increasing number of animals was
operation in sheep breast tissues € 21), assigned with the increase in follow-up period.
which was the cooling period in most cases ofhe control specimens were found not neces
this study. The following natural thawing lastedsary in the advanced stage of this study, whict
about 10 min. It follows that a complete singleleft more animals for comparative tests. The
freeze/thaw cycle lasts about 15 min and above animal plan reflects high priority for sin-
three-cycle procedure lasts about 45 min.  gle-cycle procedures and long-term follow-up
The animal model for this study is a recentlyand also somewhat higher priority for the com-
pregnant sheep, 8 to 12 weeks post-lambing amarison with three-cycle cryoprocedure over the
at least 4 weeks post-lactation. All animals wereomparison with a single-cycle cryoprocedure.
about 5 years old, after five deliveries (once a The surgical excision procedure included in-
year), having body weight as listed in Table 1gision in the skin to a length of 15 to 20 mm,
a total of 20 animals in six groups were studiedollowed by excision of tissue with an average
The first group included 2 animals which werediameter of 10 to 15 mm. One skin suture wa:s
sacrificed immediately after a single-cycle cryoapplied to close the incision created for the
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FIG. 1. Schematic illustration of the ultrasound-monitored cryosurgery, identification of the area containing
dense breast ducts network, and identification of the different cryoinjured areas for Figs. 2-5.

cryoprobe, and about four sutures were appliegroup under general anesthesia, for which thi
for the surgical excision. The animals receivednimals were laying on their back, in a Seimen:
antibiotics, 500 mg Keflex B.I.D., for 7 daysMRI unit with 1.5 Tesla intensity. Mammogra-
post-operatively as a preventative measure ampthy was performed on a larger number of ani-
50 mg Banamine S.I.D. immediately after opmals from all follow-up groups, with 26 kV and
eration. between 56 and 63 MAS in a Seimens mam
All cryoprocedures were performed in areasnography unit. In some cases, the mammogre
of dense breast tissue fibers and as far as pgsy was performedh vivo under general anes-
sible from the dilated breast ducts; the locatiothesia, for which the animals were laying on
of the dense breast ducts network is schematheir side. In other cases, the mammograph
cally shown in Fig. 1. Identification of the dif- was performed on the breast specimens imme
ferent areas of the breast and monitoring théiately after harvesting.
ice-ball formation were performed using a Breast specimens were prepared for histolog
Doppler ultrasound (7-MHz linear-array transical analysis by perfusion of the vital stain
ducer). The ultrasound transducer was placeé?]3,5-triphenyltetrazolium chloride followed by
perpendicular to the cryoneedle center line angerfusion of formaldehyde situ, as described
above the middle of its cylindrical active sur-elsewhere (17) but with different perfusion
face for measurements of the frozen diameteates. In brief, all the major veins leading from
(Fig. 1). This is the smallest dimension of thehe breasts were exposed and ligated. The tw
egg-shaped frozen region. The ultrasound inmajor arteries leading to the breasts were ex
ages were video tape recorded for further angbosed, cannulated, and connected to a cor
ysis and measurements. Ultrasound was alswlled flow rate pump \a a T connector. The
applied as a routine when the animals werbreasts were perfused with 25 of TTC, 2%
sacrificed, in an effort to identify the site ofin phosphate-buffered saline, at a rate of 1¢
cryotreatment. ml/min, followed by 100ml of 37.2% natural-
MRI and mammography were applied aboubuffered formaldehyde at a rate of H&/min.
every 4 weeks in an effort to identify the sites ofThe TTC and the animal’s breasts were main
cryotreatment. The MRI was performed routained at 37°C throughout the procedure for
tinely on animals from the 5-month follow-up optimal histochemical enzyme reduction in the
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tissue using a temperature-controlled thermabhich stains both collagen and cell cytoplasm
blanket. Skin temperature measurements wered. Some samples of the later groups wer
taken to verify temperature control, using 36alternatively stained with Masson’s trichrome
guage hypodermic thermocouples. The breast&in, which enhances the distinction of colla-
were excised immediately after and immerseden fibers from the cytoplasmic processes o
in 10% natural-buffered formaldehyde solutiorfibroblasts and other cells. Masson’s trichrome
for up to 24 h. The TTC showed clear demarstain depicts collagen as green, cytoplasm a
cation between the cryoinjured region and theed, and nuclei as black. The pathologic obser
healthy surrounding tissues at 1 week postrations included microscopic assessment of ce
cryosurgery but somewhat less clear demarchdar and vascular injury in the immediate post-
tion in the immediately sacrificed group. Whercryosurgery period, as well as necrosis at
comparing the TTC demarcation versus H&Bveek. Glandular epithelial changes were as
demarcation, the application of TTC becamsessed in all periods of observation. Reparativ
less advantageous with the increase in fokhanges related to the development of scar tis
low-up period due to the healing processsue and regeneration of epithelium were as
Hence, TTC was not applied in the 5-montlsessed at 1 month and later.
follow-up group (these specimens were per-
fused with formaldehyde alone). RESULTS

