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Abstract: Background and Objectives: To report on the first results of safety, efficacy, and outcome
of CT-navigated stereotactic percutaneous electrochemotherapy (SpECT) in patients with primary
and secondary liver malignancies. Methods: This retrospective study included 23 consecutive
lesions in 22 patients who underwent SpECT for primary and secondary malignant liver lesions
with locally curative intention. The endpoints were primary technique efficacy (PTE), local tumor
progression (LTP), time to progression (TTP), and occurrence of adverse events. Results: The mean
maximum diameter of the treated lesions was 42 mm (range: 16 mm-72 mm). Eight lesions were
hepatocellular carcinoma (34.8%), five lesions were colorectal liver metastases (21.7%), three lesions
were cholangiocellular carcinoma (13.0%), and the other seven lesions were liver metastases from
different primary cancers (30.4%). PTE was achieved for 22 lesions (95.7%). The mean follow-up
time was 15 months (0-39 months). No LTP was observed. In six patients (27.3%), hepatic tumor
progression was observed during follow-up with a mean TTP of 3.8 months (2-8 months). In
10 procedures (43.5%), minor complications (1 CIRSE Grade 2) and side effects occurred, but no
major complications were observed. Conclusions: SpECT seems to be a safe and effective new local
treatment modality for primary and secondary liver malignancies.

Keywords: HCC; iCCA,; liver cancer; liver metastasis; interventional oncology; percutaneous tumor
ablation; electrochemotherapy; stereotactic navigation; CT-guided intervention

1. Introduction

Primary and secondary liver malignancies are common and represent a significant
worldwide health concern. Primary liver malignancies, especially hepatocellular carcinoma
(HCC) and, to a lesser extent, intrahepatic cholangiocarcinoma (iCCA), as well as other less
common malignancies like hemangioblastoma, are amongst the leading causes of cancer-
related deaths worldwide [1,2]. Secondary hepatic malignancies are a more heterogeneous
group of diseases and are even more common than primary liver tumors [3], with colorectal
cancer, lung cancer, breast cancer, and prostate cancer as the most frequent primary ma-
lignancies for liver metastases [2,4-7]. In many clinical scenarios, surgical resection is the
therapy of choice for the treatment of primary liver tumors and oligometastatic secondary
liver tumors. However, in many cases, surgical removal of liver tumors at the time of
diagnosis is not possible [8,9].
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Minimally invasive local ablative treatment approaches are increasingly being pushed
into this gap, given the inclusion in several international guidelines for the multimodal
treatment of primary and secondary liver malignancies [10-13]. The most established
local ablative methods are hyperthermic percutaneous treatment options, including ra-
diofrequency ablation (RFA) and microwave ablation (MWA). Despite the advantages
of MWA and RFA compared to liver surgery regarding invasiveness, repeatability, and
cost-effectiveness [14], limitations like the heat sink effect and the risk of thermal damage to
thermosensitive intrahepatic structures like major bile ducts, the gallbladder, the stomach,
and the small and large bowel have to be kept in mind [15-17].

In recent years, non-thermal ablative methods have emerged to overcome the limita-
tions of thermal ablations. Irreversible electroporation (IRE) uses electric fields generated be-
tween several electrodes to induce irreversible damage to the tumor’s cell membranes [18].
Successful and safe IRE demands careful treatment planning and almost parallel electrode
positioning with respect to angulation and skewness in and around the target lesion at
defined distances to achieve homogenously high electrical fields [19-21]. However, this
limits the size of treatable lesions and the access to lesions with complex anatomy [22].
Another non-thermal ablation method is interstitial brachytherapy (ISBT), where locally
high radiation doses are applied to treat tumor lesions in the liver [23]. While this method
can also be utilized to treat relatively large lesions, the drawback of this treatment option is
the lack of repeatability in case of tumor recurrence and that it cannot be used in proximity
to radiation-vulnerable adjacent organs and some radio-insensitive tumors.

