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The size of hepatic microwave ablations (MWA) is often difficult to predict due to cooling effects 
from liver vessels. This study introduces a simplified predictive model, the Ablation Success Ratio 
(ASR), which estimates the likelihood of a successful ablation based on tumor size and specific 
ablation parameters. The ASR model is based on the three-dimensional minimum ablation radius 
(r3Dmin), defining the spherical region within which complete ablation is achieved. To validate the ASR, 
standardized MWAs were performed in an ex vivo porcine liver model using a glass tube to simulate 
the vascular cooling effect. Ablations (n = 148) were conducted at 100 W for 5 min, with antenna-to-
vessel (A-V) distances set at 2.5, 5.0, and 10.0 mm. Subsequently, the r3Dmin was calculated. Without 
vascular cooling (0 ml/min, corresponding to an intraoperative Pringle maneuver), an ASR of 100% was 
achieved for ablation diameters up to 20 mm. However, in the presence of vascular cooling (1–500 ml/
min), the ASR reached 100% only for ablation diameters up to 12 mm, demonstrating that the ASR 
effectively includes the impact of vascular cooling effects. The ASR is a promising and simple approach 
for predicting ablation success while also accounting for vascular cooling effects in hepatic MWA.

Primary and secondary liver malignancies like hepatocellular carcinoma (HCC) or colorectal liver metastases 
(CRM) are among the most common tumor diseases worldwide1,2. In addition to surgical resection, minimally 
invasive thermal ablation procedures are potentially curative treatment options if tumor size and location 
are suitable3–5. In clinical practice, hepatic microwave ablation (MWA) has been established among other 
thermoablative procedures such as radiofrequency ablation (RFA)6. With MWA, higher temperatures in 
the ablation center and therefore larger and more uniform ablations are achieved compared to other in situ 
procedures3. MWA is also less susceptible to cooling effects of naturally occurring liver vessels than RFA, 
as propagation into the tissue depositions energy into the tissue, rather than be driven by heat diffusion3,7,8. 
However, studies have shown that vascular cooling occurs in MWA as well, suggesting that further research is 
required9–11.

The disadvantage of thermal ablations such as MWA is that there is no postinterventional histopathologic 
confirmation equivalent to the “R0 situation” after surgical tumor resection12. Technical success can only be 
evaluated indirectly by imaging techniques such as contrast-enhanced computed tomography (CECT), contrast-
enhanced ultrasound (CEUS) or magnetic resonance imaging (MRI)13,14. Variability in imaging protocols across 
institutions can lead to inconsistencies in assessing the actual ablation volume, potentially resulting in over- or 
underestimation. Additionally, the absence of direct visibility in postinterventional imaging may make it difficult 
to detect small tumor residues13,15. Moreover, cooling effects make a prediction of ablation success particularly 
difficult9–11 (Fig. 1).

Therefore, MWA need to be planned beforehand as accurately as possible in clinical routine. Software-
based numerical simulations are being utilized to estimate ablation size16–18. However, the number of variables 
influencing MWA such as manufacturers data, liver tissue properties (tumor, cirrhosis, hepatic steatosis, etc.), 
liver vessels including possible cooling effects, as well as tumor localization and size present a major challenge in 
accurately predicting ablation size16,18–20. Although several navigation software systems are available outside of 
research projects that enable patient-specific calculation of MWA, there is an unmet clinical need for a simplified, 
robust and easily applicable predictability algorithm.
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We aimed to develop a score (Ablation Success Ratio - ASR) which specifies the probability of ablation success 
in relation to tumor size based on real ablation data. Usually, only absolute values for the expected ablation size 
depending on the selected ablation parameters are provided by the manufacturer21,22. However, it has been 
shown that ablation sizes are subject to fluctuation due to the cooling effect of liver vessels11,19,23. Eventually, 
the overall goal for the ASR is to take into account natural variations in ablation size by incorporating MWA of 
patients retrospectively. Beforehand, an ex vivo validation of the ASR is necessary.

The aim of this study was to introduce and evaluate a new score (ASR) for the prediction of hepatic microwave 
ablation considering vascular cooling effects using a standardized ex vivo experimental setup.