After harvesting, the specimens were bi-

sected along the cryoneedle track, the color of . .
the cut surface was observed, and the Cryoiﬁneasured from ultrasound images, the cryoin

jured (discolored) region was measured. Thjé,lred diameter as measured during histology
. ; nd the freezing period for all cryoprocedures
cryoinjured region was observed to be darig—rom Table 1 i? fan be seen ch\t IC'zhe averag
brown in the absence of TTC, while the sur- . . .
rounding healthy tissues were observed to Bgfltagezd fr_ozen_rezglon (?jlazn;eéer IS akf)tout515 mn
light gray/brown. In contrast, the cryoinjuredan e_r 5 1mll?cgn_fur)t’hsrnbe séenn:?a:iair() torrz"go/
region was observed to be very pale in the — )- ) ) : (
presence of TTC, while the surrounding health Ig::eeaisnethlg stehfor]::joie(rzllerzgtls(;nN?)liriniEggz;rike‘
tissues were observed to be dark-red. The pe Fange in the frozeny redion aiametger was ob
etration point of the cryoneedle was identified gd betw h 9 d and third les i
by a suture, which has been left in place at th%ervte © e_er:l f' secon ar(; g cy:: gi/'
end of the cryoprocedure and until harvestin ost casesr(= 4). However, a decrease of 6%

The initial bisection plan was made as parall quals 1.6 mm) in the fifth case and an increas

0 ; .
as possible to the original cryoneedle track‘?Lll/0 Ejequﬁis ?'2 mm) n thz_smthtcazetwere
Immediately after, a series of slices were cut, o Served in Ine frozen region diameter betwee

both sides of the initial bisection plan, in alhe second and the third cycles.

thickness of about 4 mm, in order to recast the
three-dimensional shape of the cryoinjured rdMaging

gion. Using elementary trigonometry, one can Comparison of the frozen region diameter, a:
find the uncertainty in measuring the maximaéstimated from the ultrasound images, with the
diameter from slices of this thickness to be nonaximal diameter of cryoinjury (the discolored
larger than 1.2, 0.8, and 0.6 mm, for maximahrea), as measured from the bisected specimer
injured diameters of 15, 20, and 25 mm, respecevealed that the cryoinjured region was no les
tively. than and up to 2.5 mm larger than the imagec

Representative blocks of tissue from thdérozen region in the immediate follow-up

cryotreated region were submitted for standargroups (Table 1). Similar comparison at 1 week
histological examination by light microscopypost-cryosurgery reveals smaller injured regior
using hematoxylin and eosin stains (H&E)jn two cases (in about 5 mm) and a significan

Table 1 lists the frozen region diameter as
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larger injured region in one case (8 mm), comprocedure and to overcome technical difficulties
pared with the imaged frozen region. in cases of large animals having small breasts
Starting at 1 month post-cryosurgery, contin- Ultrasound was very useful in monitoring the
uous reduction in the cryoinjured region sizéce-ball formation during the cryoprocedure anc
with respect to the imaged frozen region duringhe site of cryotreatment in the short-term post:
cryosurgery can be observed but at differerdryosurgery. This was verified in the short-term
rates. One exception is animal No. 8, in which %ollow-up groups by ultrasound-guided inser-
mm larger injured region is found at 1 monthtion of an hypodermic needle to the center of the
post-cryosurgery but in one breast only. Aneryolesion,in vivo, prior to the bisection of the
other exception is observed in both breasts dfreast specimens. Ultrasound identificatior
animal No. 14, in which the injured region attechnique of the cryotreatment site became ur
3.5 months post-cryosurgery is found to be egeliable in follow-up periods longer than 1
sentially the same diameter as that of the inmonth.
aged frozen region during cryosurgery. For the ) )
purpose of this comparison in the left breast dffistology and Histochemistry
animal No. 14, one should take into account Three main areas were identified in the mi-
cycle Il, in which maximal frozen region diam- cro-scale, as is also illustrated schematically ir
eter was achieved. Due to the consistency @&fig. 1: a main cryoinjured region, surrounding
similar observations for both breasts of animatealthy tissues, and a transition zone betwee
No. 14, one may conclude that this exception ithe main cryoinjured region and the healthy
due to an individual variation. Furthermore, theissues, having a typical thickness of 2 to 3 mm
different rates in reduction of the cryoinjuredin most cases, and up to 5 mm in some case!
area are probably due to variation between ifFhe thickness of the transition region may vary
dividuals of the same species. On average, iwvithin this range around the main injured region
jured regions in the range of 50 to 60% aref an individual site of cryosurgery. No signif-
found at 5 months post-cryosurgery, compareidant variation of the extent of injury was ob-
with the imaged frozen region during cryosurserved within the main cryoinjured region. Rep-
gery. resentative histological cross-sections frorm
The authors were not able to identify thethese areas are shown in Figs. 2—4. These cros
cryotreatment site using either mammographyections are shown at high magnification tc
or MRI, where the first mammogram was takermapture the cellular detail. These figures cove
3 days post-cryotreatment and where the firselatively small areas of each region and, hence
MRI image was taken about 2 weeks postthe orientation of each cross-section is not rel
cryotreatment. Attempts to identify theevant for analysis. For example, the cross-sec
cryotreatment site were repeated every 4 weekisnal area shown in Figs. 2—4 is about 046
up to 5 months. Mammography vivoin some 0.23 mm, which is an order of magnitude
animals and mammography of the excisedmaller than the thickness of the transition zone
breasts in other animals appeared to produead three orders of magnitude smaller than th
similar results. Mammography of excisedmain cryoinjured region.
breasts was performed to simplify the imaging Microscopic findings immediately post-cryo-

