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Chapter 2

aBsTraCT

In cryosurgery it is crucial that the performance of cryoprobes is predictable and 

constant. In this study we tested the intra- and interneedle variation between 17-gauge 

cryoprobes in two homogeneous mediums. Also, a multiprobe setup was tested. Cryoprobe 

performance was defined as the time it takes 1 cryoprobe to lower the temperature from 

0 to -20°C as measured by 4 thermosensors each at 3 mm distance from the cryoprobe. 

In agar eight cryoprobes were tested during six freeze cycles, and in gel four cryoprobes 

during four freeze cycles; each freeze cycle in a different cup of agar or gel. Using more 

accurate ‘bare’ thermosensors three cryoprobes were tested in gel during two freeze cycles. 

A multiprobe configuration with four cryoprobes was tested during two freeze cycles in 

both agar and gel. Statistical analyses were done using ANOVA for repeated measures. 

There was no significant intraneedle variation, whereas both in agar and gel there 

was a significant interneedle variation (p<0.05). Mean performance in gel was better than 

in agar (p<0.001). Also, there was a significant variation between the four thermosensors 

(p< 0.001). Using bare thermosensors mean performance was 2.7 faster compared to 

measurements by regular thermosensors (p < 0.001). In a multiprobe configuration, overall 

performance seems less variable and more reproducible compared to a single cryoprobe.

In conclusion, the performance of cryoprobes differs depending on the medium and 

measuring device used. Cryoprobes deliver reproducible freeze cycles, although there is 

variation between different cryoprobes. In a multiprobe configuration performance seems 

less variable. 
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inTroDuCTion

Cryosurgery is one of the minimally invasive techniques used to treat renal tumours 

<4cm. One or more needle-shaped cryoprobes are inserted into the tumour, and using 

argon gas or liquid nitrogen an ice ball is formed. This should engulf the entire tumour, 

thereby ablating the cancerous tissue plus a safety margin of healthy tissue of 0.5 – 1 cm by 

lethal freezing injury. 

The lethal effects of freezing arise from two major mechanisms. These are the direct 

injury to cells caused by ice crystal formation and the microcirculatory failure which occurs 

in the thawing period [1]. These mechanisms are related to several parameters: freeze rate, 

end temperature, duration of freezing, thaw rate, and number of freeze cycles [1-3]. 

The most extensively studied parameter is the “lethal” or “critical” temperature, 

resulting in complete loss of cell viability. This temperature is highly cell type dependent 

[1,2], and even for renal tissue alone it is difficult to define the exact lethal temperature due 

to differing experimental conditions. In normal renal tissue a temperature of -20°C was 

shown to give extensive tissue damage [4-7], although lower lethal temperatures might be 

expected in malignant renal tissue [8]. 

Unfortunately, there are limited tools available to identify the three-dimensional 

location of the critical isotherm during cryosurgery. Intra-operative ultrasound, CT or 

regular MRI can be used to monitor the placement of the cryoprobes and the ice ball 

growth, but they do not give information about the temperature inside the ice ball [9]. MR-

based thermometry seems to be a promising method for estimation of real-time isotherms 

[10,11], however, this is an expensive and cumbersome method. Until this problem is 

remedied otherwise, the use of thermosensors measuring the temperature at several 

locations in and around the tumour is critically important. 

Different sized cryoprobes are commercially available for clinical use. When using the 

thin 17-gauge (1.47 mm) cryoprobes, multiple probes are inserted into the tumour; and two 

freeze cycles of approximately ten minutes are employed. Temperature is usually measured 

at one or two locations by thermocouples, placed in the centre and at the edge of the 

tumour. In this setup it is imperative that each cryoprobe delivers the same performance, 

and that performance during the second freeze cycle is consistent with the first. The aim of 

this study was therefore to test the performance of 17-gauge cryoprobes; both intraneedle 

(between different freeze cycles of one cryoprobe) and interneedle variations (between 

different cryoprobes) were studied.