Results
A total of 148 microwave ablations were performed in ex vivo porcine livers. Twenty-two ablations were repeated 
due to naturally occurring large liver vessels (n = 10), technical errors resulting in automatic ablation termination 
(n = 3) and the ablation extending beyond the liver sample (n = 9). Consequently, 126 ablations yielding 1498 
individual slices were evaluated. A qualitative, quantitative (ablation volume) and semi-quantitative analysis of 
these ablations has already been published11: We could show that although a cooling effect around the vessel 
occurred macroscopically in almost all ablations with perfusion, a decrease in ablation volume was detected only 
at the maximum flow rate of 500 ml/min at an antenna-to-vessel distance (A-V distance) of 2.5 mm (p = 0.002). 
In all other test series, no difference in ablation volume was observed between ablations with and without 
perfusion of the glass tube (p > 0.05)11. Therefore, a sole assessment of the ablation volume seems insufficient to 
determine the extent of vascular cooling effects. We therefore further analyzed three-dimensional ablation radii 
(r3D) in this study as an additional parameter to examine cooling effects in MWA.

In contrast to the ablation volume, vascular perfusion had an impact on the minimal ablation radius in all 
three test series (Table 1). In particular, the position of the vessel within the ablation had an influence on the 3D 
minimal ablation radius (r3Dmin). A radius reduction already occurred at the lowest flow rates (≥ 1 ml/min) when 
the vessel was localized at the ablation edge. In contrast to the minimum ablation radius, vascular perfusion or 
vessel position in relation to the ablation center had no influence on the maximum ablation radius.

The three-dimensional regularity index (RI) was used to describe ablation geometry (Fig.  2). The RI for 
ablations without vessel perfusion (0  ml/min) was around 0.6. This indicated that ablations already had an 
ellipsoid shape even without any influence of vascular cooling. The RI decreased further with increasing flow 
rates and was about 0.4 at a maximum flow rate of 500 ml/min. MWA are therefore already non-circular without 
any cooling effects. However, the vascular cooling effect has an additional impact on ablations and consequently 
must be taken into account when planning MWA.

Ablation success ratio
Figure 3 shows the ASR using the results of these ex vivo experiments. Ablation success is shown in relation to 
ablation size (mm). The x-axis represents a hypothetical tumor, which corresponds to the tumor to be ablated in 
clinical routine. Usually, an ablation consists of two zones: the inner White Zone (WZ; immediate cell death) and 
the Red Zone (RZ; partial cell death), which transitions into native liver tissue13. For this reason, both the WZ 
and RZ are shown in Fig. 3a/b. Figure 3a shows the ablation results without perfusion (0 ml/min) while Fig. 3b 
shows the ablations with perfusion (1-500 ml/min). As expected, the RZ is larger than the WZ in both plots. 

Fig. 1. (a) Exemplary macroscopic cross-section of an ablation, showing the MW-antenna (A) and adjacent 
liver vessels (V). The predicted ablation zone without any cooling effects was outlined with a white dotted line. 
(b) Liver vessels (V) withdraw heat from the ablation area, leading to the so-called “heat sink effect” (shaded 
area). This results in flattening or narrowing of the ablation zone (blue dotted line), which likely affects ablation 
success.
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In the experiments without a cooling effect, the ASR was 100% up to a hypothetical tumor diameter of 20 mm 
in the RZ and 16 mm in the WZ. In contrast, the tumor diameter at which a safe ablation (ASR = 100%) can be 
assumed, decreased considerably for test series with perfusion (RZ: 12 mm, WZ: 7 mm). The ASR also varied 
depending on the A-V distance (Fig. 3c). Ablation success was noticeably lower when the vessel was located near 
the ablation margin (5 mm). As the distance between the vessel to the ablation border increased (10 mm), the 
ASR improved accordingly. In summary, our experimental ex vivo trial in native porcine liver (100 W, 5 min) 
showed that safe ablation was possible for tumors with a diameter of 12 mm (RZ) or 7 mm (WZ) respectively, 
when there was vascular perfusion. In the absence of liver perfusion (corresponding to an intraoperative Pringle 
maneuver), safe ablation extended to tumor diameters of 20 mm (RZ) or 16 mm (WZ). MWA of larger tumors 
must be considered critically and should be assessed individually depending on the vicinity of the tumor to 
larger hepatic vessels. Safety distances around the tumor need to be regarded additionally in clinical practice 
when planning MWA.