FIG. 2. Control tissue, normal glands of the breast stained with H&E.

FIG. 3. Main cryoinjured region stained with H&E: (a) loss of cytoplasmic and nuclear detail immediately
post-cryosurgery; (b) necrosis with complete loss of cellular detail at 1 week post-cryosurgery; (c) loosely
arranged capillary, fibroblast, and collagen at 1 month post-cryosurgery; (d) capillaries, fibroblasts, and more
arranged collagen at 2 months post-cryosurgery; and (e) capillaries, fibroblasts, and bundle of collagen at 5
months post-cryosurgery.
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surgery showed edema of the interstitial tissulest their acinar tissue and showed ducts withou
with vascular congestion by red blood cellghe acinar buds. The ducts were lined by en
(Figs. 3a and 4a). The epithelial cells of glandkarged ductal epithelium that varied in thickness
and ducts show swelling and vacuolation of th&om one to two cells (Fig. 4c). The interstitial
cytoplasm and nuclear changes consisting ¢tissue was edematous and showed increast
hyperchromasia and irregular shapes. The nanumbers of fibroblasts and capillaries.
mal tissue outside of the frozen region retained At 2 months post-cryosurgery, the main
good cellular details and did not show edema arryotreated region was found to be pink and no
vascular congestion (Fig. 2). easily distinguished from the red-stained nor-
Microscopic findings at 1 week post-cryosurmal tissue (which was stained by the TTC).
gery showed extensive ischemic necrosis, va&ompared with 1 month, the main cryoinjured
cular congestion with red blood cells, scatteretegion at 2 months post-cryosurgery is less
thrombosed blood vessels of varying size, anedematous and has slightly increased numbe|
extensive interstitial edema. In the areas of isclof fibroblasts, capillaries, and collagen (Fig.
emic necrosis there were no viable glandular @d). Some arteries were hyalinized scars an
ductal epithelium (Fig. 3b), which are thesome thrombosed vessels have undergone r
sources of human breast cancer (see Discusanalization. For example, the artery in Fig. 5
sion). A peripheral rim of damaged breast lobshows replacement of the cryotreated lumen b
ules of varying thickness between 2 and 5 mmcar tissue and reestablishment of small vasct
(defining the transition zone) was observethr lumen at the center of that scar tissue. Mi-
(Fig. 4b). The lobules within this zone showedtroscopic findings with regard to the transition
extensive loss of the acinar tissue with greatezone are inconsistent between animals of thi
loss closer to the central region of necrosis (th2-month follow-up group: a well-defined tran-
main cryoinjured region). Within these lobulessition zone was found in two cases, as shown i
a considerable amount of interstitial edema arfgig. 4d, while it was not well defined in two
increasing prominence of fibroblasts and capibther cases (which did not allow the estimatior
laries were observed. Very little inflammationof the diameter of the injured region in the right
with scattered neutrophils in the necrotic debribreast of animal No. 12). The transition zone
and damaged breast lobules were found. Tleontained regenerated lobules with elongate
unfrozen breast tissue showed no inflammatioducts but no acinar tissue. Compared with the
edema, or vascular congestion. The unfrozethrmonth follow-up group, the stroma of the
breast tissue appeared similar to the tissues lobules contained an increased number of cay
the control breast (the contralateral breast) (Figlaries and fibroblasts.
2). The cut surface of the surgical excision case
The TTC allowed a fair identification of the at 2 months post-operation showed a scar c
cryotreated region up to 1 month post-cryotreawhite fibrous tissue, which had a firm consis-
ment on the gross specimen. Microscopic findency. The microscopic findings showed dens
ings at 1 month post-cryosurgery showed thdibrous connective tissue in the scar surrounde
the main cryoinjured region consists of looséy normal breast tissue. Compared with the
edematous connective tissue with scattered firyoinjured region post-cryosurgery, the scal
broblasts and capillaries and a very smalissue resulting from surgical excision was
amount of collagen (Fig 3c). A few small clus-found to be essentially the same.
ters of lymphocytes and macrophages around The application of TTC at 3.5 months post-
