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1 INTRODUCTION 

 

Over the last decades the German Cancer Research Centre (DKFZ) has reported 

an increase in both incidence and prevalence of tumorous disease. In the span of 1990-

2010, age-standardised incidence rose by 30% for men and 20% for women. 

Simultaneously age-standardised prevalence increased by 80% for men and 35% for 

women. Among the main factors behind this increase, demographic changes, higher 

life expectancy as well as improved diagnostic modalities are named. [1] 

It stands to reason that the increase in prevalence of tumorous disease has 

necessitated further development of therapeutic strategies.  Besides conventional 

therapeutic options such as surgery, radiation therapy and chemotherapy (“Stahl, 

Strahl und Chemikal”), a greater focus has been placed on developing as well as 

studying the impact of minimally invasive techniques. [2] Due to pre-existing 

conditions, obscure tumour localisation as well as multiple preceding operations 

patients who do not qualify for general surgery are able benefit from minimally 

invasive procedures. [3] One of the most established and recognised techniques today 

is the concept of tumour ablation. [4] 

 

Tumour ablation refers to the destruction of cancerous cells through an 

external stimulus. It is commonly divided into two subcategories: energy-based and 

non-energy based (Figure 1). Non-energy based ablation primarily focuses on chemical 

ablation through percutaneous ethanol and alcohol installation (PEI and PAI). Energy-

based ablation can be divided into thermal-based and non-thermal-based modalities.  

Non-thermal tumour ablation consists of methods such as focused ultrasound and 

trans-arterial chemoembolization (TACE). Interstitial brachytherapy has also been 

developed over the past few years but is considered to be in its clinical infancy use and 

generally preferred for larger, auspiciously situated ablations. [5] The advantages of 

TACE have been sufficiently documented and are increasingly used in combination 

with thermal-based ablation. [6] 
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Figure 1: The main arms of tumour ablation.  

 

At this point in time, thermal ablation comprises the majority of minimally 

invasive ablation. It utilises abrupt changes in temperature to fundamentally alter cell 

morphology and induce tissue ablation. Currently, the use of hypothermia in 

cryoablation is considered a model concept mostly used in renal cell cancer [7] and 

takes second place to hyperthermic ablation. Several competing methods of 

hyperthermic tumour ablations exist, the most common of which are radiofrequency 

ablation, microwave ablation and laser ablation.  Radiofrequency ablation (RFA) 

creates energy and heat transmission through an alternating electric current. It is 

generally agreed upon as the most frequent method used in clinical practice. [8] A 

2008 study reporting on 590 minimally invasive hepatic procedures noted that 

radiofrequency ablation was the second most common procedure with 240 separate 

interventions, only surpassed by minimally invasive resections (306 separate 

interventions). [9] It achieves good results and its long-term results are comparable to 

laparoscopic surgery, but it requires CT-guided imaging and cannot be used for 
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inauspiciously located tumours [10]. Microwave ablation (MWA) by means of 

electromagnetic waves has been considered a viable newer modality, however it is still 

in its infancy stage in regards to development and cost. [11] Laser ablation (LA) is less 

commonly used but agreed on as a cost-effective, scientifically established technique 

compatible with MRI imaging. [5, 12, 13]  

 

The modalities of thermal ablation may differ in their physical properties and 

respective indications, however they all share the same aim: the complete thermal 

ablation of tumorous tissue with an adequate margin of non-tumorous tissue. Its 

biggest limitation in doing so has proven to be maximum achievable ablation size. [14]  

Ablation size (both in volume and diameter) is limited due to the periprocedural 

transformation of vital energy-conducting tissue into a boundary layer which does not 

conduct energy efficiently. In thermal ablation this process is known as carbonisation. 

Carbonisation occurs when tissue temperatures rise above 100°C. As biological tissue is 

sensitive to external stress, a sudden increase in temperature leads to protein 

denaturation, the dissolution of hydrogen bonds and DNA polymerase inhibition. [15] 

At temperatures of over 45°C, irreversible cell damage occurs. This process is sped up 

exponentially with further increase in temperature; it is the principle on which thermal 

ablation of tumorous tissues relies on. However, when tissue temperatures exceed 

100°C, the affected tissue is charred and desiccated as gaseous microbubbles form and 

vaporisation occurs. [16] Carbonisation naturally develops primarily in zones with the 

highest tissue temperature. This translates to the central zone around the applicator in 

LA [17], around the needle electrodes in RFA [18] and around the antennae in MWA. 

[19] The carbonised area around the ablation probe acts as an insulating border: a 

boundary layer. It hinders the effective diffusion of energy into peripheral tissue due 

to 57 its physiological properties. This insulation consequently limits ablation size. [20, 

21] Additionally, in laser ablation photons are backscattered from the surrounding 

tissue onto the carbonised area. This further increases the temperature around the 

ablation probe. [22] As a result, damage to the laser fibre occurs. 
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Several innovations have been developed to delay or prevent carbonisation, 

such as the introduction of an internal cooling system for both radiofrequency ablation 

and LA. This concept relies on a continuous diffusion of cooling fluid directly 

surrounding the probe, which lowers the central temperature and delays the 

formation of carbonisation for a limited time. [23] A miniaturised laser applicator with 

an integrated thermoregulation system was developed by Hosten et al. in 2003, which 

increased ablation size. [24] A more complicated, but effective strategy is the 

reduction of arterial blood flow and thus the elimination of the heat sink effect. These 

strategies include total portal flow occlusion through Pringle manoeuvre, angiographic 

balloon occlusion as well as intraarterial embolization. [20] The Pringle manoeuvre as 

well as other vascular clamping techniques have shown a greater efficacy in ablation 

size when additionally conducted. However, they harbour the risk of ischemia-

reperfusion syndrome especially in patients with hepatic steatosis or fibrosis of the 

liver. [25, 26] The use of intermittent versus continuous clamping has been debated, 

both of which have its advantages and disadvantages when it comes to ischemia time 

and risk of intraoperative haemorrhage. [27] 

 

However, even with continuous scientific improvements made to increase 

ablation size, limitations to its efficacy remain. The development of an internally 

cooled laser applicator by Vogl et al. allowed the ablation of up to 33 mm diameter. 

[28] According to Regier et al., “more than 95% of [hepatic] tumours under 30 mm in 

diameter can be completely ablated”. [29] A review study conducted by Stroszczynski 

et al. in 2004 reported that even with multiple applicators tumours ≥50 mm couldn’t 

be ablated due to the lack of a proper safety margin. [30] Ahmed et al. reported that 

tumours <30 mm could be fully ablated in 100% of all cases, whereas that was only the 

case for 38% of all lesions between 30-50 mm. [31] 

In contrast, most hepatic tumours are more than 30 mm in diameter. [32] Two 

studies conducted by the Barcelona Clinic Liver Cancer (Hospital Clínic de Barcelona) 

and the Hepatico-Pancreatico-Biliary Surgery Unit (The Royal London Hospital) found 

that mode and median tumour size were both 50 mm. [33, 34] 84% of metastases 

were reported as 50 mm in surgery, as well as 78% in chemotherapy.  A 2018 study by 
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Wu et al. reviewing 57920 patients with hepatocellular carcinoma found a median 

tumour diameter of 59.7 mm. [35] A 2020 study reported a mean diameter of 42 mm 

when reviewing 58 HCC cases. [36] The BCLC does not recommend thermal ablation as 

a viable method for hepatic tumours > 30 mm in diameter and explicitly recommends 

choosing surgical resection for tumours > 50 mm. [37] 

The above studies offer little answers on how to treat tumours falling into the 

“intermediate” category between 30-50 mm. Weigel et al. do not recommend the 

ablation of any lesion larger than 30mm. [38] Covering a wider coagulative volume and 

diameter has up until today only been accomplished through the use of 2+ applicators. 

According to Vogl et al. the greatest mean volume that has been achieved with a single 

applicator in five repeated experiments is 22.4 cm3 (an increase by a 5.3 factor of 

change in comparison to earlier results of 4.2 cm3). [28] Additionally, with every 

additional applicator placed the risk of perforation as well as necrotic inhomogeneity 

and discomfort to the patient increases. Pruitt et al. reported an increase of 

postinterventional complications when using multiple applicators and recommended 

limiting the use when possible. [39] An alternative method to multiple applicators 

would not only mean further development of an already established treatment, but 

would also come with significant risk reduction. 

We can conclude that at the current point in time it is not possible to ablate most 

hepatic tumours in toto. There is, in summary, a gap between achievable and desirable 

ablation size. 

 

An approach to bridging this gap is the use of a spacer to prevent carbonisation 

and increase ablation size. Implementation of a spacer in ablation therapy was 

expanded on in a different setting: the use of a spacer during focal prostate ablation 

has been proven to prevent heat damage to surrounding organs. In a 2021 study 

Namakshenas et al. report that rectal temperatures were significantly lower when a 

polyethylene glycol spacer surrounding the laser applicator was utilised. [40] Ishikawa 

et al. found in a 2023 study that the inclusion of a hydrogel spacer before 

hypofractioned irradiation reduced number of fractions needed and increased fraction 

size, resulting in more effective treatment. [41] Björeland et al. additionally noted that 
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the implantation of a hyaluronic acid spacer in radiotherapy of prostate cancer 

significantly reduced genitourinary and gastrointestinal late-stage toxicity. [42] 

We developed a spacer prototype for laser ablation by means of cooperation 

between the AG “Experimentelle Radiologie” (Universitätsklinikum Charité, Berlin) in 

cooperation with the Institut für Diagnostische Radiologie und Neuroradiologie 

(Universitätsmedizin Greifswald, Greifswald).  Our hypothesis was that a spacer would 

extend the distance between initial photon emission from the optical fibre and photon 

ingress into the targeted tissue and additionally, by building on the principle of the 

cooling system, reduce central tissue temperatures, prevent carbonisation and 

subsequently increase ablation size. We studied the impact of a spacer’s presence for 

laser ablation in an ex vivo liver model. The study’s findings were accepted for 

publication on February 13th 2023 and published under the title “Spacer-Supported 