Several studies have compared the performance of different sized cryoprobes, 

different cryosurgical devices, and performance in different materials and tissues in single 

and multiprobe configurations [12-17]. In most of these studies temperature is measured 
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in the horizontal and/or vertical plane at different distances from the cryoprobe by one 

thermosensor at each measuring point. In this way it is inevitable that a measuring error 

comes into play; a variation in temperature can either reflect an error in the position or the 

functioning of the thermosensor, or variation in cryoprobe performance. Therefore, we 

used 4 thermosensors all placed at 3 mm from one cryoprobe to measure its performance. 

We defined cryoprobe performance as ‘the mean time it takes a cryoprobe to lower the 

temperature of the medium from 0 to -20°C as measured by the four thermosensors 

positioned around it.’ In this setup measuring variations of the thermosensors and freezing 

variations of the cryoprobe can be analysed separately. In addition, we used more accurate 

‘bare’ thermosensors to measure performance. To our knowledge, the performance of 

cryoprobes has never been investigated in this way.  

Ideally, performance should be tested in human renal neoplastic tissue since this is 

of course the best representative of the clinical situation. However, in this way, external 

variables such as the inhomogeneity and vascularity of tissue will influence performance. 

To loose these variables, we used agar to test performance. To investigate the influence 

of the freezing medium on performance, the cryoprobes were also tested in ultrasound 

gel. And, since in the clinical setup 17-gauge cryoprobes are usually used in a multiprobe 

configuration, they were also tested in such a setup.

maTerials anD meThoDs

The SeedNet Gold system, a commercially available cryogenic unit, with 17-gauge 

cryoprobes (type CryoNeedles) and thermosensors (Galil, Tel Aviv, Israel) was used. 

Freezing was done using high-pressure argon gas undergoing the Joule-Thompson effect. 

Using a pressure regulator, the pressure of the argon gas in the SeedNet system and the 

cryoprobes was kept constant at 230 bar. Only if the pressure in the cylinder came below 

230 bar the pressure decreased in the cryoprobes and the cylinder was replaced. Helium (at 

150 bar) was used for thawing between freeze cycles. The gas flow on the SeedNet machine 

was set at 100%. For testing the cryoprobes performance with regular thermosensors cups 

with agar (3% LB Agar, Invitrogen) and ultrasound gel (Conductivity gel, Ultra/Phonic, 

Codali) at room temperature were used as a homogeneous medium for ice generation. 

The cups were 9 cm in diameter and 8 cm high. The regular thermosensors consist of 

thin metal wires inside of 17-gauge needles similar to the cryoprobes. These are connected 

to the SeedNet system, which digitally records the temperature every 6.6 seconds and 

accurate to a 10th degree.

To measure cryoprobe performance a customized template was used. It consists of 

three Plexiglas round discs (1 cm thick), spaced 5 cm apart, with drilled holes to exactly 
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fit 17-gauge needles (fig. 1). One was cryoprobe positioned in the centre, and four 

thermosensors positioned parallel to this cryoprobe at 3 mm distance at different angles 

from the cryoprobe, namely 0, 90, 180 and 270 degrees (fig. 2A). All five needles were placed 

at a depth of 25 mm into the medium with the tips approx. 3 cm away from the template. 

The same thermosensors were used for all experiments and kept at the same position from 

the central cryoprobe. Once all four thermosensors reached -20°C, freezing was stopped. 

Between freeze cycles an active thaw was performed until all needles could be retracted 

from the medium, then they were placed into a new cup of medium at room temperature.

figure 1 Template

Picture of the customised template with 1 cryoprobe and 4 thermosensors parallel to it at 3 mm distance 
(see also figure 2A).  

 

During each freeze cycle, we measured the time from 0 to -20 degrees using the 

four thermosensors; the mean of these four measurements (± SD) was considered 

the performance of one cryoprobe during one freeze cycle. The mean performance of a 

cryoprobe was calculated by taking the average (± SD) performance of the different freeze 
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cycles. To test inter- and intraneedle variation in agar we measured the performance of 

eight cryoprobes (C1 to C8) during six consecutive freeze cycles. 