some of the blood vessels were observed towactlyosurgery was not found to be useful for
the periphery of the cryoinjured region. Thedistinguishing the cryoinjured region from the
specimens showed a peripheral zone of regehealthy surrounding tissues. Compared with th
erating breast lobules that retain their gener&-month follow-up group, the main cryoinjured
shape (the transition zone); however, they haggion had decreased fibroblasts and eden
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with increased collagen. Similar to the findingglex branching but still no acinar development
from the 2-month follow-up group, microscopic(Fig. 4e).
findings with regard to the transition zone were The lesions of the surgical excision cases ha
inconsistent between animals of the 3.5-montinregular scars and were difficult to identify in
follow-up group: a well-defined transition zonethe gross specimen at 5 months post-cryosul
was found in 5 of the 6 cryosurgery cases, angery. No transition zone of regenerating lobules
it was not well defined in one case (left breast ofvas found microscopically. Microscopic com-
animal No. 15). In the cases in which it was welparison showed denser fibrous scars in the e»
defined, the transition zone thickness was founzsed lesion than in the cryotreated area, as we
to vary between 2 and 3 mm. The transitioras no regenerating lobules.
zone contained regenerated breast lobules withMicroscopic findings from one- and three-
branching ducts but no acinar tissue. cycle cryoprocedures were essentially the sam
The surgical excision procedures left a noand could not be distinguished on the basis o
ticeable thin scar on the skin after 3.5 monthgyross or microscopic findings, for follow-up
Microscopic findings from the surgical excisionperiods between 1 and 5 months.
cases showed a main injured region consisting
of dense fibrous scar tissue that was irregular in
shape. An apparent transition zone of 3 mm in It can be seen from Table 1 that the averag
thickness was found in one case of surgicdtozen region diameter increases by 10 to 20¥%
excision on the gross specimen but was unabletween the first and second cycles. This can b
to be identified microscopically. The same aniexplained by the fact that the initial temperature
mal had enlarged ducts in both breasts, whiathistribution of the second cycle is much lower
made the macroscopic evaluation difficult. Thehan the uniform initial temperature distribution
transition zone was absent in all other cases of the first cycle (about 37°C). The initial tem-
surgical excision. perature distribution of the second cycle varie:
The cut surface of specimens of the 5-monthetween about 0°C at the cryoprobe surface t
follow-up group showed a soft white main cry-37°C at far distance from the cryoprobe (further
oinjured region surrounded by a light-browrthan the freezing front location at the end of
peripheral zone (no TTC applied in this group)freezing). One may assume that blood flow
These regions were ill defined and sometimesithin the cryotreated tissue decreases afte
difficult to characterize. Compared with the 3.5thawing of the first cycle due to substantial
month follow-up group, the central scar (thedamage of the blood vessels post-freezing, as
main cryoinjured region) showed increased fidiscussed below with regard to the histology
brous tissue with more collagen (Fig. 3e). Soméndings, and this has also been referred to b
fibroblast and capillaries were also found in thethers (3, 5). Since the blood flow acts as a hee
main cryoinjured region. Regenerating lobulesource interfering with freezing, one may fur-
that still had a cellular stroma were found in theher assume that the decrease in blood flov
transition zone. The ducts showed more congllows the ice-ball to grow larger during the

DISCUSSION

FIG. 4. Transition zone between the main cryoinjured region and the surrounding healthy tissues stained with
H&E: (a) glands with interstitial edema and vascular congestion with red blood cells immediately post-
cryosurgery; (b) duct with loss glands, edema, fibroblasts, and vascular congestion with red blood cells at 1 week
post-cryosurgery; (c) regenerating duct in loose stroma at 1 month post-cryosurgery; (d) regenerating duct with
branching but no secretory glands at 2 months post-cryosurgery; and (e) regenerating duct, no secretory gland:
at 5 months post-cryosurgery.