Thermal Ablation to Prevent Carbonisation and Improve Ablation Size: A Proof of 

Concept Study” in Biomedicines. [43] 

 

This study aims to ascertain whether the use of a spacer-supported laser 

applicator system results in an increase in ablation size. We created two spacer 

prototypes and measured both ablation volume as well as the smallest ablation 

diameter. These results were then compared to those of a stand-alone applicator 

system and the presence of statistical significance was investigated. Any differences 

between the spacer-supported applicator system and standalone applicator system 

will be referred to as interspacial. Any differences between the two spacer prototypes 

will be referred to as intraspacial. 
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2 METHODS AND MATERIALS 

2.1 MATERIALS 

TECHNICAL MATERIAL  

Medilas fibertom 5100 Laser Dornier MedTech, Munich, Germany 

Medilas fibertom 5100 Optical Fibre 
Connector with sheath 

Dornier MedTech, Munich, Germany 

Medilas fibertom 5100 Laser 
Protection Goggles 

Dornier MedTech, Munich, Germany 

Perfusor secura FT B. Braun Parchim AG, Melsungen, Germany 

Original-Perfusor® Syringe 50 ml B. Braun Melsungen AG, Melsungen, 
Germany 

R95E Infrared lamp 
230 V, 100 W 

Philips, Koninklijke Philips N.V., Amsterdam, 
Netherlands 

ClinScan 70/30 USR MRI Bruker Biospin GmbH, Bruker Scientific 
Instruments, Ettlingen, Germany 

Bio R.Bed 72 MRI Slider Bruker Biospin GmbH, Bruker Scientific 
Instruments, Ettlingen, Germany 

90430 Steel Thermal Isolation Box 350 
ml 

 Reer GmbH, Leonberg, Germany 

KWMOBILE Digital Thermometer KW-Commerce GmbH, Berlin, Germany 

E-4038 Measuring Cylinder 500 ml neoLab Migge GmbH, Heidelberg, Germany 

DISPOSABLE MATERIAL  

Optical fibre RoweCath, RoweMed AG - Medical 4 Life, 
Parchim, Germany 

Sterile Surgical Tape RoweCath, RoweMed AG - Medical 4 Life, 
Parchim, Germany 

Perfusor tubing PE 800 mm RoweCath, RoweMed AG - Medical 4 Life, 
Parchim, Germany 
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5,5F PTFE catheter RoweCath, RoweMed AG - Medical 4 Life, 
Parchim, Germany 

5,5F PTFE catheter lock RoweCath, RoweMed AG - Medical 4 Life, 
Parchim, Germany 

4,5F titanium trocar RoweCath, RoweMed AG - Medical 4 Life, 
Parchim, Germany 

Y-Piece with haemostatic valve RoweCath, RoweMed AG - Medical 4 Life, 
Parchim, Germany 

Liver LandWert Hof, Stahlbrode, Germany 

20 ml Mini-Plasco Aqua ad iniectabilia 
Injection Solution 

B. Braun Melsungen AG, Melsungen, 
Germany 

20 ml Mini-Plasco NaCl 0,9% Injection 
Solution 

B. Braun Melsungen AG, Melsungen, 
Germany 

5 ml Injekt Luer Solo Syringe B. Braun Melsungen AG, Melsungen, 
Germany 

Combi Stopper Closing Cone B. Braun Melsungen AG, Melsungen, 
Germany 

Feather Disposable Scalpel #10 Andwin Corporation, Woodland Hills, CA, 
United States 

Durapore Surgical Tape 
2,5 cm x 9,1 m 

3M Company, Maplewood, MN, United 
States 

Peha-soft nitrile gloves S 6-7 Paul Hartmann AG, Heidenheim an der 
Brenz, Germany 

Mikrozid® Universal Wipes Premium Schülke & Mayr GmbH, Norderstedt, 
Germany 

Saran Wrap  
29 cm x 75 m 

Home Ideas Cooking, ReI Group, Cologne, 
Germany 

Felt-tip Pen Fine/Reg Viscot Medical LLC, East Hanover, NJ, 
United States 

Laminated Cards In-house production 
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DIGITAL MATERIAL 

Horos DICOM Viewer Purview, Nimble Co LLC, Annapolis, 
MD, United States 

syngo®.MR General Engine B15 Siemens Healthcare GmbH, 
Erlangen, Germany 

Microsoft® Word LTSC MSO 
(16.0.14332.20458) 64-Bit 

Microsoft Corporation, Redmond, 
WA, United States 

Google Sheets Spreadsheet Program Google LLC, Mountain View, CA, 
United States 

IBM SPSS Statistics IBM Corporation, Armonk, NY, 
United States  
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2.2 METHODS 

LASER ABLATION 

 

The acronym “laser” stands for “Light Amplification by Stimulated Emission of 

Radiation” and was coined by Gordon Gould in 1959. It is used when referring to both 

a lasing medium and its mechanism of excitation through a suitable power source. This 

power source can be electrical, chemical or optical. The laser used in this study was a 

neodymium-doped yttrium aluminium garnet (Nd:YAG) with a wavelength of 1064nm. 

A laser can be classified through their mode of operation: continuous wave or short 

pulse wave. [44] Lasers in thermal ablation commonly utilise continuous wave. As 

such, all following discussion will be made with the principle of continuous wave 

emission as a precept. [45] Electrons in a lasing medium such as glass, liquid, gas or 

certain crystals absorb energy from light (photons) or heat (phonons). These electrons 

then transfer to a higher energy state in the nuclear orbit. When the electrons 

transition back to a lower energy state, the additional energy is released through 

photons in a process called stimulated emission.  The emitted energy is able to interact 

with the target tissue in several ways. It can be transmitted through tissue, reflected or 

refracted back, scattered or absorbed. Opaque biological tissue, such as the one of 

organs, is inherently turgid and prevents significant transmission or reflection. [46] For 

example, the biological quality of hepatic tissue is marked by a high melanin and 

haemoglobin chromophore content. Nd:YAG lasers show a high absorption coefficient 

when they are used in tissue with a high content of melanin and haemoglobin. [47] In 

this tissue, their laser-tissue interaction consists mainly of absorption and scattering. 

As such, Nd:YAG lasers are uniquely suited to ablation of hepatic tissue. [48] 
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Name of laser-tissue 
interaction type 

  Mechanism 

Photothermal   Heat transfer to surrounding tissue via absorption and exchange of kinetic 
energy provided by the laser 

Photochemical 
/Photodynamic 

  Chemical reaction caused by the absorption of laser energy by 
photosensitive molecules 

Photoablative   Non-thermal breaking of chemical bonds through energetic photons 

Photoplasmic   Strong photoionization of the tissue followed by energy absorption from 
spontaneously formatted plasma 

  

Photodisruptive   Mechanical tissue rupture caused by plasma formation and acoustic 
shockwaves. 

Table 1: Types of thermal damage. 

 

 

During the lasing process several laser-tissue interactions take place, the 

biggest factor in which is photothermal interaction (Table 1). [49–51] When the laser 

beam passes through the target tissue, photoexcitation takes place as the tissue 

absorbs the laser beam’s photons and therefore its energy. The absorbed energy is 

diffused throughout the environment, and leads to thermal conduction: heat is 

generated and transmitted into the cellular environment where it causes focal 

hyperthermic injury. This bioheat-transfer process causes the surrounding tissue to be 

damaged.  [52] Cell damage is dependent on tissue temperature and exposure time: at 

temperatures of > 45°C cells are irreversibly damaged. Tissue coagulates and 

irreversible protein denaturation occurs, leading to DNA polymerase inhibition and cell 

membrane dissolution. This process is exponentially shortened when tissue 

temperature is further increased to > 60°C, a point in which collagens are denatured. 

This threshold of 60°C is therefore considered vital for almost instantaneous ablation 

of malign cells and surrounding tissue. [28, 30, 53]  
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When tissue temperature reaches 100°C the targeted tissue’s cell structure 

transforms further. This process is described as “carbonisation”.  [54] Carbonisation is 

the pyrolysis of organic tissue into a carbonaceous material.  In the lasing process, 

carbonised tissue absorbs the light emission to a higher degree than the surrounding 

non-carbonised tissue.  Due to the tissue’s carbonaceous state and high light 

absorption, this prevents heat propagation into the surrounding tissue. [55] Ablation 

size is limited as tissue further from the optical fibre cannot attain a state of 

photoexcitation and photothermal cell damage. In addition, due to vaporisation other 

energy-tissue processes such as reflection and refraction take place in carbonised 

tissue. [56] The laser photons are reflected onto the optical fibre itself. This causes 

damage to the diffuser and fibre and the lasing process is prematurely aborted. [57] 

Therefore, the ideal temperature for laser ablation must be maintained between 60°C 

and 100°C to avoid carbonisation. [58] Stafford et al. as well as Patel et al. additionally 

recommend a 10°C safety buffer to prevent heat spikes and possible damage done to 

the fibre and catheter. [53, 59] In line with those findings this study’s aim was to keep 

temperatures between 60°C and 90°C. [31, 53, 60]  

 

Laser ablation is only as effective as the tissue it is applied to. Due to the high 

vascularisation of hepatic tissue, tissue temperature may be lowered by the cooling 

blood flow perfusion of nearby vessels. This “heat sink effect” is responsible for the 

reduction of overall ablation size and may prevent complete tumour eradication. [61] 

The heat sink effect is particularly relevant to in vivo studies due to the diminished 

ablation size near large blood vessels. [31] Additionally, pre-existing conditions like 

hepatic steatosis or cirrhosis are likely to cause inaccuracy when predicting ablation 

size and volume. These variables serve to increase pre-existing heterogeneity of heat 

deposition: closest to the laser applicator the heat distribution will be highest, while 

further from the applicator it lowers exponentially. [62] Despite the difficulty of 

predicting in vivo ablation sizes, a study by Fahrenholtz et al. found that there was 

acceptable overlap between predicted and measured ablation size and volume. [63] 

In this study a Medilas fibertom 5100 was used. The Medilas fibertom 5100 and 

all relevant lasers used in ablation therapy are classified as Class IV lasers by DIN EN 
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60825-1 Ordinance. Exposed laser light is classified as very dangerous for optical and 

dermal tissue. [64] Scattered light is able to cause severe injury when viewed without 

protective eyewear. The handling of Class IV lasers requires proper safety training and 

an adequate environment. [53] In this study, any and all ablation procedures were 

conducted in a locked room with the appropriate signage discernible to external 

viewers or personnel. This included hazard signs to signify the class and power of the 

laser used and possible remote damage. Additionally, the laser was outfitted with a 

primary key switch and a secondary manual foot switch to ensure prompt cessation of 

radiation if needed. 