To see whether the freezing medium influenced cryoprobe performance we partially 

repeated the experiments in ultrasound gel. For this, C1 to C4 were each tested four times 

using the same experimental setup and same thermosensors as in the agar-experiments. 

The statistical analysis (see paragraph below) was done for those four cryoprobes (so 

excluding C5 to C8 of the agar-experiments).

From the experiments in agar and gel variations between the measurements of the 

four regular thermosensors could also be analysed.

The performance of cryoprobes in gel was also tested by using another type of 

measuring device. Instead of the needle shaped regular thermosensors ‘bare’ thermosensors 

were used. They consist only of the thin metal wires that are also inside the regular 

thermosensors. These were connected to digital recorder that measured temperature once 

every second accurate to a 10th degree. Two bare thermosensors were firmly fixed inside 

a Plexiglas box of 10x10x10 cm so that they could not move due to the force of an iceball. 

The box was filled with ultrasound gel so that the bare thermosensors were 3 cm under the 

surface of the gel. A cryoprobe was placed in between the two bare thermosensors with 

its tip at 3 mm distance from each of their measuring points (see figure 2B). In this setup 

three cryoprobes were tested two times. Between each test the ultrasound gel was allowed 

to return to room temperature. 

For the multiprobe experiments we placed four cryoprobes in a square configuration 

with thermosensors placed as shown in figure 2C. The distance between each cryoprobe 

was 1.25 cm and they were put into the agar or ultrasound gel at a depth of 2.5 cm. This set 

up was tested three times in agar and twice in gel.  

For the statistical analysis an analysis of variance (ANOVA) for repeated measures 

was performed. The model contained freeze cycle and thermosensor as fixed effects, and 

cryoprobe as random effect. When comparing the freezing performance in gel vs. agar, an 

additional variable (gel or agar) was included as fixed effect. When comparing performance 

using regular thermosensors or bare thermosensors, this was added to the model as fixed 

effect. In all models, time to lower the temperature from 0 to -20°C was the dependent 

variable and the level of significance (p) was set at 5% (p<0.05). No statistical analysis was 

done on the experiments with the multiprobe setup since the performance in a multiprobe 

setup cannot be compared to a single probe using our definition of performance.
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figure 2 Experimental setups 

A. Top view of the experimental setup for the experiments in cups (Ø 9cm) of agar and ultrasound gel. All 
performance measurements were done by 4 regular thermosensors (white circles; T1 to T4) a 3 mm distance 
and 0, 90, 180, and 270 degrees from the cryoprobe (black circle). 
B. Top view of the setup of the experiments with the bare thermosensors (bT1 and bT2; fixed to 2 sides of 
a Plexiglas box (10x10x10 cm)); the measuring points (indicated by the x) are at 3 mm from the cryoprobe 
(black circle). 
C. Top view of the multiprobe setup; four cryoprobes (black circles) at 1.25 cm distance from each other, 4 
thermosensors (T1 to T4, white circles) in between, and 1 thermosensor in the centre of this configuration. 

resulTs

Figure 3 shows the performances of the tested cryoprobes (C1 to C8) with a mean and 

a standard deviation (SD; represented by the error bars) during each freeze cycle (Roman 

numbers I to VI). Consecutively, performance in agar, in gel, using bare thermosensors, 

and in a multiprobe setup is shown.

The SDs of the first two sets of experiments (C1 to C8 in agar and C1 to C4 in ultrasound 

gel) were calculated from the measurements of the four different thermosensors around 

one cryoprobe. The mean of these four values was considered the performance of 

the cryoprobe during one freeze cycle; this value was used to compare different freeze 

cycles and different cryoprobes. The mean value and SDs of the experiments with the 

bare thermosensors are composed of two measurements (namely of the two bare 

thermosensors) per freeze cycle. In the multiprobe setup the mean and SDs are composed 

of the four thermosensor measurements between the 4 cryoprobes (excluding the central 

thermosensor).