Fig. 2. (a) 3D RI for all ablations in dependence of the vascular flow rate and A-V distance. (b) At an A-V 
distance of 2.5 mm the RI was 0.6 when there was no flow (0 ml/min). The maximal cross-sectional diameter 
was used exemplarily. Outlines of the WZ (blue dotted) and RZ (white dashed) as well as the vessel (V) 
and ablation center (black dot) are shown. (c) At a maximal flow rate of 500 ml/min ablation geometry was 
irregular. Ablations were indented and showed a pronounced cooling effect at a close A-V distance of 2.5 mm 
(RI 0.4).

 

0 ml/min 1 ml/min 2 ml/min 5 ml/min 10 ml/min 100 ml/min 500 ml/min

A-V distance: 2.5 mm

 rmin 9.3 (8.7/10.4) 9.3 (7.5/9.9) 8.2(*) (5.6/9.5) 7.6(*) (7.1/8.9) 6.7* (4.8/8.3) 5.8 * (4.3/6.9) 5.3 * (4.8/6.0)

 rmax 15.4 (13.5/16.9) 16.0 (14.5/18.1) 14.3 (12.8/14.5) 14.2 (13.4/16.2) 14.9 (14.2/20.2) 14.5 (13.5/15.3) 14.4 (13.5/16.2)

A-V distance: 5.0 mm

 rmin 9.2 (8.4/10.7) 8.3 (6.6/9.8) 5.9(*)(5.0/9.6) 5.4*(3.5/5.7) 4.9*(4.6/5.9) 4.2* (3.9/4.9) 4.8* (3.7/6.9)

 rmax 14.7 (12.8/18.4) 15.3 (12.9–16.1) 16.4 (14.9/20.2) 14.3 (12.4/15.6) 13.4 (11.4/16.9) 14.5 (12.1/16.8) 14.6 (12.6/17.5)

A-V distance: 10.0 mm

 rmin 8.8 (8.7/10.5) 8.5 (6.9/9.6) 7.0* (6.5/7.5) 7.0* (6.6/8.4) 7.0* (5.7/7.9) 6.6* (6.2/7.5) 6.4* (5.5/7.2)

 rmax 15.8 (12.8/18.3) 15.6 (13.7/16.8) 16.2 (14.8/16.8) 16.4 (13.1/18.3) 16.3 (12.0/20.1) 16.9 (14.4/18.8) 14.6 (12.2/18.1)

Table 1. 3D ablation radii (minimum and maximum in mm) for each A-V distance and all flow rates (median 
(min / max); *p ≤ 0.008; (*)p ≥ 0.008 - ≤ 0.05.
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Discussion
Thermal ablations such as microwave ablation (MWA) are influenced by vascular cooling effects3,7,24. The extent 
of these cooling effects and therefore the exact ablation volume are difficult to predict. The aim of this study was 
the introduction and first evaluation of an innovative prediction score called “Ablation Success Ratio - ASR” for 
the planning of hepatic microwave ablation. We demonstrated that the ASR indicates ablation size taking into 
account vascular cooling effects in a standardized ex vivo setting. Depending on the applied ablation system 
and selected ablation parameters, clinicians may use the ASR in the future to decide whether complete tumor 
ablation is feasible.

After surgical resection of hepatic tumors, complete excision is confirmed by histological analysis. This is not 
possible in MWA due to the in-situ approach. Instead, technical success is determined indirectly using ultrasound, 
CT or MRI imaging. Precise pre-therapeutic treatment planning plays a particularly important role as imaging 
modalities are limited in their accuracy21. Ablation procedures are usually planned based on recommendations 
provided by the manufacturer. Depending on the ablation system and tumor diameter, specific ablation 
parameters are selected21,22. These manufacturer’s specifications normally refer to ablations that were performed 
under ideal conditions (ex vivo with the absence of vascular cooling effects). However, individual blood vessels 
in the liver, which transfer thermal energy away from the ablation site and therefore lead to vascular cooling 

Fig. 3. Ablation success ratio (ASR) in dependence to hypothetical tumor size (mm) for ablations without (a) 
or with (b) vascular perfusion for both WZ and RZ based on ex vivo liver data. (c) Exclusive WZ analysis of 
the ASR for different A-V distances with vascular perfusion (1–500 ml/min). All ablations were carried out at 
100 W for 5 min.

