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General introduction
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1. The TreaTmenT of small renal masses

In 1963 Robson et al. introduced the radical nephrectomy for clinically localized 

renal cell carcinoma (RCC) in the presence of a normally functioning contralateral kidney 

[1]. Classically, the entire kidney, including Gerota’s fascia, was removed along with the 

ipsilateral adrenal gland, the proximal ureter, and lymph nodes. Cancer specific survival, 

local tumour control and progression-free survival have been extremely high with this 

approach. During the last two decades the advent of new technologies has introduced new 

minimally invasive and nephron sparing techniques. 

In 1991 Clayman et al introduced the laparoscopic radical nephrectomy [2]. With 

decreased hospital stay, shorter convalescence, decreased postoperative pain, and 

equivalent cancer control, this approach gained wide acceptance as an alternative to 

the open method. However, the main concern with radical nephrectomy is the negative 

impact on renal function and the development of chronic kidney disease [3]. Furthermore, 

nephrectomy induced renal insufficiency was shown to be a significant independent 

predictor of overall and cardiovascular specific survival [4]. This has led to the desire to 

preserve as much normal renal parenchyma as possible; so called nephron sparing surgery. 

The first type of nephron sparing surgery that was introduced was partial nephrectomy 

whereby selectively the tumour plus a small margin of healthy tissue is excised. One of the 

fundamental parts of the operation is clamping of the renal vessels; doing so diminishes 

blood loss and obtains a ‘dry’ field such that one can perform precise tumour excision, 

visualize the collecting system, and repair it in case of calyceal entry. The duration of the 

time of clamping, or ‘ischemia time’ is a primary consideration, and literature research 

shows increasing renal damage is proportional to ischemia time [5;6]. Since it yields 

virtually identical oncologic outcomes as radical nephrectomy it is now considered the 

standard treatment of most T1 tumours.

Laparoscopic partial nephrectomy is technically more challenging than the open 

approach, and therefore restricted to centres (and surgeons) with advanced laparoscopic 

expertise [7]. Specifically, bleeding requiring transfusion, urinary leakage, and positive 

margins are some of the most concerning complications [6]. When compared to open 

partial nephrectomy, laparoscopic partial nephrectomy has a higher rate of complications 

[6]. However, laparoscopic partial nephrectomy is associated with decreased blood loss 

and a shorter hospital stay [8]. The intermediate term oncologic results and outcomes of 

renal function are similar to those of open partial nephrectomy [9].

The most recent additions to the armamentarium of treating small renal tumours 

are thermal ablation therapies such as cryosurgery and radiofrequency ablation. By 
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1means of either very low or very high temperatures the tumour cells are destroyed 

in situ by inserting one or multiple needle-shaped probes into the tumour. One of the 

most important advantages of the thermal ablation therapies is that there is no need for 

renal clamping which should minimize negative effects on renal function compared to 

partial nephrectomy. This made these treatments very appealing for patients who require 

conservation of renal parenchyma such as patients with multiple (hereditary) renal 

tumours, renal insufficiency or a solitary kidney. 

Today over 50% of renal masses are discovered incidentally due to the widespread use 

of imaging studies (such as ultrasound) prompted by nonspecific and unrelated symptoms 

[10;11]. These tumours, or ‘incidentalomas,’ are more likely to be organ confined and 

associated with improved prognosis. Between 1982 and 1997 the mean age of patients with 

incidentalomas showed an increase from 57 to 62.6 years, with the percentage of patients 

older than 65 years almost doubling (from 24.7% to 48.7%) [10]. With age, life expectancy 

decreases and comorbidity often increases, making these patients not ideal candidates for 

surgery. However, many patients are uncomfortable with the notion of leaving potentially 

malignant lesions untreated, and ask for treatment. Also for this group of patients ablation 

therapies seem a good option.

2. CryoaBlaTion

2.1 history of cryoablation [12;13]

The effects, both injurious and beneficial, of cold on tissue have been known since 

ancient times. The English physician James Arnott (1797 – 1883) was the first to describe 

the benefits of local application of cold for the treatment of cancers in accessible sites such 

as the breast and cervix by applying a mixture of salt and crushed ice. This resulted in 

shrinking of the tumour and reduction of pain. 