FIG. 5. Recanalization of an artery within the main cryoinjured region stained with Masson'’s trichrome stain
at 2 months post-cryosurgery. The artery at the center shows replacement of the cryotreated lumen by scar tissu
and reestablishment of small vascular lumen at the center of that scar tissue.
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second cycle. The initial temperature distribupreparations (10—12). For example, Nezisl.
tion of the third cycle, however, is similar to(12) have performed experimental cryoproce:
that of the second cycle, hence the similarity imlures on a tumor model of a rat liver and mea:
the final frozen region diameters. It has beesured cryoinjured region diameters of 22 and 2
suggested that the frozen region diametenm, following a visible frozen region diameter
should increase in the second cycle and shoutd 20 mm, at day 1 and day 4 post-cryosurgery
not increase significantly in the third cyclerespectively. This observation has been mad
based on a theoretical analysis (15). However,an an ischemic liver, where a total hepatic isch:
decrease of 6% in one case and an increasearhia was applied temporarily by clamping the
11% in another case were observed in the frozgrorta hepatis just prior to the cryo-application
region diameter between the second and tted by removing the clamp immediately after
third cycles. The decrease of 6% in the firsthawing. However, following a visible frozen
case, which equals 1.6 mm, may be related tegion diameter of 19 and 17 mm in the absenc
uncertainty in experimental measurements. Thaf the temporary ischemia effect, the diamete
increase of 11% in the frozen region diameter inf the cryoinjured region was found to be 16
the other case, which equals 3.2 mm, may b@am at both day 1 and day 4 post-cryosurgery
due to partial blood vessel destruction after th€he difference in observations between the
first cycle and more substantial blood vesseschemic and the nonischemic cases may b
destruction after the second cycle. attributed to either the absence of the heatin
Comparison of the frozen region diameter, asffect of blood perfusion in the ischemic case ol
estimated from the ultrasound imaging, with théo some damaging effects associated with repe|
maximal diameter of cryoinjury (the discoloredfusion. Unfortunately, comparative results are
area measured in the breast cross-section framt available, neither for breast tumor model
the bisected specimen) revealed that the cryoinor for ischemic breast model.
jured region was up to 2.5 mm larger in diam- When comparing the above observation with
eter than the imaged frozen region immediatelioday’s commonly accepted assumption that thi
post-cryosurgery. It should be noted that th&ozen region is always larger than the cryoin-
transition zone between the main cryoinjuregured region, special attention should be paid tc
region and the healthy surrounding tissues ihie means of measurement of the frozen regio
included in the above macro-measurements dfameter. The frozen region is measured indi
the maximal diameter of cryoinjury. This obser+ectly via ultrasound images in this study, while
vation coincides with previously reported obdt is measured directly in other studies (the
servations that the cryoinjured region was foundisible frozen region surface). The difference
to be no smaller and up to about 5 mm largelbetween ultrasound-based measurements al
than the imaged frozen region immediatehhistology-related measurements may be partl
post-cryosurgery in a sheep breast model (18lated to the physical principles of ultrasounc
17), which is likely to be related to damage ofmaging, in which the temperature of the im-
blood vessels up to the edge of the frozen rexged front is not actually known. The freezing
gion, and to accumulation of fluids aroundront temperature is sometimes speculated to b
them. the point at which pure water ice crystals start tc
One may find the above observation at odd®rm in equilibrium, i.e., 0°C. However, assum-
with today’s commonly accepted assumptionng that body solutions behave like an NaCl
which is that the frozen region is always largesolution, the ultrasound-imaged front can be
than the cryoinjured region. However, it hasomewhere betweenr22 and 0°C (the phase-
already been reported by others that the visibkeansition temperature range). Furthermore
diameter of the frozen region may, under somgeezing can be suspended down to the homc
conditions, lead to an under-estimation of thgeneous nucleation point in some cases, i.e
cryoinjured region as measured from histology-39.2°C. An error of 20°C in defining the
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freezing front temperature can easily lead to acryoinjured region at the center (Fig. 3) and ar
error of 2 mm in estimating the radius of thearea of gradual lobule damage between the mai
freezing front location (18). cryoinjured region and the surrounding healthy
One may argue that ultrasound imaging antissues, defined as the transition zone in thi:
thermocouples could be combined in order teeport (Fig. 4). The cryoprocedure appears no
verify the actual temperature of the ultrasoundo affect the healthy tissues surrounding the
imaged interface. Unfortunately, this is not feaeryotreated region, and all inflammatory pro-
sible due to the high uncertainty in temperatureesses are limited to the identified cryotreate
measurements when using thermocouples duegion. This observation indicates that the cryo
ing cryosurgery, an uncertainty level which camprocedure can be applied to a well-defined re
easily reach the typical temperature range afion (a tumor for example).
phase transition (18). While the size of the main cryoinjured region
After 5 months, the cryoinjured region wasdecreases with time, its internal detail change
found to be between 50 and 60% of the imageas follows (as is also presented in Fig. 3). Ex-
frozen region during the cryoprocedure. Théensive coagulation necrosis, vascular conges
reduction in cryoinjured region size is probablytion with red blood cells, interstitial edema, and
the result of: (a) the contraction of the scapccasional thrombosed vessels are observed a
tissue within the area of injury as the scar deweek. There may be a few fibroblasts after 1
velops, (b) the healing process of the tissugeek but all epithelium appears to be necrotic
post-injury, and (c) the natural reduction of thewithin the main cryoinjured region. The epithe-
sheep breast with time post-lambing (the breastial necrosis is most significant because duct ani
were cryotreated 2 to 3 months post-lambingcinar epithelium are the sources of most huma
and the evaluation of injury for the last fol-breast cancer. After 1 month, the necrotic are:
low-up group was performed 5 months later)has been replaced by loose connective tissL
We believe that the reasons for the reduction iconsisting of scattered fibroblasts and capillar
cryoinjured region size are presented above iBs and, yet, no glandular epithelium was ob-
the order of significance, although no quantitaserved. Scar tissue developed within the throm
tive data is available. bosed blood vessels as well; however, som
The cryotreatment site in a sheep breasecanalization of blood vessels was observec
model cannot be identified by means of ultraThis means that some vessels, especially arte
sound, mammography, or MRI in the long-termes, may survive and return to limited function.
follow-up extending up to 5 months. The scaProgressively increasing collagen in the mair
tissue is in an advanced stage of formation bgryoinjured region is observed at 2, 3.5, and &
the end of 5 months. It can be concluded that inonths post-cryosurgery. A few ducts extend-
is highly unlikely that the scar tissue will being into the main cryoinjured region appear at
misinterpreted as a potential tumor, using thedais later stage. This process of scar formatiol
standard imaging techniques. However, it iprobably continues up to at least 1 year.
emphasized that the scar tissue is not fully de- Figure 5 shows a recanalized artery using
veloped after 5 months, and we speculate thdasson’s trichrome stain. The Masson’'s
the scar maturation continues for up to at leastttichrome stain is used to distinguish fibers
year. within the scar. In contrast to the standard H&E
The cryoprocedure produces an immediatstain, which gives a pink color to both collagen
injury which is characterized by cellular degenfibers and cytoplasm of fibroblasts, the
eration with vacuolization of the cytoplasm andrichrome dye stains collagen green, cytoplasn
loss of cellular and nuclear detail. This is assaed, and nuclei black. The intensity of the greer
ciated with vascular congestion with red blooatolor is proportional to the amount of collagen,
cells and edema. Two major areas were identivhere collagen gives tensile strength to the
fied within the cryotreated region: the mairwound. Thus, it is easier to distinguish which
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fibers in a healing wound represent collageriemperature field near the freezing front and is
and it is a useful aid in visual interpretation ofnot generated after cryosurgery as a response
the pathologic findings. the tissue to a lesion of necrosis. Bearing ir
While the main cryoinjured region size ismind that the temperature distribution within
determined by the cooling protocol of the cryothe ice-ball is a function of the cryoprobe cool-
procedure, the thickness of the transition zoneag power, cooling protocol, cryoprobe diame-
appears to be in the range of 2 to 3 mm in moger, and the thermophysical properties of the
cases and up to 5 mm in some cases. Thissue, one may further assume that the trans
transition zone was not observed in one castpn zone thickness is a function of the cryo-
which most probably represents individual variprobe and the cryodevice as well.
ation in one sheep. One week post-cryosurgery, The ducts within the transition zone contain
the transition zone is identified by damagedhickened epithelium compared to normal
lobules showing increasing loss of acinar tissulereast. Due to the enlarged epithelial cells witf