 

Scientific Reports |        (2025) 15:10450 4| https://doi.org/10.1038/s41598-025-94957-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


effects, are not considered. For this reason, the manufacturer’s specifications tend to overestimate ablations in 
patients21,22. This may result in incomplete ablation and thus tumor recurrence. Therefore, vascular cooling 
effects of the patient-specific liver vasculature in relation to the antenna position must be considered when 
planning MWA. Software-based numerical simulations are able to calculate ablation size in advance including 
cooling effects, liver tissue properties as well as the ablation system and energy parameters16–18,25,26. However, 
these simulations require a high computational power and are too time-consuming for daily use in clinical 
practice19,27. Neither the manufacturer’s specification nor numerical simulations currently seem suitable for 
clinical routine to reliably anticipate ablation size. For this reason, a simplified method, which indicates ablation 
success is necessary.

The ASR is intended to close the gap between the simplified manufacturer’s recommendations and the 
complex numerical simulations. It is supposed to provide the clinician with a practical tool for predicting ablation 
success. Due to vascular cooling effects, ablations in vivo are rarely round, but often irregularly shaped. Although 
the minimum and maximum diameter of an ablation are often specified for a retrospective assessment, this 
information is insufficient for ablation planning due to the irregular occurrence of ablation shape18,19,28,29. For 
the clinical user, a fixed area around the antenna must be defined in which a safe ablation can be assumed. The 
antenna can then be placed in such a way that complete tumour ablation is ensured. Such an area is represented 
by the three-dimensional minimum radius (r3Dmin) of an ablation, which consequently is the basis of the ASR. 
The intended ablation size is set in relation to the number of MWA that have been performed, resulting in the 
probability of ablation success rather than an absolute value. By definition, the ASR ranges from 0 to 100%. For 
example, the ASR for very small tumors is close to 100%, whereby this value decreases with increasing tumor 
diameter. If required, a safety distance of 5–10 mm can be added.

For an initial validation, the ASR was developed using a standardized ex vivo model in this study. For clinical 
application of the ASR, a large number of ablations need to be evaluated. This could be implemented by assessing 
minimal ablation radii of patients retrospectively based on CT and MRI data, taking into account the respective 
ablation system, the applied energy input and the exposure duration. The quality of the ASR will hereby increase 
with the number of ablations analyzed. The ASR is close to clinical reality, as it takes ablation size variation 
depending on cooling effects and liver tissue properties into consideration. Additionally, a subgrouping for 
special cases such as perivascular tumors or tumors near the liver capsule as well as ablations with a Pringle 
maneuver can be included. However, it must be considered that the ASR is only applicable for the selected 
ablation setting (ablation system, ablation time, applied energy) and must therefore be determined again for all 
other cases with different ablation parameters.

Eventually, an individual ablation simulation that incorporates tumor location, vessel vicinity as well as tissue 
properties of the patient is the desired goal. Until this is implementable in clinical routine, preinterventional 
ablation planning should be based on ablation success derived from a retrospective analysis of real ablations 
rather than on manufacturer’s specifications.