In the latter part of the 19th century, scientists observed the so-called Joule-Thompson 

effect: the temperature change of a gas or liquid when it is forced through a valve. This way 

one could attain much lower temperatures than with the salt/ice mixtures, and soon these 

refrigerants or so-called ‘cryogens’ were employed for medical use. For example, liquid air 

and liquid oxygen were used for treating a large range of skin conditions such as herpes 

zoster, naevi, ulcers, acne and epitheliomas. They were generally applied either by direct 

application onto the skin or by use of cotton wool twisted around a piece of cane that had 

been dipped into the liquid cryogen. The limitation of this kind of application was the 

penetration of only 2-3 mm of tissue; insufficient to treat tumours.

The development of cryosurgery as a therapeutic technique received a major stimulus 

from the introduction of automated cryosurgical apparatus cooled by liquid nitrogen by 
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Cooper and Lee in 1961. Cooper, a neurosurgeon in New York, described use of liquid 

nitrogen-cooled probes for brain surgery and treatment of Parkinsonism and other 

neuromuscular disorders. The usefulness of cryoprobes for the treatment of a wide 

range of disease, including tumours, was quickly recognized, and the indication rapidly 

expanded. During the 1960s other types of cryosurgical devices were developed using 

liquid nitrogen and other cryogenic agents, including nitrous oxide, carbon dioxide, argon, 

ethyl chloride, and freons. The choice of cryogen and the method of refrigeration provided 

several possible types of devices yielding different freezing capabilities, which could be 

adapted to the clinical problem. 

By the end of the 1980s, cryosurgical techniques had become an accepted treatment 

in certain specialities such as dermatology and gynaecology; however, cryosurgery was a 

minor therapeutic tool in surgical practice and was considered only when conventional 

surgical excision was not applicable. One of the problems when treating visceral tumours 

such as in liver and prostate was the inability to visualize the internal edge of the tumour 

and the ice ball. 

Renewed interest in cryosurgery followed the development of intraoperative 

ultrasound and its use to monitor the process of tissue freezing. The ultrasound image 

identified the site of the lesion, guided the placement of the cryoprobe into the lesion, and 

monitored the freezing process. In addition, the development of an array of endoscopic 

and percutaneous access devices stimulated the use of cryosurgery in visceral disease, 

especially for tumours.  In the same period, the use of cryosurgery was facilitated by 

improvements in cryosurgical apparatus, especially in the development of vacuum-

insulated probes of small diameter, supercooled by liquid nitrogen, at temperatures below 

-200 degrees Celsius.

Investigations on the practicality of CT and MRI to monitor freezing of tissue quickly 

followed monitoring by ultrasound. Both CT and MRI have the advantage of providing a 

three-dimensional image. With appropriate modelling software MRI can even predict the 

isotherms in the frozen tissue, important for predicting the volume of destroyed tissue. 

However, MRI is more cumbersome and all instruments need to be nonmagnetic. 

These developments gave new enthusiasm to freezing techniques as cryosurgery 

moved into the 1990s; initially in the treatment of prostate cancer and liver tumours, 

later extending to cryosurgery of obstructing bronchial tumours, bone tumours, uterine 

fibroids, and of kidney, breast and other neoplasms. 

In 1995 Uchida et al were the first to report on percutaneous cryosurgery of renal 

tumours in two patients with advanced renal carcinoma [14]. One year later Delworth 

reported on the application of open cryosurgery for two patients with renal masses in a 

solitary kidney [15]. In 1998 the first clinical series using laparoscopic cryoablation was 

reported on by Gill et al [16]. They were the first of many to follow. 
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12.2 Pathophysiology of cryoablation [17-19]

The lethal effects of freezing arise from two major mechanisms, one immediate, and 

the other delayed. 

The immediate cause of injury is the direct deleterious effect of the freeze and thaw 

cycles on the cells. During freezing, the cells in close proximity to the cryoprobe are 

almost instantly brought to extremely low temperatures which result in the formation 

of intracellular ice crystals. During thawing these ice crystals fuse to form larger crystals, 

causing shearing forces, which disrupt the cell membranes. Cells that are further away 

from the cryoprobe are frozen more slowly, leading to ice formation predominantly in the 

extracellular spaces, which leaves solute behind and creates a hypertonic environment. 