and the stroma is edematous with vascular coenlarged nuclei, these ducts are lined by epithe
gestion with red blood cells. Increased fibrolium that is two cell layers thick. This increased
blasts and capillaries with time are observedize appears to be a response of regeneratio
within the transition zone. Ducts are activelyAs the scar tissue contracts, bringing the breas
being regenerated within the transition zone afebules closer together after several months
ter 2 months but no acinar tissue had beethere appears to be a few ducts extending int
regenerated up to 5 months. This region coulthe scar tissue as well (into the main cryoinjurec
potentially be a safe harbor for surviving cantegion).
cer, whether the cancer is already present or thatThere is no gross or microscopic difference
ducts are destined to give rise to cancer. Thus between lesions that have been subject to or
the treatment of a breast tumor, the transitiomersus three cycles of freezing. Under eithel
zone ideally should be in healthy tissue sureryosurgical protocol, there is the main cryoin-
rounding the tumor, and the main cryotreatefired region that has uniform destruction of
region should contain the entire tumor and agpithelium and healing scar formation and the
amount of healthy tissue to insure an adequatensition zone of damaged lobules without
margin. If the location of the transition zone isacini, which is surrounded by healthy tissue.
peripheral to the ultrasound-imaged ice-ball, Allin all, two major differences between the
then one should operate the cryoprobe until thecar tissue resulting from surgical excision anc
ice-ball covers the entire tumor. Unfortunatelythe scar tissue resulting from cryosurgery have
the location of the transition zone on the ultrabeen observed. (a) The surgical excision scar ¢
sound image is not known. Based on the obses-months post-cryosurgery has denser collage
vations that the cryoinjured region is no smallethan in the main cryoinjured region. This may
than the ultrasound-imaged ice-ball and that theflect a relative delay in healing since the ex-
typical thickness of the transition zone is up t@ised tissue has been removed and the wour
5 mm, it follows that an ultrasound-imaged ice€an fill with fluid which promotes tissue growth.
ball which is at least 5 mm larger in radius tharin contrast, all the necrotic lesion has to be
the tumor will result in tumor inclusion within removed by the surrounding healthy tissues
the main cryoinjured region (a safety margin opost-cryosurgery before the repair process ca
5 mm). This safety margin diameter is a conbegin. The thrombosed vessels in the
servative estimate since the cryoinjured regioaryotreated region also undergo repair, whick
is larger than the imaged ice-ball, as discussdadkes time and may not establish as good circt
above. latory function, which, in turn, can slow down
Since no transition zone was observed ithe healing process. (b) The excision wounc
surgical excision, one may assume that the predees not have the damaged blast lobules that
ence of the transition zone resulted from theeen in the transition zone of the cryotreatec
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breast. This is consistent with the temperaturieave been subject to one versus three freez
distribution within the ice-ball at the end ofthaw cycles. Under either cryosurgical protocol,
freezing. Only partial freezing is expected neathere is a main cryoinjured region that has uni-
the ice-ball edge due to the fact that biologicalorm destruction of epithelium and healing scar
tissues freeze over a wide temperature rangermation, and a transition zone of damagec
(typically between 0 and-22°C). Hence, par- lobules without acini, which are surrounded by
tial freezing is expected to result in partial celhealthy tissue.
survival. In terms of recovery and regeneration, surgi
cal excision appears to have an advantage ove
cryosurgery, which is a more rapid healing pro-
Ultrasound imaging of the ice-ball formationcess. The cryosurgical wound will catch up in
in a sheep breast model leads to an undeestablishing a fibrous scar in time, perhap:
estimation of the cryoinjured region in the rangéonger than 1 year. As a surgical procedure
up to 2.5 mm in the current study. The cryoinhowever, cryosurgery has the advantages ¢
jured region dimensions include a transitiorsubstantial decrease in the risk of morbidity,
zone of partly damaged lobules having a typicadimplicity of the procedure, minimal bleeding,
thickness of 2 to 5 mm. anesthetic effect of low temperatures, low cost
A conservative application of the cryosurgi-minimal scarring, and possible stimulation of
cal device developed for the current study ithe body’s immune system.
breast tissues suggests 5 mm safety margins in
an ultrasound-monitored cryoprocedure. It fol-
lows that a target tumor diameter of 10 mm The authors thank Dr. _Nilim_a Dash of Diagno_stic Radi-
requires an ice-ball of 20 mm, which can bé)logyattheAIIegheny University of the Health Sciences for