The data of two freeze cycles are missing in figure 3. During the first freeze cycle of C2 

in agar, it did not reach -20°C as measured by three of the four thermosensors; after 700 

seconds freezing was stopped (temperature lingering around -18°C). Before the next freeze 

cycle C2 was reconnected to the SeedNet and temperatures reached -20°C again. Possibly, 
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there was a bend in the tubing of C2 during the first freeze cycle, since this will affect argon 

delivery to the cryoprobe and hence its performance. During the second freeze cycle of C8 

in agar, the pressure in the argon cylinder had become lower than 230 bar, so we replaced 

the cylinder and excluded the data from this freeze cycle.

Figure 3 shows that there was not a clear trend in the performance of the eight 

cryoprobes tested in agar; there was no clear improvement of worsening of performance 

during the consecutive, but independent, freeze cycles. Between the freeze cycles of the 

individual cryoprobes there was no statistically significant difference, i.e. there was no 

intraneedle variation (p=0.311). The mean performances (± SD) in agar of the individual 

cryoprobes are shown in table I; this was calculated from the different freeze cycles of 

each cryoprobe. Statistical analyses shows there was a significant difference between the 

performances of the different cryoprobes, i.e. there was an interneedle variation (p = 0.017). 

The freezing medium had a statistically significant effect on performance; the mean 

performance in gel was 1.8 times faster than in agar (p < 0.001). Furthermore, also in gel 

there was an interneedle variation (p = 0.028), but no intraneedle variation (p = 0.399). See 

table II for the mean performances of C1 to C4 in gel.

Both in agar and gel there was a statistically significant difference between the 4 regular 

thermosensors in measuring single cryoprobe performance (p < 0.001). Mean cryoprobe 

performance in gel as measured by two bare thermosensors was 28.8; ± 4.8 seconds a 

factor 2.7 faster compared to the performance measurements by regular thermosensors 

(p < 0.001). Looking at figure 3, there is also more variation in cryoprobe performance in 

agar than in gel.

Four cryoprobes in a square configuration froze agar from 0 to -20 degrees in 

103.9 ± 1.4 seconds, and ultrasound gel in 69.1 ± 0.1 seconds as measured by the four 

thermosensors (fig. 4). The central thermosensor also reached -20°C in all experiments. 

The variation between the thermosensor measurements was less than those in the single 

probe experiments in agar and gel. Also, although the multiprobe setup was only tested 

three times in agar and the twice in gel, the reproducibility of the multiprobe-performance 

seems to be less variable than in the single probe setup.
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Table i Mean performance in agar

Cryoprobe no. of freeze cycles
mean performance ± sD (sec) 

per cryoprobe 

C1 6 137.6  ±  13.0

C2 5 153.9  ±  34.3

C3 6 159.8  ±  16.3

C4 6 125.9  ±  15.9

C5 6 132.3  ±  18.8

C6 6 122.2  ±  28.3

C7 6 135.9  ±  26.5

C8 5 165.6  ±  28.1

overall mean performance (± sD) of C1 to C8 141.7 ± 16.1

For cryoprobes C1 to C8 the number of freeze cycles and their mean performance ± the standard deviation 
(SD) in agar are listed. The overall mean performance ±SD in agar is listed in bold numbers. 

Table ii Mean performance in ultrasound gel

Cryoprobe no. of freeze cycles
mean performance ± sD (sec) 

per cryoprobe

C1 4 69.5 ± 7.7

C2 4 81.5 ± 5.9

C3 4 81.1 ± 2.7

C4 4 75.8 ± 2.3

overall mean performance (± sD) of C1 to C4 77.0 ± 5.6

For cryoprobe C1 to C4 the number of freeze cycles and their mean performance ± SD in ultrasound gel are 
listed. The overall mean performance ± SD in gel is listed in bold numbers. 