 

Figure 2: Laser applicator. 

 

The stand-alone applicator system without a spacer was developed through 

RoweMed (RoweCath,  RoweMed AG, Parchim, Germany) for clinical use (Figure 2). It 

consisted of a miniaturised applicator system with an internal cooling mechanism. The 

system can be divided into three separate subsets which will be highlighted separately. 



 

 

17 

 

 

Figure 3: Optical fibre and scattering body. 

 

1.  A 4,5 F (1,5 mm) titanium trocar and its enclosing transparent 5,5 F (1,8 mm) 

PTFE diffusion catheter with 10 mm depth gauges (Figure 3). The tetragonally-tipped 

trocar was used to perforate the liver capsule and ease the way for the heat-resistant 

PTFE catheter. It was then removed and replaced by the optical fibre. The catheter 

additionally had a lancing depth limit and a female luer lock adapter. Its width was 

specifically developed to allow minimal fluid flow between the optical fibre and the 

catheter’s inner wall in order to cool the diffuser tip. [55] 

 

 

Figure 4: Optical lasing fibre and scattering body. 
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2. The phrase ''optical fibre” will subsequently be used as an umbrella term to 

refer to the fibre’s components: an optical fibre connector, the optical fibre itself and a 

connected scattering body (Dornier Diffusor Tip H6111-T3; Dornier, Wessling, 

Germany).  The optical fibre connector spliced the fibre with the laser (Medilas 

fibertom 5100; Dornier, Wessling, Germany) and transitioned into the optical 

fibre’s doped quartz glass core. The quartz core was encased by a quartz glass sheath 

(“Cladding”) and again by a synthetic outer jacket (“Coating”) (Figure 4). The Cladding 

sheath had a significantly lower refractive index than the quartz core. Due to this lower 

refractive index any emitted light was continuously reflected back to the core: an 

optical phenomenon called total internal reflection. [65] The synthetic Coating jacket 

prevented the emission of light in case of cable rupture or defective manufacturing. It 

had a slightly higher refractive index than the quartz Cladding, so any erroneous light 

was absorbed. The combination of Cladding and Coating allowed the light to travel 

through the fibre without significant loss of energy. [66] Close to the optical diffuser 

tip the Coating and Cladding tapered into a non-coated flexible fibre. This fibre 

connected to the scattering body through which radial light was emitted into the 

surrounding tissue. This scattering body was outfitted with a pilot light which emitted 

a homogenous red light as an indicator of the laser’s correct functionality. The diffuser 

tip acted as the focal point through which energy was transferred into the tissue.

  

Figure 5: Y-Connector and perfusion tubing. 
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3. A Y-Connector with a male luer lock main port connecting to the PTFE catheter 

and a female luer lock side port connecting the perfusor tubing (Figure 5). Its outside 

lumen was locked through a haemostatic valve. This  positioned the optical fibre axially 

and prevented reflux of blood or cooling fluid when used in vivo. The perfusor tubing 

transmitted the cooling fluid over a standardised length of 800 mm and connected 

distally to a 50 ml hypodermic syringe attached to a standard dual-processor perfusor. 

Its perfusion flow rate ranged from 0,01-99,9 ml/h but was set to 60 ml/h for the 

duration of this study. The flow rate is further discussed in 4 Discussion.  
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SPACER 

 

Both spacer types were developed and custom-built by hand by Prof. Dr. rer. 

nat. U.S.  and Dr. med. vet. O.G. (AG “Experimentelle Radiologie” Charité, Berlin, 

Germany). Its structure can be differentiated into three components: a corpus, a tip 

and a Y-Piece. When referring to “spacer” we refer to those three components. 

 

Figure 6: Closed spacer-supported applicator system.  

A: Optical fibre. B: Applicator Y-Piece. C. Perfusor tubing. D: PTFE catheter. E: Spacer Y-Piece. F: Drain 

tubing. G: Glass corpus. H: Pipette tip. 

 

The closed spacer’s blueprint is depicted in Figure 6. The closed spacer’s main 

body (G) consisted of a cylindrical glass corpus (Ø 4 mm) similar in form to a centrifugal 

tube. Distally it connected to a 200 µl polypropylene pipette tip (H). This tip’s distal 

orifice was also manually closed off through UV glue. The comparatively sharp tip of 

the pipette allowed for easy insertion into the liver tissue, similarly to the standard 

applicator’s trocar. The main body’s proximal opening connected to a Y-piece (E) with 

a female luer lock side port and a male luer lock main port. During the ablation process 

drain tubing (F) was attached to the side port, which drained heated fluid to an 

insulated calorimeter. Inside the calorimeter the average temperature of the drained 

fluid was measured. The main port connected to the pre-existing applicator system’s 
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own PTFE catheter (D) which was itself attached to its own Y-Piece (B) at its proximal 

end.  The applicator Y-Piece had a female luer lock side port through which perfusor 

fluid was diffused into the spacer (C).

 

Figure 7: Fluid diffusion within the closed spacer.  

Green arrows: Fluid influx. Fluid travels through Applicator Y-Piece and PTFE catheter distally until it 

emerges from the distal end of the diffuser. Red arrows: Fluid efflux. Fluid travels through the spacer tip 

and main body distally until it is drained into the side port of the spacer Y-Piece and into the drain tubing. 

 

Figure 7 shows the flow of cooling fluid through the spacer. Fluid was diffused 

through the PTFE catheter and distally entered the glass spacer. It then flowed 

backwards into the drain tubing.  

 

3.1.3 Spacer-supported open applicator system 
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Figure 8: Open spacer-supported applicator system. 

 

The open spacer in Figure 8 featured a similar structure to the closed spacer 

with the exception of the 200 µl pipette tip (A). This pipette tip remained open-ended 

with a tip diameter Ø 0.6 mm. Drain tubing was attached, but we found no significant 

amount of fluid drained through it. Therefore, the diffusion of fluid in Figure 9 was 

redirected towards the distal orifice. 

 

Figure 9: Fluid diffusion within the open spacer. 
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EXPERIMENTAL SETUP 

 

To ensure realistic ex vivo simulation bovine livers were chosen over porcine 

livers. This was due to bovine hepatic tissue possessing macroscopic and histological 

similarities to human hepatic tissue. For example, both have a similar hepatic capsule 

density. [67] The livers were acquired from an organic abattoir (LandWert Hof, 

Stahlbrode, Germany) <1h post-slaughter and transported in a heat-resistant 

Styrofoam container for lab samples. Pre-transport they were expressly kept warm 

through the means of infrared lighting and a body-warm bath. During the transport 

temperature was measured and adjusted to keep a steady 37°C (98,6 °F) in order to 

keep near-normothermic conditions as advised by Viard et al. [68] All livers (n = 15) 

were delivered in this manner. Pre-ablation they were examined by a public health 

veterinarian and deemed to show no pathological characteristics or otherwise be unfit 

for medical-grade experimentation. Any remains of adjunctive structures and omental 

fat were removed to ensure tissue homogeneity. Large vessels like the hepatic portal 

vein, caval veins, hepatic arteries, or the biliary duct were longitudinally incised. This 

was done to prevent diffusion into them. Furthermore, the caudate lobe and any parts 

of the liver deemed too shallow for applicator perforation were removed. The hepatic 

tissue was prepared to have a safety margin consisting of a 100 mm radius on each 

side. This was done to simulate proper heat transfer in a fully developed organ and 

avoid the abortion of the ablation process due to lack of space. [56] 

The insertion process of the fibre applicator into the liver tissue was largely 

identical when utilising the stand-alone applicator system (SN), the spacer-supported 

applicator system with an open-ended spacer (SO), and the spacer-supported 

applicator system with a close-ended spacer (SC). Relevant differing measures will be 

pointed out subsequently. 

After bedding the pre-cleaned liver onto an even surface its capsule was incised 

with a scalpel (SC, SO) or trocar (SN) to ensure a smooth transition into the liver tissue 

(Figure 10a). 
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Figure 10. a) Tissue preparation through incision of the hepatic capsule. b) Insertion of the trocar and 

PTFE catheter. 

 

INSERTION OF THE STAND-ALONE APPLICATOR SYSTEM: 

After puncture the trocar was removed and combined with its matching PTFE 

catheter. This combination was inserted into the tissue, making sure that a minimum 

insertion depth of 100 mm was reached to assure full development of the ablation 

with enough surrounding unharmed tissue (Figure 10b). After sufficient insertion 

depth had been reached, the catheter’s depth was marked and both catheter and 

trocar were retracted. The trocar was temporarily put aside while the distal part of the 

catheter was connected to the main port of the system’s Y-Piece.  
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Figure 11. a) Insertion of the applicator system. b) Fixation of the spacer body with surgical tape. 

The optical fibre was inserted through Y-Piece and catheter (Figure 11a), 

capping off <1 mm from the catheter’s distal opening. This line-up was crucial to 

ensure satisfactory lavation of both diffuser and pilot light, therefore minimising the 

risk of overheating and damage to the optic fibre. The haemostatic valve was 

tightened to prevent involuntary movement of the fibre; afterwards the perfusor was 

connected with the female luer lock side port via perfusor tubing. The perfusor was set 

to 60 ml/h and enough time was given to ensure the complete filling of both perfusor 

tubing and PTFE catheter. The laser itself was switched on ca. 10 seconds after 

complete filling of the PTFE catheter was manually observed. Both PTFE catheter and 

its enclosed optical fibre were inserted up to the marked point and stabilised with 30 

mm of surgical tape. If the applicator system was deemed to tilt or appear crooked, it 

was further stabilised with surgical tape (Figure 11b), height equalisers such as a 

narrow box or if deemed inoperable, retracted and inserted again.  

