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Background
Surgical treatment of bone tumours often requires a gen-
erous resection of bone, leaving defects which are difficult

Abstract

Background: So far, modern miniature cryoprobes were used for local destruction of soft tissue
tumours without damaging the adjacent healthy tissue. In this study, cryoablation methodology was
applied to bone and the cooling capacity of the probe was examined in vitro and in vivo.

Method: Freezing was performed by cooling one or two probes (diameter 3.2 mm) to -180°C with
liquid nitrogen. The cooling capacity of the probes was determined optically and thermally against
a homogeneous reference gel, followed by in vivo measurements on femoral and tibial sheep bone
followed by histological examination.

Results: Thanks to the synergistic effect, the simultaneous use of 2 probes produced an almost
spherical expansion of cold in the homogenous gelatin. During the in vivo freezes, the temperature
curves showed a more moderate trend. Nevertheless, due to the synergistic effect, temperatures
below -50°C could be reached at a distance of | cm from the probe. No local or systemic
intraoperative complications were observed. Histological examination revealed cell necrosis up
into the -10°C isotherm.

Conclusions: Adequate tissue cooling of the bone matrix can be achieved with in vivo freezes by
means of one or more miniature cryoprobes. Therefore, this probe could provide an alternative
to or supplement surgical resection of pathological bone processes.

to span. The method of freezing tumours with liquid ni-
trogen was introduced as an adjunct treatment to intrale-
sional resection, or curettage for extension of the surgical
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One active cryoprobe in vital metaphysial bone (proximal tibia) Fig. la: Experimental set up using one cryoprobe on the tibial
metaphysis Two active cryoprobes in vital diaphysial bone (femoral diaphysis) Fig. 1b: Experimental set up simultaneously using

two cryoprobes

margin of excision. The nitrogen was poured or sprayed
directly into the bone cavity [11,13,14,16,24-27]. Due to
minimal control of the freezing procedure [12,15] and the
risk of vaporization causing gas emboli [23], the wide-
spread use of direct application of nitrogen was limited.

In addition to open application, a closed system has also
been described [5,6,9]. For the first time in 1984, Russe
and Kerschbaumer used cryoprobes for ablation of bone
tumours in humans [21]. The probes were bent, trocar-
like, hemispherical or spherical [10], but their cooling
ability was poor in relation to the probe's diameter [4,8].
This was mainly due to evaporation of the nitrogen inside
the system before it actually reached the freezing zone.
Therefore, less nitrogen was available at the tip of the
probe, which in turn limited the speed of freezing and the

minimum temperature attainable, as well cell destruction

[7].

As described by Baust et al. in 1997, the boiling point is
lowered by increasing the pressure within the device,
thereby preventing premature evaporation [2]. In the Er-
bokryo CS-6 cryoprobe used here, evaporation is prevent-
ed almost completely by an operating pressure of 15 bar
at the beginning of the freezing process and by an opti-
mum flow of nitrogen. This ensures quick exposure of the
surrounding tissue to the low temperature. Pressure is
lowered during freezing, which raises the boiling point of
the nitrogen to ensure evaporation of the nitrogen at the
tip of the probe, and hence a further drop in temperature
in the surrounding tissue. Furthermore, unnecessary tis-
sue injury caused by insertion of the probe was avoided by
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Figure 2
Gelatin — | cryoprobe vertical measurement

reducing the probe's diameter to 3.2 mm. While the basic
suitability of freezing for the destruction of bone tumours
- also when using cryoprobes - has already been docu-
mented [21], the use of this high-capacity, fine-calibre
miniature cryoprobe for freezing bone tissue has not yet
been described. The goal of this in vitro and in vivo exper-
iment was to establish the possible field of therapy for
such a miniature cryoprobe in a reference medium and to
study whether this miniature cryoprobe is suitable for ap-
propriate tissue cooling in long bones.

Methods

The Erbokryo CS-6 System is a commercially available cry-
otherapy device which consists of a device with a control
unit and vacuum-isolated flexible tubes leading to the cry-
oprobes. The case also contains a 47 liter capacity vacu-
um-isolated tank (supply Dewar) with liquid nitrogen
which is heated electrically. The probes are started by the
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resulting vapor pressure of up to 15 bar. The liquid nitro-
gen (-196°C) reaches the 3 cm long freezing zone at the
tip of the probe through a central delivery tube and then
vaporizes through heat absorption. The flow of nitrogen
can be chosen for each probe at four levels, from 25-
100% up to a maximum flow rate of 1.5 l/min. The nitro-
gen gas then flows through a coaxial external pipe back
into the tank. A total of 6 cryoprobes can be used
simultaneously.