DisCussion

To our knowledge, this is the first study whereby the performance of cryoprobes is 

measured using four thermosensors at the same distance from the cryoprobe. In this way, 

both measuring variations of the thermosensors and freezing variations of the cryoprobes 

can be analysed. Cryoprobe performance can be defined by many parameters, e.g. iceball 

size, freeze rate, and end temperature reached. In our definition two important variables 

for cryoablation are included, namely freeze rate and the end-temperature of -20°C (the 

minimal ‘lethal’ temperature). Figure 4 shows two examples of temperature curves from 

our experiments and how performance is calculated.  
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figure 4 Temperature curves in agar and gel

The black and white curves represent the temperature measurements of the 4 thermosensors (T1 to T4) 
during the median freeze cycle of the experiments in agar (freeze cycle VI of C8) and ultrasound gel (freeze 
cycle I of C2) respectively. The red arrow represents the time it takes to lower the temperature from 0 to 
-20°C as measured by T1 in gel (i.e. 56.6 sec.). Together with the measurements of T2, T3 and T4 in gel, the 
cryoprobe performance during one freeze cycle was calculated. 

In renal cryosurgery usually two freeze cycles of approximately 10 minutes are 

recommended. Our results show that one cryoprobe will deliver a reproducible 

performance during each freeze cycle. However, between different cryoprobes there is a 

statistically significant variation in performance, both in agar and gel. 

But how do these interneedle variations translate to the clinical situation? We 

hypothesize that in vivo the variations caused by the tissue itself, e.g. by the heterogeneous 

aspect of renal tissue and its vascularity, are probably larger than those caused by the 

intrinsic interneedle variations found in our experiments. This is confirmed by a recent 

study showing that during renal cryoablation the temperatures reached on the polar side 

of the cryolesion are 20 degrees colder than on the hilar side of the cryolesion, also leading 

to a different amount of cell kill [18].
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Interestingly, the mean performance of the cryoprobes in gel was 1.8 times faster than 

in agar. This is probably mostly due to differences in the physical characteristics of agar and 

gel such as heat capacity and conduction. This can also account for the differences seen in 

variation in performance (the variation is larger in agar than in gel), although differences in 

freeze rate as seen in the different mediums will also affect the temperature measurements. 

This means that caution is advised when extrapolating in vitro data about isotherms, 

iceball size and cryoprobe performance to the clinical situation; our experiments show 

that differences in mediums can significantly alter these endpoints. A recent in vivo study 

shows that different sized cryolesions develop in different tissues while using the same 

ablation protocol [19], in accordance with our data.

Theoretically, in a homogeneous medium like agar or gel, the four thermosensors 

should measure the same performance during one freeze cycle. However, our results 

show that during the freeze cycles in both agar and gel, there was a statistically significant 

variation between the 4 thermosensors in measuring performance of a single cryoprobe. 

There are several possible explanations. A variable that will influence the measured 

temperature and plays an important role when analysing the performance of cryoprobes 

is the distance of the thermocouple to the cryoprobe. Gage et al showed that only a 1 

mm variation in thermocouple placement in tissue results in a 10 to 15 degrees difference 

in temperature recorded [20]. Using a customized template we tried to minimize 

these variations in location; we estimate the placement error is < 0.1mm. Variations in 

temperature measurement increase with the increase of cryoprobe cooling rate, especially 

at short distances from the cryoprobe [21]. So the high freezing rate in our experiments 

and the short distance to the cryoprobe is probably prone to a larger measuring variation 

than when the thermosensors would have been placed further away. Incidentally, since 

there was such a striking difference between the thermosensor that measured the fastest 

and the one that measured the slowest cryoprobe performance we tested the influence of 

their position in the template by switching their position (in additional testing, data not 

shown). The ‘fastest’ thermosensor remained the fastest and the ‘slowest’ remained the 

slowest, which can be explained by intrinsic measuring variations between the different 

thermosensors, which also have to be taken into account. The dominant effect that is 

involved in the variation between the thermosensor can not clearly be extrapolated from 

our data, but will be subject of further investigations.