 

INSERTION OF THE SPACER-SUPPORTED APPLICATOR SYSTEM:  

The spacer itself was first connected to a fitting PTFE catheter. Due to the 

spacer’s prolonged length 180 mm catheters were required, which were inserted until 

the tip lined up with the shank of the glass corpus.  At the proximal end of the catheter 

the main port of the pre-existing Y-Piece was attached and locked. Before attaching 
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the proximal and distal tubing for perfusor and calorimeter the spacer first had to be 

filled with water. To prevent leakage a closing cone was attached to the distal side port 

(SO) and the proximal haemostatic valve was tightly locked. The proximal side port was 

used to fill the spacer with 0.9% sodium chloride until fluid was beading out of its distal 

orifice (SO) or distal side port (SC). After the syringe was completely filled it was 

detached and the perfusor line was attached to the proximal side port. The perfusor 

line had been previously filled with fluid to avoid air being pushed into the fluid-filled 

spacer and potentially disrupting the water flow. The optical fibre was then inserted 

through the haemostatic valve and passed through the proximal Y-Piece, catheter and 

spacer until its diffuser tip capped off <1 mm from the inner catheter’s distal opening.  

After that, both haemostatic valves - the distal one belonging to the spacer 

system and the proximal one belonging to the pre-existing applicator system - were 

tightened and the spacer was inserted through the incision in the liver capsule. Its 

insertion compared to SN in that a minimum insertion depth of 100 mm was marked on 

the spacer. Post-insertion the spacer was either flushed to ensure any clogging of the 

distal orifice was eradicated (SO); or its distal side port was connected to the 

calorimeter via drain tubing (SC).  

To start the ablation process, the laser itself was manually turned on and the 

optical fibre connected via fibre connector. The desired power input was chosen and 

the safety lock disabled before starting the laser through use of a foot-operated floor 

switch. Any overheating with subsequent carbonisation and charring of not only the 

immediate tissue but also the diffuser and optic fibre was forewarned by activation of 

the Lightguide Protection System (LPS). [59, 81-83] The ablation procedure consisted 

of activating the laser manually once the applicator system was inserted inside the 

hepatic tissue. There were two outcomes: either the desired timeframe passed 

without activation of the LPS, or the LPS activated and the trial was cut short. 

We conducted two main trials: an interspacial comparison between the two 

spacer-supported applicator systems and the stand-alone applicator, as well as an 

intraspacial comparison between the closed spacer prototype and the open spacer 

prototype.  
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METHODICAL ANALYSIS  

MRI VOLUMETRY 

All MRI scans were done through a 7T ClinScan 70/30 Biospec MRI USR (Bruker 

Biospin GmbH, Bruker Scientific Instruments, Ettlingen, Germany) MRI was chosen 

because of its propensity for clear soft-tissue imaging and ability to commit to 

thermometry in real-time periprocedural imaging. This allows quick feedback and 

action to be undertaken if necessary as well as allows the possibility of monitoring the 

extent post-procedural ablation through perivascular heat diffusion. [69, 70] MRI-

supported procedures also show a higher postinterventional lesion-focused ablation 

rate than sonography-supported procedures. [71] Goldberg et al. describe MRI-guided 

imaging as the “only modality with well-validated techniques for near real-time 

temperature monitoring”. [72] Its lack of radiation exposure makes it uniquely suitable 

for children or palliative patients. The exception to that are patients with older 

pacemakers or other implanted cardiac devices, but the stand-alone applicator system 

as well as the spacer possesses no metal components and is therefore suited to MRI 

usage. [30, 31] Despite the experiments being conducted wholly ex vivo, this specific 

MRI was chosen due to its suitability for animal studies. Previously, the same MRI had 

been utilised for establishment of an animal model for research on arterial 

hypertension and myocardial hypertrophy with cyp1a1ren-2 transgenic rats. [73] 

T1 weighted FL2D imaging was chosen due to the compromise between high 

quality and clear tissue/ablation borders and relatively low imaging time. Several 

preliminary test runs were attempted (n = 11) to showcase any differences between 

long imaging (45 min) and short imaging (15 min), but none showed any significant 

difference in image quality when reviewed by the author, the MRI’s medical-technical 

assistant Mr S.H. and research associate Dr. med. vet. S.M.  

To prepare relevant ablation areas for imaging, pieces of the liver were individually 

excised post-procedurally and secured in saran wrap (Figure 12a). The first excision 

was done with a proper border of vital tissue to allow comparison between vital tissue 

and ablation in the MRI. These tissue blocks were then placed on the MRI slider and 

inducted into the MRI corpus (Figure 12b). 
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Figure 12. a) Initial liver excision before volumetry. b) Induction of the excised liver into the MRI. 

 

The liver pieces were examined and volumetrised through the DICOM software 

viewer Horos. Standard procedure was here to select the two sequences running 

through the sagittal and horizontal plane and calculate the area through a closed-

polygon border estimation. These areas were measured in every image of the 

sequence, excluding those where ablation was non-existent. Following a conclusive 

area selection, the ablation’ volume was calculated through ROI volumetry and 

photographed from all sides to ensure proper documentation. This is further discussed 

in 4.3 Volumetry Discussion.   

 

DISPLACEMENT VOLUMETRY 

 

Ablation volume was additionally manually measured through displacement 

volumetry. It was then compared to the ablation calculated by ROI volumetry to 

prevent type I errors and false positive results. Displacement volumetry relies on 

Archimedes’ principle that the force buoying a submerged object is equal to the weight 

of the fluid displaced by the object (Figure 13).  
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𝐹 = 𝜌 𝑉𝑔   ↔   𝑚 = 𝑉 𝜌 

∴   𝑉 = 𝑚 

 

F = Object buoying force [N] 

ρ = density of the displaced fluid [kg/m3] 

g = gravity of Earth [N/kg] 

m = mass of the displaced fluid [g] 

V = volume of the buoyant object [cm3] 

 

Figure 13: Diagram showing measurement by displacement. Image reuses public domain artwork from 

Lord Belbury, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, through Wikimedia 

Commons. 

 

Before measuring the displaced volume, the ablation zone was debrided. This 

was done post-MRI with a chirurgic scalpel until the necrotised area was completely 

exposed. A 500 ml measuring cylinder was then filled to the brim and placed into an 

overflow container on a tared scale (Figure 14a). When the ablation was placed into 

the measuring cylinder (Figure 14b) water was displaced by its weight (Figure 14c). 

This water collected at the bottom of the overflow container. It was weighed and its 

mass equalled to the volume of the ablation (1 ml = 1 cm3). 
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Figure 14. a) Initial volume of 300 ml before adding the liver ablation. b) Process of adding a stand-in 

piece of liver. c) Final volume of ca. 350 ml. 
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STATISTICAL ANALYSIS  

STATISTICAL SIGNIFICANCE 

 

We followed Hemmerich et al.’s collective data set algorithm to determine a 

suitable statistical technique. Our main independent variable (IV) would be the type of 

applicator used: a stand-alone applicator system (SN), a closed spacer-supported 

applicator system (SC) and an open spacer-supported applicator system (SO). Our 

secondary independent variable would be power input (W) and time interval (min) 

during laser ablation. Our dependent variables would be the ablation diameter (Ø) and 

the ablation volume (V). As the influence of every independent variable on every 

dependent variable would be observed we chose a within-subject design. As all 

dependent variables were physical measurements, we also chose a continuous scale 

for dependent variables. There was no need to control a covariate as every other 

variable was fixed (Table 2). It was also desirable to examine the two dependent 

variables in one unified analysis. Using this algorithm, a one-way repeated measures 

multivariate analysis of variance (orMANOVA) was chosen to be most suited to the 

data set. [74] 

 

There are four main requirements for the implementation of an orMANOVA: 

I. Independence of measurements: Any measurement from one 

independent variable must not be influenced by a measurement from 

another independent variable. As the spacers act wholly independent of 

each other, this requirement is fulfilled. 

II. Measurement of DVs through a metric scale: As this dissertation utilises 

a metric scale entirely, this requirement is also fulfilled. 

III. Measurement of IVs through a nominal scale: In this case the IV is 

separated in three subgroups on a multinominal scale: SC, SO and SN.  This 

requirement is therefore also fulfilled. 

IV.  Adequate sample size: Each measurement of DVs should be repeated a 

number of times which is greater or at least equal to the total amount 

of DVs. The process of laser ablation with each applicator type was 
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repeated 15 times, and the dependent variables were thus also 

measured 15 times (15 repetitions > 2 DVs). 

 

Assessing the data set through orMANOVA allowed measuring the effect of the 

independent variables (spacer categories) on the dependent variables. Beyond that, it 

could also calculate whether that effect was statistically significant. Statistical 

significance was then determined by ascertaining Wilks’ Lambda through orMANOVA. 

 

REPRODUCTION RELIABILITY 

As measuring ablation diameter was done manually with a millimetre ruler, the 

chance of random measurement errors occurring in those cases was higher than in the 

cases of MRI volumetry and displacement volumetry. Therefore, VMRI and VD were 

chosen to be investigated for internal consistency. There are several ways to observe 

test-retest reliability, but only two of them suit metric parameters: Pearson’s r 

correlation and intraclass correlation coefficient (ICC). [75] As more than two “raters”, 

or in this case test repetitions, were present, only ICC applied. ICC can be divided into 

several different forms based on the “model”, “type” and “definition”. For this trial 

Koo et al.’s standard formula of reporting was chosen as according to their flowchart 

outlined in 2016’s A Guideline of Selecting and Reporting Intraclass Correlation 

Coefficients for Reliability Research. [76] 

ICC estimates and their 95% confidence intervals were calculated using SPSS 

statistical package version 28 (SPSS Inc., Chicago, IL) based on a mean-rating (k = 25), 

absolute-agreement, 2-way mixed-effects model. Interpreting ICC is done through 

evaluating a number between 0 and 1. If the data set consists of identical values, ICC 

will be 1. In clinical settings it is agreed that an ICC above 0.7 is deemed acceptable, an 

ICC above 0.8 good and an ICC above 0.9 excellent in terms of test-retest reliability. 