In the present experimental ex vivo setting, safe ablations (ASR = 100%) were possible up to 20 mm (RZ) 
or respectively 16 mm (WZ) with the absence of liver perfusion and up to 12 mm (RZ) and 7 mm (WZ) with 
preserved liver perfusion. These results are not sufficient for clinical application, especially if a safety margin 
of 5 mm around the tumor is added. However, low energy parameters (ablation power: 100 W; ablation time: 
5  min) and thus small ablation sizes were chosen in this experimental setup so that the ablations could be 
performed in the narrow porcine liver. This approach was reasonable as we did not want to investigate the 
absolute ablation size but the ASR in relation to vascular cooling effects. In clinical application, larger ablations 
can be expected because higher ablation parameters are used30,31. Therefore, our experimental ablation sizes 
should not be directly transferred to MWA in patients. Furthermore, a classification of an ablation into WZ 
and RZ is only applied macroscopically and histologically13,32. In clinical routine, this classification plays 
a subordinate role, as MWA is primarily evaluated using imaging techniques, which do not permit a color- 
or structure-based distinction between WZ and RZ6. Accuracy is further constrained by spatial and contrast 
resolution to approximately 2–3 mm, depending on the imaging modality used33. However, studies have shown 
that there is close conformity between the RZ and the ablation detected in CECT15. Since complete cell death is 
uncertain in the RZ, it is essential to include values for both WZ and RZ in experimental studies to accurately 
assess MWA28. Our experiments showed a Regularity Index (RI) of approximately 0.6 for ablations performed 
without vessel perfusion (0 ml/min), indicating an ellipsoidal rather than perfectly round ablation shape, even in 
the absence of vascular cooling. In clinical studies, the RI is derived from CT or MRI measurements, where WZ 
and RZ cannot be clearly distinguished12. This often results in RI values closer to 1.0, as the RZ is included in the 
measurement12,34. Unlike other studies, we focused exclusively on the WZ, which generally conforms to the shape 
of the ablation probe, leading to a more elongated appearance. Consequently, our RI values are lower compared 
to other research groups and cannot be directly translated to clinical practice. Intrinsic factors inherent to the 
ablation process such as uneven energy distribution of the ablation device or different thermal properties of the 
liver tissue (cirrhosis, tumor, neoadjuvant therapy, etc.) may contribute to lower RI values12,35. Additionally, it 
must be noted that a large number of ablations is required for the ASR to increase in quality and to reduce the 
uncertainty of values due to naturally occurring variations in tissue properties. The implementation of a database 
with the help of software programs seems advisable in this case. Further limitations of the experimental setup 
include the use of a glass tube instead of natural liver vessels, the absence of a liver tumor and a macroscopic 
ablation analysis instead of using imaging techniques. The use of a glass tube as a vessel is very well established 
in experimental studies9,11,36. It is known that glass has similar heat properties than blood vessels and therefore 
is a suitable substitute in an ex vivo models37. In our study only one vessel was utilized to induce cooling effects, 
so no conclusion can be drawn regarding the effects of very large vessels or the complex vascular condition 
present in clinical practice in general. We observed a greater decrease in ablation success when the vessel was 
situated at the ablation margin. As the outer ablation margin is characterized by the lowest energy density, it is 
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particularly vulnerable to the cooling effect. Since the ASR automatically considers vascular cooling effects, an 
application of the ASR with in vivo and/or clinical ablations seems possible. Although tumor models for HCC 
exist, we used native ex vivo porcine liver for an initial validation of the ASR due to ethical and cost-effective 
reasons38. Moreover, blood-perfused tissue models are commonly utilized for evaluating MWA26,39,40. Physical 
characteristics of human and porcine liver as well as tumor tissue are known, so that a translation to a tumor 
model is feasible with the aid of numerical simulations41. This study focused on healthy liver tissue that was 
analyzed immediately after MWA, limiting the ability to assess long-term changes in ablation zones. Studies 
indicate that the inner red zone progressively becomes non-viable42. Long-term studies are essential to better 
understand how ablation zones change over time. Our experiments were conducted at room temperature. Due to 
the higher thermal gradient compared to body temperature, cooling effects may be more pronounced. Previous 
studies on radiofrequency ablation (RFA) have shown that macroscopic results at room and body temperature 
are generally comparable36. Lastly, we solely assessed MWA macroscopically in our study according to Mulier 
et al.43. In clinical routine the ASR will be based on real ablations and therefore depend on an evaluation using 
imaging modalities. It has to be considered that digital ablation assessment is affected by artifacts, hemorrhage, 
cooling effects and tissue edema44. Tissue shrinkage from dehydration and protein denaturation above 60 °C 
may further underestimate an ablation evaluation45–47. In our study, a macroscopic approach was deliberately 
chosen to develop and test the ASR under standardized conditions. The implementation of the ASR to imaging 
techniques in an in vivo setting is the next preferable step.

Conclusion
The ASR is a promising tool for assessing ablation success in MWA preinterventionally taking into account 
tumor size, cooling effects of natural liver vessels and ablation parameters. For the use in clinical practice, the 
ASR should be based on a retrospective evaluation of real patient ablations.