In the first part of the experiment, a transparent gelatin
was used at room temperature and the formation of ice
crystals around a single probe as well as two coupled
probes photographed every two minutes. At the same
time, the temperature gradients were determined horizon-
tally and vertically within the cold zone every minute us-
ing the computer-guided Erbekryo CS-6 temperature
couples (Thermoelement Typ K, galvanically separated

Page 3 of 9

(page number not for citation purposes)



BMC Surgery 2003, 3

204
0
o -204
<
L -40
2
s -60
&
=
2 -804
—#— Sensor A 5mm
-1004 —a— Sensor B 10 mm
—*— Sensor C 15 mm
1204 —— Sensor D 20 mm
T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
time [min]
Figure 3

Gelatin — | cryoprobe horizontal measurement

Figure 4
Initial melting of the ice crystals at the equator of both edges

channels, 6 separate BF type channels for external temper-
ature measurement) which allow up to 6 temperature
measurements simultaneously. These sensors, which have
a diameter of 1.1 mm, were placed by eye every 0.5 cm at
a distance of 2 cm from the centre of the probe using a
special plexiglass holder. The vertical measurement was
carried out in 1 cm intervals from the probe over the entire
freeze zone. For the simultaneous use of two probes 2 cm
apart, temperature distributions were determined half-
way between the two probes and diametrically at 1 cm in-
tervals around each probe. Four different measurements
were carried out for each trial, each in gelatin with differ-
ent probes (all by the same manufacturer).
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Figure 5
Gelatin — 2 cryoprobes horizontal measurement

In the second part of the experiment, a total of 4 freezes
were carried out on both hind legs of a sheep under gen-
eral anaesthesia. Holes 3.6 mm in diameter were drilled
perpendicular to the shaft axis (Fig. 1a/1b). The cryo-
probes were introduced and the remaining space filled
with 10% NaCl solution as a coupling medium. The prox-
imal tibial metaphysis was frozen using one cryoprobe
(Fig. 1a) and then the distal diaphysis-metaphysis transi-
tion area of the femur was frozen using two probes as de-
scribed for the in vitro freezings (1b). The thermocouples
were introduced into the drilling holes (diameter 1.2
mm) at distances of 7.5 mm, 10 mm, 12.5 mm and 15
mm from the center of the cold area using one cryoprobe
(Fig. 1a) and, using two probes simultaneously, at a dis-
tance of 10 mm (Fig. 1b). The exact position of the cryo-
probes and the thermocouples was checked
radiologically. Measurements were taken at one-minute
intervals using a computer. Thermal influence of the
measurement on the opposite side was avoided by alter-
nating the freezings. Intraoperative control of blood pres-
sure, heart rate, body temperature and acid-base balance
(periodic blood gas analysis) were checked to detect po-
tential complications.

One week postop the animal were sacrificed and the ex-
tent of necrosis determined histologically. The bone seg-
ments were decalcified (ethylene diamine tetraacetic
acid), embedded in Technovit 7100 and sectioned for
hematoxylin-and-eosin staining. The results of the trials
and statistical evaluation were done in SPSS for Windows,
Version 9.0.
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Figure 6
In-vivo metaphyseal bone — | cryoprobe

Results

Cryoprobe in gelatin

After freezing was initiated with the maximum nitrogen
flow rate, a spindle-shaped ice formation began to form,
radiating outwards from the freezing zone, progressively
becoming more spherical. Analogous to these observa-
tions, it was shown that the vertical freezing capacity of
the probe was greatest in the middle part of the cold zone
(Fig. 2). Even after 8 minutes, a temperature of -51 =+
2.9°C was measured on sensor C (Fig. 2) while an average
temperature of -22.5 + 4.1°C was read at the distal and the
proximal ends of the cold zone (sensors A and D, Fig. 2).
Even after 15 minutes, at the end of the freeze, the temper-
ature in the centre of the cold zone was lower with -48.6
+4.6°C (sensor B, Fig. 2) and -61.5 + 1.5°C (sensor C, Fig.
2). On the other hand, temperatures at the end of the cold
zone were measured at -34 + 3.7°C (sensor B, Fig. 2) and
-36 + 4.5°C (sensor A, Fig. 2).