Koo et al. recommend an ICC of at least 0.8 for clinical studies. It must be noted that 

the ICC calculated by SPSS is only an estimate, as the result depends heavily on the 

design of the study or the effect model chosen. For example, a one-way model will 

generally put out smaller estimates than a two-way model. [74, 76] 
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3 RESULTS 

3.1 TIME INTERVAL AND POWER INPUT 

 

 
Figure 15: Ablation diameter [mm] proportional to power input [W]. 

 

The aim of the first trial was to establish the highest possible power input that 

could be set without carbonisation occurring. Fixed variables such as time, perfusion 

flow, liver temperature, fluid temperature and insertion depth were set to exclude 

covariates (Table 2). We then examined the influence of power input on the 

dependent variable ablation diameter. 
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Value 

Power input [W] 
25 

Time interval [min] 
10 

Perfusion flow [ml/h] 
60 

Liver temperature [°C] 
37 

Fluid temperature [°C] 
20 

Insertion depth [mm] 
100 

Tissue radius [mm] 
100 

Table 2: Fixed variables. 

 

We started at a power input of 15 W and increased the power in increments of 

5 W up to 35 W. Ablation diameter and the presence of carbonisation was measured. 

This experiment was in total repeated five times to avoid statistical measuring errors.  

Increasing the fixed variable power showed a proportional increase in ablation 

diameter. However (Figure 15) when the power was set to 30 W, tissue carbonisation 

occurred and the lasing process was aborted. This was the case in all five attempts at a 

power input of 30 W. Thus, it was concluded that the maximum attainable power 

input without the presence of carbonisation was 25 W. 

 

Figure 16: Ablation diameter [mm] proportional to time interval [min]. 
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We now converted the previous independent variable of power input into a 

fixed variable of 25 W. The independent variable could thus be changed to the 

maximum time interval in which ablation was able to take place without carbonisation 

occurring. The previous fixed variables were kept (Table 2). Starting at a time limit of 5 

min, the time was gradually increased by increments of 5 min to a total maximum of 

25 min. Both ablation diameter and the presence of carbonisation was measured.  

We found that there was a positively proportional relationship between the time 

interval and ablation diameter for all three ablation types (see Figure 16).  However, 

when using the stand-alone applicator system SN the maximum time interval we could 

set was 10 min. When setting a time interval above 10 min the Lightguide Protection 

System (LPS) activated and the lasing process was aborted. We also found that 

carbonisation of central tissue and damage to the optical fibre had occurred when we 

dissected those ablation zones. LPS activation and thus carbonisation steadily occurred 

at a timeframe of Δt = 10:11-12:03 min. The constant LPS activation and carbonisation 

meant we were unable to record ablation diameter and volume at a longer time 

interval for SN. 

In contrast, we found that when using both spacers SC and SO the time interval was 

able to be extended to 25 min. No ablation zone showed carbonisation even at the 

maximum time of 25 min when we dissected them after volumetry.  

To facilitate a comparison between all three applicator types SN, SC and SO we 

chose a time interval of 10 min was set. This interspacial trial allowed us to ascertain 

whether using a spacer – no matter which one – improved ablation size in comparison 

to not using one, and whether this increase was statistically significant. However, as 

the occurrence of carbonisation made it impossible to increase the time interval for 

the stand-alone applicator system beyond 10 min, we also conducted a second trial 

using only the spacer types SC and SO. This intraspacial trial was conducted using a time 

interval of 25 min. 
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3.2 REPRODUCTION RELIABILITY  

 

The previous two experiments were conducted to determine the combination 

of maximum attainable time interval and power input which could be used without 

carbonisation occurring. Time interval and power input were then set as fixed 

variables.  

We then repeated the ablation process using a stand-alone applicator system 

and the fixed variables of time interval = 10 min and power input = 25 min a total of 25 

times. The ablation diameter measured during those 25 times was then used to 

compare the reliability of the recorded results given. Reliability will be defined as: the 

extent to which measurements can be replicated. [76] This was achieved through 

calculation of its test-retest reliability.  

 

Figure 17: Intraclass Correlation Coefficient and Cronbach’s Alpha. 
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This data set of the ablation diameter calculated an average intraclass 

correlation coefficient of 0.85 (Figure 17). This indicated good reliability. Based on the 

95% confidence interval of the average moderate to excellent reliability and internal 

consistency could be assumed. Cronbach Alpha, another measure of reliability, was 

calculated to be 0.85. This indicated good internal consistency.  
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3.2 INTERSPACIAL ABLATION SIZE  

 

Utilising an exploratory data analysis it was determined that there were no 

univariate outliers in the data. The presence of multivariate outliers was evaluated by 

comparing the ideal Mahalanobis distance to the actual Mahalanobis distance. This 

depended on the number of dependent variables. As there were two dependent 

variables, a Mahalanobis distance above 13.82 meant the presence multivariate 

outliers. When calculating the Mahalanobis distance in this study the result was 9.83. It 

can therefore be concluded that there were no multivariate outliers in the data. [74] 

To avoid random measurement errors, each trial was conducted 15 times and the 

mean average of ablation diameter and ablation volume was calculated. This mean is 

abbreviated here for comparison and further statistical analysis (Table 3).  

 

SN SC SO 

Ø [mm] 37.60 28.67 31.00 

V [cm3] 23.61 18.12 18.49 

Table 3: Mean ablation diameter and volume dependent on the applicator type. 

 

When evaluating the effect the independent variable (applicator type) had on 

the dependent variables, we found that the ablation diameter and volume measured 

when using the stand-alone applicator system SN were greater than those measured 

when using the closed spacer-supported system SC or the open spacer-supported 

system SO. This comparison is easily apparent in Table 3, as SN has a mean diameter of 

37.60 mm as opposed to the mean diameter of 28.67 mm when SC was used. However 

to confirm the veracity of these results we also calculated the statistical significance of 

this difference. 
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Figure 18: Wilks’ Lambda statistical significance test for interspacial comparison. 

 

We first calculated the presence of significance by means of Wilks’ Lambda 

through orMANOVA (Figure 18). The cut-off level of statistical significance was set to p 

< 0.05 with α = 0.05. SPSS calculated Wilks’ Lambda for the set dependent variables 

ablation diameter and ablation volume as p < 0.001. Thus we were able to conclude 

that there is a statistically significant effect the choice of applicator type had on 

ablation size.  

 

 

Figure 19: Test of Between-Subjects Effects. Significance level set at p < 0.05. 

 

As orMANOVA multivariate testing is an omnibus test, it is only able to 

ascertain that statistical significance is present when looking at all dependent variables 

combined. It cannot specify which dependent variables show a statistically significant 

difference. We conducted a test of between-subjects effects (Figure 19) through post-

hoc univariate ANOVAs for both dependent variables. For both ablation diameter and 

ablation volume there was statistical significance: 

Ø: F(2,42) = 148.735, p < 0.001, partial η² = 0.876 

V: F(2,42) = 99.085, p < 0.001, partial η² = 0.825 
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The choice of spacer category therefore has a significant effect on both 

ablation diameter and ablation volume. There also was a significant difference 

between the three applicator types. However post-hoc univariate ANOVAs are limited 

ascertaining the presence of statistical significance when looking at an individual 

dependent variable. They cannot explore the qualitative difference in each dependent 

variable depending on which applicator type was used. For that a pairwise comparison 

through post hoc Tukey and Games-Howell testing was employed.  

 

Figure 20: Interspacial ablation diameter [mm].  

 

We found a statistically significant increase in ablation diameter and volume (p 

< 0.001) when comparing the stand-alone applicator system SN to the closed spacer-

supported system SC (Figure 20 and Figure 21). The mean difference was 

approximately 8.93 mm. 

Ø: F(2,42) = p < 0.001, (MDiff = 8.9333, 95%-CI[7.6280, 10.2387] 

V: F(2,42) = p < 0.001, (MDiff = 5.4887, 95%-CI[4.4291, 6.5482] 

When comparing SN to the open spacer-supported system SO we also noted a 

statistically significant increase in ablation diameter and volume (p < 0.001).  
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Ø: F(2,42) = p < 0.001, (MDiff = 6.6000, 95%-CI[5.2947, 7.9053] 

V: F(2,42) = p < 0.001, (MDiff = 5.1267, 95%-CI[4.0671, 6.1682] 

 

 

 

Figure 21: Interspacial ablation volume [cm3]. 

 

SC and SO showed no statistically significant difference when comparing ablation 

volume (Tukey HSD p = 0.69, Games-Howell p = 0.63). However, SO’s ablation diameter 

was statistically significant in its increase to SC: 

 

Ø: F(2,42) = p < 0.001, (MDiff = 2.3333, 95%-CI[1.0280, 3.3687] 

 

We concluded that at a time interval of 10 min using a conventional stand-alone 

applicator system was superior to the use of a spacer, no matter whether open or 

closed. However as 3.1 Time Interval and Power Input showed, the stand-alone 

applicator was unable to withstand a time interval beyond 10 min. As such we aimed 

to assess ablation diameter and ablation volume when using a spacer-supported 

system at 25 min. 

 

3.3 INTRASPACIAL ABLATION SIZE  
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Our goal in this experiment was the comparison of ablation size between the 

two spacer variants at a time interval of 25 min. All other fixed variables (Table 2) 

remained the same. The ablation process was again repeated 15 times each with each 

spacer type. The dependent variables ablation diameter (Ø) and ablation volume (V) 

were recorded. We additionally performed a second exploratory data analysis, and 

determined that there were no univariate outliers in this data set as well. The 

Mahalanobis distance in this experiment was also 9.83 and as such there were no 

multivariate outliers. [74] The mean average of ablation diameter and ablation volume 

was calculated and is depicted in Table 4.  