Osmotic shifts drive water out of the cells and dehydration causes further membrane 

damage. During thawing, osmotic forces return water from the now hypotonic extracellular 

space into the shrunken cells, resulting in intracellular oedema and lysis. 

The delayed cause of injury is the microcirculatory failure, which occurs in the first 

hours until days after thawing of the tissue. The initial response to the cooling of tissue 

is vasoconstriction and a decrease in the flow of blood. With freezing, the circulation 

ceases. As the tissue thaws and temperature rises above 0°C, circulation returns with 

vasodilatation. Oedema develops and progresses over a few hours. Endothelial damage 

results in increased permeability of the capillary wall, oedema, platelet aggregation, and 

microthrombus formation, which results in stagnation of the circulation. The loss of 

blood supply deprives all cells of any possibility of survival and results in uniform necrosis. 

In addition, apoptosis, or ‘programmed cell death’, is also seen in freezing injury, especially 

in the periphery of the cryolesion. In vitro studies have shown that this can occur up to 48 

hours after re-warming [19]. 

These cell-destructing mechanisms are related to several parameters: the freeze and 

thaw rate, the duration of freezing, the number of freeze cycles, and the lowest temperature 

reached. 

The freeze rate must be as fast as possible because the potential to produce intracellular 

ice is enhanced and the cryolesion is produced more quickly. However, a short distance 

from the probe, the rate of freezing becomes slow and therefore the freeze rate cannot be 

considered the prime factor in cryoablation. Slow thawing is a prime destructive factor, 

since in this period the recrystallization and solute effects cause the most damage to the 

cells. Thawing is best done by allowing the tissue to thaw passively, i.e. without active 

heating. 

The optimal duration of freezing is not known, and often not considered important. 

Looking at the evidence, it seems likely that duration is unimportant if the tissue is held 

at temperatures colder than -50°C. However holding tissue in the frozen state at warmer 
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temperatures (i.e. warmer than -40°C, at which solute effects and recrystallization take 

place) will increase destruction. 

Since the beginning of modern cryosurgery, the need for repetitive freezing for the 

treatment of cancer has been recognized. The repeated cycle produces faster and more 

extensive tissue cooling to enlarge the volume of frozen tissue and move the border of 

certain tissue destruction closer to the outer limit of the frozen volume. With repetition, 

the second cycle increases the extent of necrosis to perhaps 80% of the previously frozen 

volume. Therefore, two freeze cycles are advocated. 

The temperature at which cells are killed, the so-called lethal or critical temperature, 

is the most extensively studied parameter. In vitro and in vivo studies have shown that it is 

cell type dependent, but certainly extensive cell destructions occur at temperatures below 

-20°C. 

3. CryoaBlaTion of renal masses

Cryoablation can be performed open, laparoscopically and percutaneously. An open 

approach is not the preferred method and is only performed in those rare cases when 

patient, tumour or anaesthetic characteristics do not allow a minimally invasive approach. 

In principle, an open approach follows the same steps as the laparoscopic approach. 

The choice of laparoscopic or percutaneous techniques depends on tumour location, 

surgeon and patient preference, and associated patient comorbidities. Laparoscopic 

cryoablation offers the advantage of precise cryoprobe positioning and monitoring of the 

ice ball in real time under both sonographic and direct visualization. For percutaneous 

cryoablation, axial imaging with CT or MRI can actively monitor the ablation process. 

3.1 laparoscopic cryoablation (lCa)

LCA can be performed through a transperitoneal or a retroperitoneal approach. The 

transperitoneal approach is generally used for anterior, antero-medial, and hilar renal 

masses. A retroperitoneal approach is generally used for posterior and lateral tumours. 

The renal mass is targeted using pre-operative imaging and intra-operative ultrasound. 