The time- and place-dependent decrease in temperature in
the horizontal direction is shown as a system of curves,
with the distance of the sensors from the tip of the probe
as the variable (Fig. 3). The temperature drop at the begin-
ning of freezing near the probe (5 mm, sensor A, Fig. 3)
was very steep, with a maximum of 49 + 18.0°C per
minute between the first and the second, as well as the sec-
ond and the third minute after beginning of freezing.
More than 90% (-106°C) of maximum cooling (-113°C)
was achieved after only 7 minutes. With increasing dis-
tance from the probe and duration of freezing, the cooling
rate decreased markedly (temperature decrease per
minute); e.g., a distance of 10 mm from the probe re-
quired 8 minutes after beginning of freezing to reach a
temperature of -50°C. A maximum cooling rate of 27°C/
minute was reached between the second and the third
minute after beginning of freezing. The temperature drop
at a distance of 20 mm from the probe (sensor D, Fig. 3)
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In-vivo metadiaphyseal bone — 2 cryoprobes

is nearly linear, with a maximum value of 7 + 1.77°C/
minute.

Two cryoprobes in gelatin

To the eye, there was no difference in freezing when a sin-
gle probe was employed compared to when two cryo-
probes were used simultaneously. As the edge of the cold
zone advanced, there was an initial melting of the ice crys-
tals at the equator of both edges (Fig. 4). Later on, the
crystals merged into a confluent sphere. After 15 minutes,
at the end of freezing, the ice sphere was 7 + 0.9 cm wide
and 6.4 + 0.7 cm high. Fig. 5 shows the change in temper-
ature as a function of the freezing time between two active
cryoprobes (sensor A, Fig. 5), as well as the synchronous
temperature measurements next to both probes (sensors B
and C, Fig. 5). A synergistic freezing effect was seen be-
tween the probes, with a higher cooling rate of up to -
66°C between the fourth and the fifth minute of freezing,

T T T T T 1
10 12 14 16 18 20

time [min.]

as well as a much lower minimum temperature of -117°C,
compared to the measurements in the same intervals
when using only one probe (<-60°C).

In vivo freezing

The decrease in temperature was less pronounced when
freezing living bone with one cryoprobe than for the in
vitro measurements (Fig. 6). The ice front also did not
spread as far. Analogous to the in vitro trials, the highest
rate of cooling was measured near the probe (5 mm, sen-
sor A, Fig. 6), where the temperature sank to -77 + 3°C.
Even at a distance of 10 mm from the probe, a tempera-
ture of -41 + 2°C could be reached. Accordingly, as the
distance from the probe increased, the temperature drop
also was decreased.

The measurements with two cryoprobes show the syner-
gistic freezing effects through the confluence of two freez-
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Figure 8
Total cortical necrosis with empty osteocyt lacuna and with-
out detectable nucleous staining of the tibia

ing zones, which already was observed in the in vitro
trials. The minimum temperatures reached between the
probes, on the other hand, were higher than in vitro be-
cause of the body heat of the animals. Nevertheless, with
a temperature of -65° + 3°C (sensor A, Fig. 7), this was
lower than the corresponding measurement points B and
C (Fig. 7), which were 1 cm away from only one probe.
The temperatures reached here (-39 + 4°C) corresponded
approximately to the temperatures measured for one
probe at the same intervals. No systemic or local intraop-
erative complications were observed.

Macroscopically, the cryosurgical-treated bone section
showed a circular necrosis which was sharply bounded
and distinct from neighbouring bone and marrow tissue.
Histological examination showed an extension of the
bone necrosis corresponding to the -10°C isotherm (Fig.
8), with a continuous transition from full necrosis to vital
bone (Fig. 9). The marrow necrosis is more homogene-
ous, extends much farther and passes the region of com-
pact bone necrosis by about 2 cm.

Discussion

The open use of nitrogen requires exposition and gener-
ous fenestration of bone with a limited penetration of
freezing [26]. Ideally, ligiud nitrogen should be applied
while avoiding trauma to the surrounding healthy soft
tissue to ensure the least additional destabilization of the
bone when accessing the tumour. In contrast, earlier cryo-
probes were less suitable for this purpose due to poor de-
sign and performance [4,8]. Modern miniature
cryoprobes, such as those used in this study, seem to be

http://www.biomedcentral.com/1471-2482/3/3

more suitable. Precise knowledge of the thermal
properties of the probe is an absolute prerequisite, as is fa-
miliarity with the expansion of the cold zone over time
because both the tumour and the tumour-infiltrated bone
tissue bordering the tumour are left in place.