 

 

SC SO 

Ø [mm] 52.07 47.60 

V [cm3] 75.25 72.20 

Table 4: Mean diameter [mm] and volume [mm] for both the closed spacer (SC) and the open spacer 

(SO). 

 

In Table 4 we can see that there is also a difference in ablation diameter and 

volume between the two spacer types: SC has both the larger ablation diameter and 

the bigger ablation volume. However, we did not yet appraise whether this difference 

was also statistically significant. For that we first determined the general presence of 

statistical significance by calculating Wilks’ Lambda through orMANOVA. We set p < 

0.05 again



 

 

43 

 

 

Figure 22: Wilks’ Lambda statistical significance test for intraspacial comparison. 

When using SPSS we calculated (Figure 22) the Wilks’ Lambda level of statistical 

significance at p < 0.0005. Thus, there is a statistically significant effect spacer 

subgroups have on Ø and V. Due to the existence of only two independent variables 

the test of between-subject effects through post hoc univariate ANOVAs could not be 

conducted. Therefore, it was not immediately clear whether there was a statistically 

significant difference for both dependent variables as the effect of the spacer type. As 

the Wilks’ Lambda test only shows the existence of a statistically significant difference 

and does not indicate its quality, it was decided to proceed with a pairwise comparison 

through post hoc Tukey and Games-Howell testing.  

 

Figure 23: Intraspacial ablation volume [cm3]. 
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After calculating the qualitative difference for every dependent variable 

through SPSS we found that there was statistical significance when comparing ablation 

volume V between the two spacer types (Figure 23). When using SN we recorded a 

mean volume of V = 75.25 cm3. This was an increase in comparison to SO, which had a 

mean of V = 72.20 cm3. The mean difference between SC and SO was ΔVD = 3.05 cm3. 

This difference was statistically significant to the point of p < 0.001:  

F(2,42) = p < 0.001, (MDiff = 3.0527, 95%-CI[1.6121, 4.4932]) 

 

 

Figure 24: Intraspacial ablation diameter [mm]. 

 

For the dependent variable ablation diameter Ø we also found a statistically 

significant difference to the point of p < 0.001: When using SC we recorded a mean 

diameter of Ø = 52.067 mm, which was an increase to the diameter mean of Ø = 47.60 

mm recorded when using SO (Figure 24). 

F(2,42) = p < 0.001, (MDiff = 4.46667, 95%-CI[2.6479, 6.2854]) 

 

On page 7 we discussed how previous studies and developments in ablation 

therapy offer little insight in how to treat lesions in the category of 30 – 50 mm. When 
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evaluating the data we derived from this experiment we can draw the conclusion that 

SC reached this threshold of 50 mm ablation size in 12/15 cases (80%). In 3/15 cases it 

exceeded the threshold by ≥5 mm (20%), which is described by An et al. as a minimal 

tumour margin considered “safe” in ablation procedures. [36] SO reached the 

threshold of 50 mm ablation size in 4/15 cases (26.67%). In 0/15 cases it exceeded the 

threshold by ≥5 mm (0%). We therefore derived two conclusions: 1) that when using 

the closed spacer-supported system we were able to reach 50mm ablation diameter; 

and 2) that both spacer-supported systems drastically improved upon ablation size in 

comparison to the stand-alone applicator system. 

We will expand on this in the discussion.  
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4 DISCUSSION 

 

Due to an increase in prevalence and incidence of cancerous disease, minimally 

invasive therapeutic options have been increasingly explored as a valid alternative or 

accompaniment to conventional treatment. One of those therapeutic options is the 

concept of thermal ablation. Thermal ablation has been reported as especially 

effective in the treatment of hepatic lesions, such as hepatocellular carcinoma and 

metastases. [56] Several ablation modalities such as radiofrequency, microwave and 

laser exist. Those modalities differ greatly in terms of biomechanics, indications, 

practicability and cost effectiveness.  However, the main limitation of each modality 

remains its maximum ablation size. [77] 

Smaller lesions measuring up to 30 mm diameter or 25 cm3 volume are able to 

be fully ablated when including a safe margin (> 5 mm) [77]. However, medium-sized 

lesions with a diameter of 30-50 mm are unable to be fully ablated with a singular 

applicator in a singular application. [14] Full ablation of tumours between 30-50 mm is 

currently only possible through multiple applicators, several rounds of applications and 

differing applicator positioning, or the combination of surgical and interventional 

techniques such as combining vascular clamping with an ablation modality. [25–27] 

Vascular clamping of the total, partial or selective hepatic flow is a valid method. 

However, it is technically demanding, shows association to intestinal congestion and 

requires an intermittent or continuous period of organ ischemia. [61, 78] 

Ablation size limitation in thermal ablation is caused by overheating near the 

applicator. Once tissue temperature reaches > 100°C vital heat-conducting tissue 

transforms into a nonconductive boundary layer. This boundary layer acts as an 

insulating “shell” which limits further energy transmission into peripheral tissue. In 

radiofrequency ablation abrupt changes in tissue impedance have been reported to 

create “heat spots” around the probes. [79] In microwave ablation and laser ablation 

the formation of a boundary layer around the applicator has been described as 

“carbonisation”. [80]  In laser ablation this carbonisation also causes damage to the 
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optical fibre through central overheating, a process in which the ablation procedure is 

automatically aborted through a Lightguide Protection System. [81] 

Preventing carbonisation has been key in increasing ablation size, as several 

developments in recent years show: For microwave ablation in recent years an internal 

cooling jacket has been developed. [82]  Radiofrequency ablation and laser ablation 

have been improved through standardised development of cooling diffusers. [24, 83, 

84] These improvements share similar aims and methods; their goal is the increase of 

energy diffusion through the targeted tissue by decreasing the temperature 

immediately adjacent to the heat source.  

A technically comparatively simple and cost-effective approach to prevent 

carbonisation is the usage of a spacer. A spacer creates an artificial, fluid-filled space 

between the stand-alone applicator and the targeted, vital tissue. Our hypothesis was 

that the presence of a spacer would delay carbonisation or even prevent it entirely, 

and subsequently increase ablation size. We thus aimed to compare ablation size 

measured when using a spacer to ablation size measured when using the stand-alone 

applicator system. For that, two spacer types were developed: 1) a spacer with a 

closed tip where cooling fluid would circulate inside the applicator system and 2) a 

spacer with an open tip where cooling fluid would diffuse into the tissue. We 

measured ablation diameter and ablation volume in an ex vivo bovine model using a 

stand-alone laser applicator. The measurements were recorded through displacement 

volumetry and MRI volumetry. These recorded parameters were then compared to 

ablation diameter and ablation volume measured when using a closed spacer or an 

open spacer in laser ablation. 

We also aimed to exclude covariates by setting fixed variables. For that, two 

pre-trials with all three applicator types were conducted. We first set a time interval of 

10 min and compared ablation diameter with varying power inputs. We found that 

setting power input > 25 W would lead to almost instantaneous abortion of the 

ablation process due to central overheating. This happened both when the stand-alone 

applicator system was used and when the spacers were used. Conversely, low power 

such as 5 W or 10 W would allow longer ablation time intervals, but ultimately resulted 
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in smaller ablation size. We thus selected a power input of 25 W. With this power 

input fixed we then changed the time interval. For the stand-alone applicator system 

SN any time interval of > 10 min would result in central overheating, carbonisation and 

abortion of the procedure. However, this was not the case for the closed spacer-

supported applicator system SC and the open spacer-supported system SO. The spacers 

tolerated time intervals of up to 25 min.  

These pre-trials allowed us to determine the fixed variables of power input and 

time interval which would maximise ablation diameter and volume while minimising 

chance of carbonation. 

We then conducted our main two trials comparing the three applicator types.  

At a time interval of 10 min, we found that the stand-alone applicator system 

produced larger ablation diameter and ablation volume than both spacer-supported 

systems. This difference was statistically significant (p < 0.001) for both diameter and 

volume. However the limited time interval of 10 min prevented an accurate 

assessment of the spacer’s possibilities. Our second main trial therefore compared 

ablation diameter and ablation volume of the two spacer types at a time interval of 25 

min.  

We found that the closed spacer-supported system was able to attain a mean 

ablation diameter of 54.13 mm and mean ablation volume of 75.29 cm3. When 

compared to the open spacer system with a mean ablation diameter of 47.60 mm and 

a mean ablation volume of 72.15 cm3 this comparative increase was also statistically 

significant (p < 0.001) for both diameter and volume. 

Additionally, we calculated the factor of change for ablation volume. This was 

achieved by comparing mean ablation volume of both spacer types to the stand-alone 

applicator system: 

𝑆𝐶  𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝑆𝑁 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
=  

75.29

23.61
 𝑐𝑚3 = 3.19 

𝑆𝑂 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝑆𝑁 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
=  

72.15

23.61
 𝑐𝑚3 = 3.06 

 



 

 

49 

 

When using this factor of change we can derive that the increase in ablation 

volume was more than 300 % when a spacer was used as opposed to when no spacer 

was used. The validity of this derivation will be discussed in 4.4 Intraspacial 

Comparison.  

In conclusion, the objectives of this study have been fulfilled. 

4.1 SPACER 

 

The spacer developed by Prof. Dr. rer. nat. U.S. and Dr. med. vet. O.G. consists 

of a glass body and polypropylene tip. During critical evaluation of the spacer it should 

be discussed whether the material glass is suited for thermal ablation. In an ex vivo 

model a damaged spacer would mean the cancellation of the experiment; however in 

a clinical setting shattered glass inside of a patient’s body would pose the possibility of 

haemorrhage as well as of infection. However, the glass body of the spacer is 

fashioned from a Pasteur pipette made out of borosilicate glass. Borosilicate glass is 

developed specifically for laboratory use and is able to withstand 200-230°C for 

standard-use service. Its thermal shock resistance, i.e. its resistance to glass 

temperature changing rapidly, is approximately 160°C. [85] In none of the trials the 

temperature measured exceeded 110°C. The maximum temperature change could be 

thus calculated to about 90°C: 

∆T = (Tmax - Tfluid) = (110 - 20)°C = 90°C 

In conclusion both maximum temperature and thermal shock index remain 

below the threshold needed for the spacer body to shatter. As such, the glass body is 

suitable for thermal ablation in pre-clinical trials. For clinical trialling the material 

should be adapted accordingly.  