Materials and methods
Definition of the ablation success ratio (ASR)
The primary aim of this study is the establishment and validation of the methodology of the ASR in a standardized 
ex vivo experimental setup. The Ablation Success Ratio (ASR) is designed to predict the probability of achieving 
complete ablation depending on the given tumor diameter. Thermal ablations often result in irregularly 
shaped areas of tissue destruction. The ASR focuses solely on the minimum three-dimensional ablation radius 
(r3Dmin), which defines the spherical zone of tissue that has been completely ablated. This radius is crucial for 
planning an effective MWA. After an ex vivo validation (presented in this study), the goal is that the ASR will be 
derived from a retrospective analysis of real patient data (r3Dmin) in the future using standardized ablation zone 
measurements15,28. It will specifically examine cases where identical ablation parameters (MWA system, energy 
settings) were used. This data-driven approach ensures that the ASR reflects actual clinical outcomes. The ASR 
represents the percentage of these analyzed MWA cases in which the ablation area exceeded the planned target 
area required for complete tumor ablation. An ASR of 100% indicates that all analyzed ablations were larger than 
the target, signifying a “safe” ablation (Fig. 4). Conversely, an ASR of 50% suggests that only half of the ablations 
were larger than the target, warranting a more critical assessment of the planned procedure.

Fig. 4. A conceptual representation of the ablation success rate (ASR) as it might be available to clinicians 
at the bedside in the future. This example graph shows how clinicians might use the ASR for tumor ablation, 
classifying success as “certain”, “critical” or “impossible”. The final visualization will be based on actual patient 
data.
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The ASR will determine the success of an ablation with a planned ablation diameter of ( x) intended to treat 
a tumor with a specific diameter and is calculated as follows:

Given ntotal (total number of ablations analyzed) and r3Dmin, the diameter of each minimal ablation 
( dmin) is:

 dmin = 2 × r3Dmin

The percentage of ablations n+ with diameters greater than x is derived by:

 
ASR = n+

ntotal
× 100

where n+ is the number of ablations for which the diameter dmin > x.
The number n+ can be formally expressed as the sum over all ntotal ablations:

 
n+ =

∑
ntotal
i=1 Heaviside(2 × r3Dmin, i − x)

The Heaviside function Heaviside (z) is a step function defined as:

 
Heaviside (z) =

{ 1 if z > 0
0 if z ≤ 0

The accuracy of the ASR will increase with the number of ablations analyzed ( ntotal). This method allows the 
calculation of the percentage of ablations exceeding the target size (ASR), facilitating a quantitative analysis of 
the effectiveness and efficiency of MWA relative to the desired target size.

Validation of the ASR in an ex vivo study
The aim of the experimental setup was to evaluate the ASR in relation to different positions of hepatic vessels with 
respect to the ablation zone under standardized conditions. All experiments were conducted in an established 
ex vivo model with native porcine livers obtained from an abattoir (Brandenburg, Germany) within six hours 
after slaughtering9,11,48. To induce standardized vascular cooling effects, a perfused glass tube was used as “liver 
vessel”. Seven different vascular flow rates were evaluated. MWA were performed in a custom-made aiming 
device that enabled the insertion of the vessel (glass tube) and exact positioning of the microwave antenna at 
three different distances into the liver (Fig. 5). After MWA, the ablations were cut into half and directly snap 
frozen. A 3D ablation evaluation was then carried out to validate the ASR. Details of the exact experimental 
setup are described below.

Microwave ablation
The Emprint™ MWA system (Covidien, Boulder, CO, USA) with a 2.45  GHz generator was applied for all 
experiments. An antenna with a shaft length of 20 cm and an active tip length of 25 mm (Emprint™, Covidien, 
Boulder, CO, USA) was used. Internal cooling of the antenna was secured with saline solution and a continuous 
flow rate of 60 ml/min. A glass tube with an inner diameter of 3 mm and an outer diameter of 5 mm simulated 
a natural liver vessel11,36,48. This vessel was connected to a peristaltic pump (flow rates ≤ 5 ml/min: Minipuls® 3, 
Abimed, GILSON, USA; flow rates ≥ 10 ml/min: Watson-Marlow™ 323E/D, Bredel Pumps, Falmouth, Cornwall, 
England). A custom-made aiming device made from acrylic glass ensured parallel placement of the microwave 
antenna (A) and vessel (V). Three different A-V distances were analyzed: 2.5, 5.0, 10.0 mm. Seven different flow 
rates were tested for each of the three A-V distances for 5 min at 100 W: 0, 1, 2, 5, 10, 100, 500 ml/min (Fig. 5), 
resulting in twenty-one different ablation settings (n = 6 ablations for each setting). Ablations were performed at 