Firstly the kidney is mobilized and the peri-renal fat overlying the renal mass is 

selectively removed from the capsule. This allows complete visualization of the renal 

mass, and later, optimal placement of the cryoprobes. To obtain a histopathological 

diagnosis, usually multiple core biopsies of the mass are taken. Depending on the size of 

the tumour and the size and freezing characteristics of the cryoprobes used, one or more 

cryoprobes are placed into the tumour. This is done under laparoscopic vision and using 

the ultrasound to assess the precise location and depth of each probe. One or more so-
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1called thermosensors can be inserted into the centre and/or at the rim of the tumour to 

monitor temperatures. Following placement of the cryoprobes and thermosensors, the first 

freeze cycle is performed followed by a thaw phase (active or passive). The iceball is easily 

characterized by ultrasound as a hypoechoic area with a hyperechoic rim and posterior 

acoustic shadowing. If multiple probes are applied, the individual iceballs can be seen 

initially, and later, these fuse into one larger iceball. The iceball 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. This is monitored by ultrasound and the thermosensors. 

The removal of the probes should not be undertaken until thawing has occured following 

the second freeze cycle. 

3.2 Percutaneous cryoablation (PCa)

Image guided PCA is typically employed for posterior and lateral tumours using CT 

or MRI. The procedure can be done by urologists or radiologists alone, but is usually a 

combined effort [20]. The tumour is localized and (after taking a biopsy) the cryoprobes 

(and thermosensors) are inserted just beyond the lower border of the tumour. In selected 

cases saline can be infused to physically separate the kidney from the adjacent chest wall, 

spleen, colon or ureter. During and after the double freeze-thaw cycle, the ice ball is 

monitored by CT/MRI.  

PCA can be accomplished under conscious sedation or general anaesthesia. Conscious 

sedation is thought to further minimize the morbidity of therapy while increasing the 

likelihood of the procedure being performed on an outpatient basis. General anaesthesia 

optimizes patient tolerance, allows for greater control of respiratory motion during probe 

placement, and potentially improves accuracy of targeting the tumour [21].

Currently, there are no absolute indications for performing renal cryoablation with 

a percutaneous approach as opposed to a laparoscopic approach. Aside from being less 

invasive than any other approach, advantages of a PCA include decreased pain, shorter 

hospitalizations, accurate ablation monitoring with CT or MRI, and cost-effectiveness 

[22]. Disadvantages of PCA include the lack of visual observation of the tumour during the 

ablation process and inability to assess immediate bleeding. Mobilization of the kidney is 

not possible and therefore probe placement is dependent on patient positioning to gain 

proper access to the renal tumour. This is especially important if the renal neoplasm is 

near the upper pole (near the pleura), ureter, or close to any bowel structure. 
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4. ouTline of This Thesis  

4.1 Cryoprobe performance

Several studies have shown that kidney tissue must reach a temperature of at least 

-20°C to be sure all cells are killed [23]. Although intraoperative ultrasound, CT or MRI 

is used to check the placement of the cryoprobes and the ice ball growth, they do not 

give information about the temperature inside the ice ball. To overcome this problem, 

thermosensors are used; needle shaped thermometers. Temperature is usually measured at 

one or two locations in the tumour; one in the centre and one at the edge of the tumour. It 

is important to know the accuracy of the measurements of these thermosensors to predict 

successful ablation. Therefore, in chapter 2 we tested the performance of thermosensors. 

In addition, we tested the performance of 17 Gauge cryoprobes (i.e. 1.47mm in diameter) 

since these small cryoprobes are typically used in a multiprobe setup and it is imperative 

that they deliver a predictable and equal performance during each of the two freeze cycles. 

This was done by freezing an agar medium using single cryoprobes and four 

thermosensors positioned around it. This enabled us to measure variability between the 

performance of different cryoprobes, the variability in performance of single cryoprobes 

during different freeze cycles, and the variability of the thermosensors. 

Testing cryoprobes in vitro, such as an agar medium gives us accurate information 

about cryoprobe performance. However, a tumour within highly perfused kidney tissue 

of 37°C is of course quite different from agar, and may influence the performance of the 

cryoprobes. Using our clinical data we analysed the influence of 13 tumour and patient 

characteristics such as size of tumour, tumour location, the presence of cardiac disease 

and hypertension on the freezing rate generated by the cryoprobes in chapter 3. 