Second, the spacer body’s diameter (Ø 4 mm) and wall thickness (Ø 0.5 mm) 

were arbitrarily chosen due to utilisation of a standard Pasteur pipette. At this point in 

time there is no data on whether the wall thickness might impact the spacer’s 

effectiveness. However, it is entirely possible that a thinner spacer body would allow a 

more effective transmission of energy. Further evidence is needed before conclusions 
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can be drawn. Replacing the glass body with a further heat-resistant plastic material 

such as polydicyclopentadiene (PDCPD) and modifying its wall thickness could allow for 

an increase efficiency. The choice of material is subject to further discussion in 5 

Conclusion and Outlook. 

Third, the plastic tip was fashioned from an Eppendorf epT.I.P.S.® 200 µl 

pipette tip. This specific tip is made out of polypropylene (PP), a heat-resistant 

material. The manufacturer (Eppendorf SE, Hamburg, Germany) notes that autoclaving 

of these pipette tips is possible at 121 °C for up to 20 min without damage. As such, 

the material of the pipette tip does not pose a primary technical disadvantage. 

However, it must be noted that the manufacturer recommends a maximum of a single 

autoclaving cycle and does not recommend reusing the pipette tips. During our study 

spacers were re-used for up to five times. There is no evidence that this causes the tip 

to be inherently unsuitable. The manufacturer merely states that “prolonged use can 

have a negative impact on dispensing tasks”. [86] However the inevitable wear and 

tear from both mechanical and thermal damage might eventually degrade the 

polypropylene. We did not note any macroscopic damage to the pipette tip, however 

microscopic plastic damage cannot be safely excluded. 

Fourth, the weak point of the spacer was its proximal and distal junctures. Four 

closed spacer prototypes and three open spacer prototypes (n = 7) were 

manufactured. In case of a spacer breaking during the ablation process the trial was 

aborted and the location of the fracture was examined. In n = 5 cases those spacers 

had experienced fracture of the glass. The proximal vulnerable point was the glass 

body’s connection point to the Y connector. The UV-glued juncture would either 

disconnect, or the glass itself would fracture just distally of the glass body-Y connector 

junction. The distal vulnerable point was the glass body’s connection to the pipette tip. 

Interestingly enough, the pipette tip itself was not dislodged through weakening of the 

UV glue, which shows the heat stability of the glue’s properties, but the glass would 

fracture just proximally of the glass body-pipette tip junction. Each spacer was utilised 

up to five times to reduce the thermal stress and damage its material would undergo. 

It was observed that spacers would withstand being used up to five times, but would 

eventually break down. However, this does not indicate a general lack of suitability of 



 

 

51 

 

the spacer in thermal ablation. In a clinical setting, each standard applicator is only 

used a single time. This is regulated according to hygiene and structural concerns. As 

such, when possibly utilising a single-use spacer in future clinical trials, the spacer will 

not have experienced structural microdamage. In conclusion, the possible fracture 

points can be regarded as a side-effect of frequent use and are not applicable in a 

clinical setting. 
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4.2 SETTING 

 

We will now evaluate the setting in which our study was performed. 

First, we will assess the suitability of the tissue in which the ablation was 

performed. Human and bovine liver tissue are comparatively similar when examined 

histologically.  Both are macroscopically covered by a thin hepatic capsule and divided 

into left and right lobes as well as a caudate and quadrate lobe. Its microscopic 

appearance also is similar:  both human and bovine hepatic parenchyma is organised 

into lobules around central veins and bordered by a portal vascular triad.  Differences 

include larger endothelial pores (so-called fenestrae) in human liver capillaries as well 

as higher sinusoid volume fraction in human tissue when compared to bovine. [87] As 

such, it cannot be definitively excluded that thermal ablation in human liver tissue 

would produce different results. However, Estermann et al. report that as opposed to 

porcine liver, bovine liver and human liver share close mechanical tissue properties 

due to similar collagen content. Additionally, contrary to porcine liver, bovine liver 

does not possess deep interlobar fissures which limit heat diffusion. The amount of 

fibre tissue connecting the lobes is much smaller in bovine liver than in porcine liver. 

Estermann et al. thus recommend that “for applications that require accurate elastic 

properties, possibly in the context of testing new medical devices, bovine liver should 

be used”. [88] 

Secondly, we must discuss the natural physiological processes occurring during 

in vivo laser ablation. One of the most important influencing factors as well as a 

limitation in thermal ablation is the heat sink effect. This effect describes the reduction 

in ablation size occurring through diverting vessels such as larger veins. The constant 

circulating blood stream decreases tissue temperatures. Fei et al. note that the heat 

conductivity of blood is about five times higher than the conductivity of hepatic tissue. 

This results in heat diffusing through vascular diversion. [89] Livers in an ex vivo setting 

naturally experience no heat sink effect. It could be speculated that these ablation 

shapes are, as such, idealised ellipsoids. To go further, their diameters and volumes 

might be artificially amplified. This could be due to the ideal absorption of heat in ex 
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vivo tissue without the heat sink effect. Mensel et al. conducted a comparative study 

in 2005 with the aim of observing the effects of laser ablation in central hepatic 

tumours as opposed to peripheral hepatic tumours. They report an overall efficiency 

rate of 82.1% in ablating tumours adjacent to large vessels. This suggests that even 

though the heat sink effect might be considered as an influence, it does not wholly 

undermine the chance of successful ablation. [90] Additionally, Wacker et al. suggest 

temporarily disrupting hepatic arterial flow to enhance hepatic ablation. [91] In an 

unpublished study by Hosten et al. provided to the author, portal vein occlusion 

followed by either laser ablation or radiofrequency ablation lead to an increase in 

temperature measured by MR monitoring and subsequently to larger ablation size. 

[92] In the future, a similar experiment through balloon-guided occlusion of the main 

hepatic artery might be considered, similarly to how a balloon catheter is used in the 

carotid arteries during neuroradiological interventions.  

Thirdly, there were no standardised guidelines on the setting of fixed variables. 

For example, the flow rate was set at 60 ml/h. There are little to no studies that centre 

on the ideal perfusion flow rate during laser ablation and none of them deal with 

clinical cases. Two publications only mention experimenting with ex vivo flow rates in 

passing.  Vogl et al. note that increasing the perfusion flow rate from 40 ml/h to 60 

ml/h  did not result in further increase of ablation diameter, whereas setting it to less 

than 40 ml/h caused significantly faster carbonisation. [28] Roesler et al. did not report 

a significant increase in ablation size when increasing the flow rate from 45 ml/h to 90 

ml/h.  [93] Vogl et al. also suggest using aqua destillata, while Roesler et al. 

consistently use standard saline solution. When comparing the two in a side 

experiment, no statistically significant difference in ablation size between ablations 

perfused with aqua destillata and with standard 0.9% saline solution was found. 

Therefore the change of flow rate is subject to further discussion. The author suggests 

a follow-up study where, for example, a comparison between 30 ml/h, 60 ml/h and 90 

ml/h saline solution and aqua destillata could be manufactured.  
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4.3 VOLUMETRY 

 

The displacement volumetry was conducted through the manual enucleation of 

the hepatic ablation tissue through scalpel. Afterwards the displaced water was 

weighed by means of a collection receptacle. Manual errors could have been 

conducted here. First, the enucleation was completed until the first layer of ablation 

with partially vital tissue was visible. It must follow that it’s possible that too much or 

too little tissue was resected in the process. At times, the distinction between partially 

vital tissue and fully necrotised tissue was minimal by visual judgement alone. Due to 

the hardened viscosity of the necrotised tissue manual enucleation was complicated. 

In cases where a cut into the tissue was enlarged through manual causation, the 

scalpel was withdrawn and the dissected tissue flap was re-attached to the ablation 

through a thin layer of superglue. When weighing the amount of glue utilised, it 

amounted to <1g. As such it was not a significant contribution in extra weight, and thus 

displacement volume. On the other hand, in some cases fully vital tissue borders were 

attached to larger partitions of ablation and coagulation. In these cases, resection was 

implemented as close to the necrotised tissue as achievable. In n = 2 cases complete 

resection was unable to be achieved. The resection border between fully vital tissue 

and partially vital tissue remained <1 mm. When calculating the additional volume this 

would add to the displacement an ellipsoid shape was assumed. Following Vogl et al.’s 

manual volume calculations the formula utilised was a standard 𝑉 =  
4

3
 𝑎𝑏𝑐 volume 

formula bounded by the ellipsoid, with principal diameters a b c comprising the length, 

width and breadth of the ablation zone. [16] In both cases the additional vital tissue 

border was calculated to be <0.1 cm3, which comprised approximately 0.1% of the 

total tissue volume (V1 = 73.53 cm3, V2 = 77.73 cm3). After statistical discussion this 

possibly false positive percentage was deemed as no hindrance to ascertaining 

accurate volumetric data. 

As a comparison to the manual displacement volumetry, MRI-guided volumetry 

through Horos DICOM viewer program was completed. Horos has been noted for its 

accuracy and confidence in determining both pre- and postoperative tumour volume. 
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Elsawaf describes it as a “highly effective mean of volumetric analysis”. [94] Through 

closed-polygon tooling of the MRI-recorded ablation in T2 FLAIR sequencing “region of 

interest” (ROI) points are created. Horos has the added benefit of the “Generate 

Missing ROIs” function. This function identifies possible missing ROI points through an 

artificially intelligent recognition pattern after a certain number of images in the 

sequence have been measured manually. ROIs that closely match the manually 

selected polygon borders are automatically created and are subject to manual review 

before a volumetric assessment is completed. It is also possible to create a 3D model 

of the ROI for visual purposes. As the initial closed-polygon tooling is done manually, it 

is possible to manually mismeasure the border between the ablation zone and vital 

tissue. As a consequential error the program might misidentify ablation zones through 

the “Generate Missing ROIs” function and create false ROI points. To avoid this, 

multiple test ROIs were created before measuring and recording the experiment’s 

ablation volumes. These manual and automatic volumetry results were compared with 

each other and showed no statistically significant difference (mean ΔVMRI = 0.089 cm3). 