Fig. 5. (a) Experimental setup using a custom-made aiming device which allowed exact placement of the 
antenna and vessel into the liver segment. (b) Three different antenna-to-vessel distances (A-V distance) were 
analyzed at seven different flow rates (ml/min) so that a total of twenty-one different set-ups were planned.
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room temperature. After MWA, ablations were halved along the maximum cross-sectional diameter, which was 
expected at the center of the active zone of the antenna. Following a tissue preparation with Tissue Tek® O.C.T.™ 
(Sakura Finetek Germany GmbH, Staufen, Germany), ablations were snap frozen with liquid nitrogen and 
stored at -80 °C. A croystat (CryoStar™ NX70 Cryostat, ThermoFisher Scientific, Waltham, USA) was used to cut 
slices with a defined layer thickness of 50 μm from the respective ablation halves. Every 2 mm, the exposed plane 
was photographed next to a millimeter scale so that the corresponding plane could be included in a consecutive 
evaluation.

Ablation analysis
Images of all ablation slices were macroscopically analyzed with a custom-made software 
(MWANecrosisMeasurement, Fraunhofer Institute for Digital Medicine MEVIS, Bremen, Germany). First, 
the software calibrated the images using the photographed millimeter paper. Subsequently, the “white zone” 
(WZ) and “red zone” (RZ) were outlined manually based on the color differences of the ablated tissue compared 
to native liver parenchyma32. The WZ is defined by irreversibly damaged tissue and represents the area of 
the ablation where complete tumor destruction is expected13,43. It is macroscopically identified by its beige/
grey color. Adjacent to the WZ is the reddish colored RZ, where tissue destruction is incomplete and tumor 
recurrence may occur13. Based on the manual outline, the software then computed the minimum (rmin) and 
maximum (rmax) radius of the WZ and RZ for each ablation layer/segment (2D) (Fig. 6).

3D ablation radii
Using the two-dimensional (2D) analysis from before, the minimum and maximum ablation radius of the 
entire ablation (three-dimensional, r3D) were subsequently calculated. The starting point for the calculation was 
the ablation center (C), defined by the antenna insertion point of the ablation plane with the largest ablation 
diameter. Next, the Pythagorean theorem was used to calculate the distance between the ablation center (C) 
and the minimum radius of the respective ablation plane (dCR1, dCR2, …, dCR20). This distance represented the 
hypotenuse in the Pythagorean theorem. The distance of the respective ablation plane from the ablation center 
(d0mm, d2mm, …, d20mm) and the corresponding minimum ablation radius (rmin1, rmin2, …, rmin20) were used as 
the catheti of the right-angled triangle. Thus, the following formula was obtained: dCRx = 

√
rminx2 + dxmm

2

. The minimum radius of the entire ablation volume approximately represented the smallest value of the amount 
of all previously calculated minimum radii: r3D = min (dCR1, dCR2, …, dCR20).

Regularity index (RI)
Based on the previous results, the 3D minimum and maximum ablation radii were used to calculate a 3D 
regularity index (RI) of an ablation13. With the help of the RI, the ablation geometry was analyzed. The RI was 
established by the quotient of the 3D minimum and maximum radius (RI = r3Dmin / r3Dmax). Values close to 

Fig. 6. (a) Exemplary display of a segmented ablation. Initially, all ablations were bisected at level of the center 
of the active zone of the antenna to achieve the largest cross-sectional area. Starting from the center (0), each 
ablation half contained a maximum of ten additional segments (+/- 20). (b) The antenna (A) and vessel (V) 
were identified and the WZ and RZ outlined manually in each ablation segment. The software then calculated 
respective ablation radii. In clinical practice, a microwave ablation ideally covers the liver tumor completely 
(green sphere). Cooling effects, however, can lead to discrepancies of the expected minimal radius and the 
actual minimal radius (cf. Fig. 1).
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1.0 correspond to an almost spherical ablation geometry, whereas values < 1.0 indicate ellipsoidal or irregular 
ablation shapes.

Statistical analysis
Statistical analysis was performed using SPSS (IBM SPSS Statistics, version 29 for Windows, Armonk, USA). 
Data are expressed as median (minimum - maximum). The Kruskal-Wallis test was applied for analyzing 
multiple independent samples, while the Mann-Whitney U test was used for the comparison of two independent 
samples. A Bonferroni correction was included due to multiple testing. Therefore, the level of significance was 
set to p ≤ 0.008. p values ≥ 0.008 and ≤ 0.05 were not considered statistically significant but were interpreted as 
a trend.

Data availability
The datasets analysed in our study are available from the corresponding author on reasonable request.
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