4.2 histopathological diagnosis

Differential diagnosis of a renal mass includes:  renal cell carcinoma, renal adenoma, 

oncocytoma, angiomyolipoma, urothelial carcinoma, metastatic tumor, abscess, 

infarct, vascular malformation or pseudotumour. With the exception of fat-containing 

angiomyolipoma, no current imaging method can distinguish between benign and 

malignant solid tumours or between indolent and aggressive tumour biology. Of renal 

masses < 4 cm that can be treated by cryoablation, 23% potentially are benign [24].

Unlike surgical treatment where the renal mass is excised and the specimen can be 

examined to establish the histopathological diagnosis of the mass, ablative therapies treat 

the tumour in situ, so no tissue is readily available. However it is imperative to know the 

histopathological diagnosis to be able to determine prognosis and intensity of follow up. 

Therefore, biopsies are taken, either pre- or peroperatively. 
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1In general, biopsy sensitivity decreases and failure rate increases as the size of the 

mass decreases [25]. Cryoablation is mostly used to treat T1a renal masses (i.e. < 4cm), 

this means that biopsies taken from these small renal masses have a relatively high biopsy 

failure rate. This is also the case when looking at most series on renal cryoablation, with 

overall percentages of unknown or indeterminate pathology of 17.7% reported in a meta-

analysis [26]. 

In our clinical series we encountered a non-diagnostic biopsy rate of 22%. In chapter 

4 we set out to investigate whether there were certain tumour or biopsy specific factors 

indicative of a non-diagnostic outcome. 

Percutaneous renal biopsy or fine needle aspiration has traditionally served a 

limited role in the preoperative evaluation of renal masses not only because of concerns 

about a high false-negative rate and non-diagnostic sampling, but also due to potential 

complications and needle-tract seeding. In laparoscopic renal cryoablation the biopsy is 

usually taken peroperative, just prior to the actual ablation. This may have some side effects 

for the procedure. For example, a bleeding that occurs after taking a biopsy potentially 

interferes with the correct placement of the cryoprobes, and the puncture site could be a 

point of origin of a capsular tear or tumour fracture after or during ablation. In chapter 5 

we therefore investigated whether taking biopsies after the ablation (so effectively taking 

biopsies of the frozen tumour) could lower complication rate while not influencing the 

ability of pathologists to make a correct diagnosis. 

4.3 Clinical results

Initially, cryoablation was used to treat specific patient groups. Firstly, patients with 

an impaired renal function, a single kidney, multiple tumours, or a hereditary form of 

RCC such as Von Hippel-Lindau disease for whom preserving as much kidney function 

as possible is essential. Secondly, older patients (> 60 years) with multiple systemic 

diseases, and therefore a relatively high surgical risk. Expanding the indication for renal 

cryoablation is somewhat controversial and clinical results regarding complications, 

oncological outcome and overall survival are essential to determine the position of renal 

cryoablation in the general treatment algorithm of renal cell cancer. 

Therefore, chapter 6 shows the clinical results of the laparoscopic renal cryoablations 

at our own institution, and chapter 7 the results of the combined efforts of 5 European 

hospitals in a multicentre study. They show which type of patients were treated, including 

their comorbidities, which complications occurred, the effect on kidney function, and of 

course the oncological results. 

To assess the benefits of an intervention, it is essential to provide evidence of the 

impact on quality of life (QoL). This can further help in the decision making between the 
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different types of treatment for patients and physicians. In chapter 8 we prospectively 

evaluated QoL and perceived postoperative pain of our patients treated with laparoscopic 

renal cryoablation using validated questionnaires.

4.4 follow up

Unlike partial nephrectomy, where initial pathologic exam of the tumour plus 

subsequent radiological imaging to determine treatment success is utilized, ablation 

techniques mainly rely on postoperative radiological assessment with either CT or MRI to 

determine treatment success. No standard protocol for imaging follow up of ablated lesions 

currently exists. The available data indicate that treatment failure is usually detected in 

the first year after the ablation. Therefore, it is common practice to make three or four 

imaging studies during the first year, and subsequently reduce the frequency. However, it 

is not very clear how a recurrence will appear on imaging studies, and certain findings can 

be difficult to interpret. In chapter 9 we described the characteristics of cryolesions as seen 

on CT. We looked at size and enhancement patterns, and assessed correlation between 

these imaging findings and histopathological diagnosis. 
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