It was thus concluded that the manual generation of ablation volume and the 

automatic assessment through artificial intelligence was closely similar. 

When comparing the two methods of displacement volumetry and MRI 

volumetry an unpaired t-test was employed. As opposed to a paired t-test an unpaired 

t-test is based on the assumption that both dependent variables are not related to 

each other (for example, the comparison of a treatment group to a control group). 

Paired t-tests are considered more powerful when determining statistical significance, 

but require a close relation between the dependent variables (for example, measuring 

a variable before and after an event in the same group). Unpaired t-tests were 

calculated for every VMRI and VD pair in the interspacial and intraspacial trial (Table 5). 

The two-tailed P value was set at 0.05. Values > 0.05 were considered not statistically 

significant.  

 Two-tailed P 

value VMRI ↔ 

VD 

Mean Δ 95% CI Δ 
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Interspacial SN 0.9228 -0.0507 -1.1126 - 1.0112 

Interspacial SC 0.1216 0.5507 -0.1558 - 1.2572 

Interspacial SO 0.1302 0.6327 -0.1985 - 1.4638 

    

Intraspacial SC 0.9400 0.0687 -1.7832 - 1.9206 

Intraspacial SO 0.8328 -0.1040 -1.1035 - 0.8955 

Table 5: Calculated P-value between VMRI and VD 

 

In both the interspacial and intraspacial trials the two-tailed P value was 

consistently >0.05. Thus there was no statistically significant difference between the 

measuring of displacement volume and the measuring of MRI volumetry.  
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4.4 INTRASPACIAL COMPARISON 

 

The interspacial and intraspacial trial are based on different foundations of 

comparative approach. When comparing the three applicator types SN, SC and SO 

utilised as independent variables it could be questioned whether the interspacial and 

intraspacial trial can be compared with each other in the first place. 

For the first interspacial trial with the time limit of 10 minutes and power of 

25W, the standard applicator system with no spacer performed better both in terms of 

ablation size and volume. For both dependent variables SN showed a statistically 

significant positive difference when compared to SC and SO. It could be concluded that 

for smaller ablation sizes up to 30 mm in ablation diameter or 20 cm3 in volume the 

standard applicator system is preferable. However, the stand-alone applicator was 

unable to ablate beyond a time interval of 10 minutes. Central tissue temperatures 

increased exponentially and carbonisation occurred. It is impossible to differentiate 

whether SN’s performance would have compared positively or negatively at a higher 

time interval. As such, the hypothesis that SN’s comparatively better performance in 

the interspacial trial would equal comparatively better performance in the intraspacial 

trial is based on logical fallacy. The intraspacial trial must be observed independently 

and without comparison to SN’s results in the interspacial trial.  

When assessing the intraspacial trial through MRI T2 FLAIR imaging several 

differences are apparent: First, the border between ablation and vital tissue/partially 

vital tissue can be deciduously differentiated in the MRI imaging of the closed spacer 

(Figure 25a). It is more difficult to do so in the MRI imaging of the open spacer (Figure 

25b). The border in Figure 25b appears spongiose and diffuse and due to the diffusion 

of fluid it is partially disseminated.  Second, through fluid diffusion the overall size of 

the ablation is decreased: wherein Figure 25a features a solid ellipsoid sphere of 

ablation with clearly ablated tissue, Figure 25b features several fluid pockets inside of 

the ablation. Both hyperintense and hypointense spaces around the fluid pockets are 

present, pointing towards only partially ablated tissue. Finally, when comparing 
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ablation diameter and volume, SC features larger relative ablation diameter and 

volume when measured by both MRI and displacement volumetry. 

In summary, the open spacer seems to at first perform negatively when 

compared to the closed spacer. However, the open spacer also opens up several 

possibilities. In this trial, regular saline solution as well as aqua destillata were used for 

perfusion. As seen in Figure 25a there is no extraneous fluid within the ablation zone 

or the vital tissue. Figure 25b shows that the perfused tissue displayed a comparatively 

even spread of fluid pockets in both the tissue-ablation border and the vital tissue. This 

indicates that the fluid moved evenly through the vital tissue but was not able to form 

fluid pockets in areas where ablation has fully been completed. Peripherally from the 

ablation zone the fluid pockets decrease in size, with the largest pockets found right 

near the border between ablated tissue and vital tissue.  

     

Figure 25: a) Tissue-fluid distribution within the closed spacer-supported ablation system. b) Tissue-

fluid distribution within the open spacer-supported ablation system. 

 

This leads to the hypothesis that if another type of fluid was used, the spread of 

this fluid into nearby tissue might lead to fluid-tissue interactions. This is very similar to 

another type of tumour ablation: trans-arterial chemoembolization (TACE). Vogl et al. 

define TACE as the “selective regional application of a chemotherapeutic substance 

with subsequent occlusion”. [95] Several embolization materials such as Lipiodol, 

gelatine sponges or Gelfoam are used in combination with cytotoxic agents. 

Doxorubicin is one of the most common substances used in TACE. This is due to its 
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adaptability in combination with the embolization materials. Butt et al. found that the 

combination of low-dose adjuvant doxorubicin and laser ablation lead to a statistically 

significant improved rate of overall survival when compared to bevacizumab or 

standard chemotherapy. [96] However, this was based on intravenous application of 

doxorubicin. Pacella et al. conducted study on large palliative-care HCCs with no 

possibility of surgical treatment. They observed the effectiveness of LA/TACE 

combination with doxorubicin. Total tumour ablation was achieved in 97% of cases, 

with a 3-year recurrence rate of 7%. With a mean tumour diameter of 52 mm, this 

study shows comparable similarities to research cited in this dissertation. Pacella 

describes injecting  “10 mL of iodized oil, 20 mg of doxorubicin hydrochloride dissolved 

in 5 mL of distilled water (4 mg/mL), and radiologic contrast material (iopromide in 

water solution) in a final volume of 30 ml.” [97] Pacella does not describe the flow rate 

in which the volume was administered and the study differs in that TACE was 

performed 30-90 days after initial laser ablation. He offers no explanation for that, but 

it is plausible that a delay was set to monitor liver function and reduce post-LA hepatic 

oedema before TACE.  

In none of the studies who report a LA/TACE combination therapy of hepatic 

tumour tissue the possibility of a simultaneous application of both thermal ablation 

and chemical ablation is mentioned. However, when considering the options of the 

open-ended spacer a replacement of the saline solution or aqua destillata used in this 

trial with the doxorubicin blend used by Pacella seems feasible. It is clear that further 

studies using the open spacer are needed to further the hypothesis that a 

simultaneous usage of doxorubicin-guided laser ablation and trans-arterial 

chemoembolization is possible. Due to doxorubicin’s vivid red colouring, an ex vivo 

trial using the open spacer could provide further evidential information on the 

diffusion spread through hepatic tissue. Such a trial could be attempted in the future.  
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5 CONCLUSION AND OUTLOOK 

 

This cumulative dissertation is a preliminary proof of concept study exploring 

the impact of a spacer on thermal ablation size. We found that the presence of a 

spacer between applicator and tissue did not only delay carbonisation, it also 

increased the attainable ablation volume by a factor of change of more than 300 %. 

Our findings were accepted for publication in February 2023 and published in 

Biomedicines. [43] However, the study’s limitations include the ex vivo setting and use 

of bovine healthy liver. Additionally, the spacer’s material at this point in time are not 

suitable for the requirements of both patients and medical providers. The usage in 

clinical practice requires further development as well as the conduct of additional pre-

clinical studies.  

In future work the author plans to expand on this spacer prototype. This might 

be accomplished by altering the materials used, such as using a heat-resistant material 

like polydicyclopentadiene. PDCPD is noted by Chen et al. to withstand temperatures 

up to 200°C when crosslinked. [98] The author anticipates that rising prevalence of 3D 

printing for both medical and experimental use in the last decade will also lead to new 

explorable avenues. Gross et al. refer to 3D printing as “an ideal rapid fabrication 

technique for small-scale or scalable applications given the array of available materials 

that can be printed”. [99] Using a 3D printing process to manufacture custom spacers 

would allow a wide array of materials to be used, as well as alterations to the spacer 

itself. If, for example, the spacer’s wall thickness might be modified through custom 3D 

printing, its impact on ablation size and volume could lead to further developments. 

Another opportunity would be the use of heat-resistant fabric such as Gore-Tex® for 

designing an inflatable spacer. Gore-Tex® has been increasingly used in diverse medical 

settings, for example as material for gastrostomy tubes [100] or intravenous cannulas. 

[101] 

Laser ablation can be considered optimal for preclinical studies, yet also 

performs worse in terms of ablation size when compared to radiofrequency ablation 

and microwave ablation. [102–104] Radiofrequency ablation is deemed a standard 
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staple in minimally invasive tumour therapy, yet also has several limitations: multiple 

probes cannot be used due to electromagnetic interference, its heating patterns are 

more heterogenous and unpredictable compared to microwave ablation, and the 

presence of grounding pads increases the risk of periprocedural burns. [105] 

Microwave ablation is noted as the most suitable candidate for further development. 

Even at its stage of continued technical development and comparative newness it has 

proven to produce promising ablation sizes. [78] Higher intratumoral temperatures are 

considered its main disadvantage. Subsequently, further development of a method to 

circumvent those temperature spikes has been studied in recent years. [106] 

Observing the influence of a spacer’s presence in microwave ablation and its impact on 

tissue temperature and ablation size is a natural next step. A spacer constructed for 

usage in microwave ablation would necessarily be composed of heat-resistant, highly 

conductive materials with low absorption. [107, 108] Before the utilisation of the 

spacer in clinical practice is realised, further evaluation of its efficacy and safety is 

needed. This may be accomplished by means of continued preclinical studies on in vivo 

models.  In closing the author concludes that spacer-supported thermal ablation is a 

viable option to be developed further.  
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