In order to determine the cooling performance of the cry-
oprobe, and in order to be able to follow the freezing
process visually, freezing was first done as described by
Saliken et al. (see below) and Rewcastle et al. [19,20] in a
homogeneous, transparent reference medium (gelatin).
The cold zone expanded in a circle around the cryoprobe
and cooled the gelatin to less than -60°C at a distance of
1 cm from the centre of the probe. This freezing differs
from those described by Saliken et al. [22] and Rewcastle
et al. [19], where different cryoprobes with a comparable
cooling capacity and calibre were tested under nearly
identical conditions. While the cooling performance of
the cryoprobe used by Rewcastle et al. is lower, the edge of
the cold zone Saliken observed showed not only some-
what lesser cooling at the corresponding sensors, but also
a pear-shaped growth pattern. The use of this probe in the
treatment of prostate carcinomas [1] is anatomically ad-
vantageous. The prolate field of therapy of the miniature
cryoprobe (maximum expansion at the centre of the freez-
ing zone) tested here would be better suited to ablation of
bone tumours because even expanded tumours can be
treated this way, the probe being centrally inserted and
gradually pulled back following one or more freeze-and-
thaw cycles [7]. The freezing trials with two probes
showed that simultaneous use of more miniature probes
creates a synergistic freezing effect as decribed by Saliken
[22], Berger [2] and Rewcastle [20] with overlap of both
therapy fields. There is a maximum effect after 15 minutes
and at a distance of 2 cm between probes; e.g., the
Erbokryo CS-6 allows simultaneous ablation with 6
probes to create a tubular field of therapy of at least 14 cm
in length, thus allowing optimum treatment of diaphyseal
tumours.

As expected, when employing this methodology to bone
at body temperature and with circulating blood gave more
moderate temperature curves during freezing, both when
one or two probes.

The lowest tissue temperature, the prime factor in cell
death, should be -50°C [7] or less [3] in neoplastic tissue.
Hence, only lesions or tumour-infiltrated bone tissue of
about 1.50-2.00 cm or less can be successfully treated
with a single 3.2 mm miniature cryoprobe. When apply-
ing two adjacent cryoprobes simultaneously, our diaphy-
seal measurements showed a synergistic freezing effect
resuting in a -50° C isotherm of up to 3.00-3.50 cm in di-
ameter. Parting from the recommendations by Baust et al.,
that the cryosurgeon should aim for a temperature of -
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Figure 9
In contrast a healthy areal of the same sheep and the same
tibia with stained nucleus of the osteocyts

30°C in the periphery of the abnormal tissue [3], then the
areas potentially treatable with one or two probes would
have to be planned accordingly larger.

This study was done on non-malignant bone lesions and
not on malignant bone tissue because our main goal was
to test the fundamental applicability of this new probe un-
der in vivo conditions in relatively human-like organisms.
No tumour models have been bescribed in large animals.
Nevertheless, our data can be applied to cryosurgery of
malignant bone tissue because freezing at the edge of the
dysplastic area, which consists mainly of non-dysplastic
bone tissue, is very important in preventing local
recurrences.

In principle, the thickness of the 1.1 mm thermal feelers
goes with a certain imprecision in measuring the temper-
ature [18], although we made the experience that even if

http://www.biomedcentral.com/1471-2482/3/3

the access hole was drilled precisely, thinner feelers bend
very quickly and so cause a much greater measruement er-
ror. Moreover, with the thermal feelers used here, temper-
ature is not measured across the entire diameter, but only
at the tip of an area some 0.2 mm thick, thus reducing ar-
tefacts to an acceptable range.

Neither local nor systemic complications were observed
in the animals, which is consistent with the minimally
invasive nature of cryosurgery, as was seen when the
method was applied to other organs [17,28]. Although
the quantity of individual trials was too low for statistical
analysis, it is still evident that adequately low
temperatures can be reached in vivo using the miniature
cryoprobes that were used here.

Further trials with a larger number of animals have al-
ready begun. They need to document the effect the expan-
sion of the zone of necrosis has on bone at body
temperature and with a circulating blood. In addition, it is
necessary to know the middle- and long-term effects that
are to be expected following cryosurgery of bone. In the
case of favourable results, cryosurgery with modern mini-
ature probes could be a valuable adjunct to the resection
of bone or, in certain cases, provide a viable alternative.
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