i hi d within | han 5 mi . hthe MRI analysis. The authors also thank Laurie L. Macher
easlly achieved within less than 5 min using t 8f the Cryobiology Research Program at the Allegheny

new cryosurgical device. University of the Health Sciences for her excellent assis:
The cryoinjured region at 5 months postiance in animal work.

cryosurgery is about one-half the diameter of

the imaged frozen region during the cryoproce- REFERENCES

dure. The reduction in cryoinjured region sizel. Ablin, R.J. “Handbook of Cryosurgery,” Dekker, New

with time is probably the result of the contrac- Yo'k 1980.

tion of the scar tissue within the area of iniur aSZ' Ablin, R. J. An appreciation and realization of the
I Issue withi injury concept of cryoimmunologyn “Percutaneous Pros-

the scar dev_elops, the post-injury healing_ pro- tate Cryoablation,” pp. 136—154. Quality Medical

cess of the tissue, and the natural reduction of  Publ., St. Louis, MO, 1995.

the sheep breast with time post-lambing. 3. Bourne, M. H., Piepkorn, M. W., Clyton, F., and Leo-
The cryotreatment site in a sheep breast nard, L. G. Analysis of microvascular changes in

. - frostbite injury.J. Surg. Res40, 26—-35 (1986).
model cannot be identified up to 5 months post-, Cady, B., Stone, M. D., Schuler, S. @,al. The new

cryosurgery by means of ultrasound, mammog-  erain breast cancer invasion, size and nodal involve
raphy, or MRI. Using these standard imaging ment dramatically decreasing as a result of mammo
techniques, it is highly unlikely that the scar graphic screeningrch. Sur.131,301-305 (1996).

tissue will be misinterpreted as a potential tu->- Carpenter, H. M., Hurley, L. A., Hardenbergh, E., and
mor in the Iong-term Williams, R. B. Vascular injury due to coldirch.

) ) Pathol. 92, 153-161 (1971).

The cryoprocedure produces an immediates. Fisher, B., Bryant, J., and Wolmark, Nt al. Effect of
injury which is characterized by cellular degen- preoperative chemotherapy on the outcome of
eration with vacuolization of the cytoplasm and woman with operable breast cancarClin. Oncol.
loss of cellular and nuclear detail. This injury is 16, 2672-2685 (1998). o

iated with vascular conaestion with red7. Gage, A. A. Experimental cryogenic injury of the pal-
assocla 9 A ate: Observations pertinent to the cryosurgical de-
blood cells and edema. There is N0 gross Or  ggryction of tumors. Cryobiology 15, 415-425

microscopic difference between lesions that (1978).

SUMMARY AND CONCLUSIONS

ACKNOWLEDGMENTS



46

10.

11.

12.

13.

14.

15.

RABIN ET AL.

. Gage, A. A., and Baust, J. Mechanisms of tissue injur{6.

in cryosurgery Cryobiology37, 171-186 (1998).

. Natiella, J. R., Gage, A. A., Armitage, J. E., and
Greene, G. W. Tissue response to cryosurgery df7.

oral cavity in rhesus monkey#rch. Pathol.98,
183-188 (1974).

Neel, H. B., Ketcham, A. C., and Hammond, W. G.
Ischemia potentiating cryosurgery of primate liver.
Ann. Surg.174,309-318 (1971).

Neel, H. B., and Ketcham, A. C. Requisites for suc-
cessful cryogenic surgery of cancekrch. Surg.
102, 45-48 (1971).

Neel, H. B., Ketcham, A. C., and Hammond, W. G.

Cryonecrosis of normal and tumor-bearing rat liver20.

potentiated by inflow occlusiorCancer28, 1211
1218 (1971).

Olson, P., Rabin, Y., Julian, T. B., Taylor, M. J., and
Wolmark, N. Pathologic observations of the long-

term follow-up post-cryosurgery in a sheep breasgl.

model.Cryobiology37, 426 (1998).
Orpwood, R. D. Biophysical and engineering aspects of
cryosurgery Phys. Med. Biol26, 555-575 (1981).
Rabin, Y., and Shitzer, A. Combined solution to the

inverse Stefan problem for succesfreezing/thawin@3.

in non-ideal biological tissueASME J. Biomech.
Eng.119,146-152 (1997).

18.

19.

22.

Rabin, Y., Julian, T. B., and Wolmark, N. A compact
cryosurgical apparatus for minimal-invasive cryo-
surgery.Biomed. Instr. Tech31, 251-258 (1997).

Rabin, Y., Julian, T. B., Olson, P., Taylor, M. J., and
Wolmark, N. Evaluation of post-cryosurgery injury
in a sheep breast model using the vital stain 2,3,5-
triphenyltetrazolium chlorideCryo-Lettersl9, 255—
262 (1998).

Rabin, Y. Uncertainty in temperature measurement:
during cryosurgery. Cryo-Letters 19, 213-224
(1998).

Rand, R. W., Rinfret, A., and Von Leden, H. “Cryo-
surgery,” Thomas, Springfield, IL, 1968.

Staren, E. D., Sabel, M. S., Gianakakis, L. M., Wiener,
G. A, Hart, V. H., Gorski, M., Dowlatshahi, K.,
Corning, B. F., Haklin, M. F., and Koukoulis, G.
Cryosurgery of breast canceArch. Surg. 132,
28-33 (1997).

Suzuki, Y. Cryosurgical treatment of advanced breas
cancer and cryoimmunological responsgin Can-
cer 19,19-26 (1995).

Tonoka, S. Cryosurgical treatment of advanced breas
cancer.Skin Cancerl0, 9—-18 (1995).

Zacharian, S. A. “Cryosurgical Advances in Dermatol-
ogy and Tumors of Head and Neck,” Thomas,
Springfield, IL, 1977.



	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	TABLE 1
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG.4
	FIG. 5

	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