The metal casings of the thermosensors also influence temperature measurements 

[21]. The thermal conductivity of the thermocouple is higher than that of the surrounding 

material or tissue, which causes the thermocouple to conduct heat from warmer to colder 

areas. Thus, the measured temperature differs from the temperature that would have 

existed at that location in the absence of the thermocouple. This difference is greatest 
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at the tip of the thermocouple, and decreases with the increase of its distance to the 

cryoprobe and with the decrease of its diameter [21]. Incidentally, the influence of the 

regular thermosensors was not that marked that the shape of the iceball was altered (see 

figure 5).

figure 5 The development of an iceball in ultrasound gel.

The iceball completely engulfs the cryoprobe and the four thermosensors around it; its shape is not markedly 
distorted by the presence of the thermosensors.

All these factors will influence temperature measurements and therefore, regular 

thermosensors will probably underestimate the real performance of cryoprobes. This 

is confirmed by our results using bare thermosensors; the mean performance of the 

cryoprobes in gel was 2.7 times better when measured with the bare thermosensors 

compared to the regular thermosensors. 

Theoretically, bare thermosensors can also be used in the clinical setting if an 

accurate temperature measurement is desired. However, this does not seem necessary 

for several reasons. Firstly, in the clinical setting thermosensors are placed further away 

from the cryoprobes than 3 mm. Freeze rate at this distance will be lower and temperature 

measurements are less prone to the variation than seen in our experiments. Secondly, 

the placement of the probes and thermosensors in the clinical setting is usually done 

without the use of a template, so the influence of ‘placement errors’ will be much greater. 

These uncertainties, together with external factors that will influence temperature 

measurements such as tissue characteristics, the heat sink effect due to nearby blood 

vessels (i.e. the warm blood flow influencing freezing temperatures) and the inaccuracy 

with which the exact tumour margin can be assessed, make the measuring errors due to 

the use of thermosensors negligible and probably clinically insignificant. 

In the clinical setting, the use of a single 17-gauge cryoprobe to ablate a tumour is 

extremely rare; they are usually used in a multiprobe configuration whereby the individual 

iceballs merge into one. Of course the multiprobe performance measurements in our 
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experiments are not directly comparable to the single cryoprobe performance. However, 

when looking at figure 3, the thermosensor measurements are much more homogeneous 

in the multiprobe setup (i.e. the SDs are smaller). Although the larger distance between 

the thermosensors and the cryoprobe compared to the single probe setup will also account 

for part of this effect, it seems that the iceball in a multiprobe setup is more uniformly 

cold. This has also been found by others for 3-mm cryoprobes [16]. In addition, the 

reproducibility of the performance during consecutive freeze cycles seems to be better 

than for a single 17-gauge cryoprobe. Although the optimal distance between cryoprobes 

to form ‘the perfect iceball’ in vivo has never been investigated as far as we know, our 

findings support multiple in stead of single cryoprobe use in the clinical setting. 

ConClusion

In this in vitro study there was no statistically significant variation between different 

freeze cycles of individual 17 gauge cryoprobes, although performances between different 

cryoprobes did show a statistically significant variation. Most probably these variations are 

not clinically significant. 

Performance of single cryoprobes differed depending on the medium being frozen, 

the performance in ultrasound gel being significantly better than in agar. This means that 

one has to be cautious with extrapolating in vitro studies to the clinical situation. 

The measured cryoprobe performance is underestimated by regular thermosensors; 

using bare thermosensors performance is significantly better.  In addition, there was a 

statistically significant variation between the measurements of regular thermosensors, 

although we speculate this variation is also not clinically relevant.

In a multiprobe configuration the ‘overall’ performance seems to be more 

homogeneous and the reproducibility during consecutive freeze cycles seems to be better 

than for a single cryoprobe, pleading for a multiprobe setup of 17-gauge cryoprobes in the 

clinical setup.
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