Electrochemotherapy (ECT) applies the principle of electroporation, as does IRE [24].
This effect does not result in systemic effects and is utilized to achieve a local cytotoxic
intracellular concentration of a chemotherapeutic agent. The established chemotherapeutic
agents for ECT are bleomycin and cisplatin. Bleomycin is administered either intratumorally
or intravenously, whereas cisplatin must be administered directly at the tumor site [25].
Local concentrations of bleomycin are increased by 100-5000 times, and those of cisplatin
are increased by 1.8-12.2 times [26]. ECT affects tumor blood vessels through electric pulses
alone and drug delivery to the endothelial cells of the tumor vasculature, in addition to
its cytotoxic effect on tumor cells [27]. The application of electric pulses essentially causes
the tumor vessels to vasoconstrict immediately (vascular lock effect), which is followed
by a delayed vascular disrupting effect [28]. It has been demonstrated that this only
affects the smaller tumor blood vessels, leaving the larger normal blood vessels around the
tumor unaffected. Bleomycin is added to further increase the cumulative effect on tumor
blood vessels [29]. Since 1991, ECT has been used to treat cutaneous and subcutaneous
metastases of various tumor types. Because of its high rates of local tumor control and good
tolerability, it is also included in the current S3 guidelines for the diagnosis and treatment
of malignant melanoma [30].

Like IRE, ECT causes only little damage to blood vessels, bile ducts, the liver capsule,
and adjacent structures [31,32]. ECT presents potential advantages over IRE in terms of
shorter ablation times due to the reduced number of pulses (eight pulses per electrode pair
compared to 70-100 pulses per electrode pair), and the ability to place electrodes at a less
parallel angle and further apart than IRE (3.0 cm compared to 2.0 cm), thereby enabling
the ablation of much larger, geometrically complex tumors in even more anatomically
challenging locations without requiring repositioning of the electrodes. Drug-induced
lung toxicity and lung fibrosis are possible and feared side effects, commonly appearing
at cumulative dosages of 300 mg (300,000 IU) and above [33]. However, if an adult’s
body surface area is assumed to be 1.8 m? on average and the suggested bleomycin dose
according to the standard operating procedures for an ECT treatment is 15 mg/m?, then the
300 mg threshold would not be reached until the twelfth ECT treatment [25]. In addition,
the repeatability of ECT is an advantage over ISBT. Technical advances have made ECT
available to treat deep-seated tumor lesions in solid organs like the liver. Initial case reports
and a pilot study for intraoperative ECT of liver tumors in 16 patients showed promising
results with complete ablation rates between 55% and 85% [34-37]. Percutaneous ECT
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(pECT) allows a minimally invasive approach to treat deep-seated lesions. A first pilot
study with 18 patients, a case series with five patients, and two case reports of pECT for
the therapy of liver tumors also showed encouraging results with response rates of 86% to
100% and a primary technique efficacy (PTE is defined as complete ablation of macroscopic
tumor following the initial procedure or a defined course of treatment at a prospectively
defined time point [38]) of 62% to 80% [39-45]. However, there is still a lack of evidence
concerning the safety and efficacy of ECT for treating liver malignancies, and no literature
on long-term follow-up is available.

The incorporation of navigation systems into percutaneous interventions represents
a significant advancement in interventional oncology. Navigation systems allow real-
time, three-dimensional planning of trajectories and precise targeting of lesions, ensuring
accurate electrode placement during ablation procedures and improving PTE [46-51]. This
technology mitigates the risk of inadvertent damage to surrounding healthy tissues, which
leads to fewer complications and thereby enhances the safety profile of ablations and
expands their potential applicability in challenging anatomical locations, such as the liver
hilum [52,53]. This might significantly benefit complex ablation procedures, where precise
placement of multiple electrodes, like in IRE and pECT, is essential for ablation success [54].

Literature on navigation-based treatment planning for ECT is scarce and only available
for head and neck tumors [55]. To our knowledge, no study so far has been published
focusing on the clinical performance potential of CT-navigated stereotactic percutaneous
electrochemotherapy (SpECT) in patients with malignant liver tumors. Because surgery and
standard local thermal ablation techniques like MWA and RFA are not always applicable,
advanced interventional oncology approaches such as SpECT could be the new silver bullet.
Therefore, our retrospective study aimed to report on the safety, efficacy, and outcome of
SpECT in patients with primary and secondary liver malignancies.

2. Materials and Methods
2.1. Patient Slection

The local ethics committee approved this single-arm retrospective cohort study under
approval number 24-3930-104. Patient consent was waived due to the retrospective nature
of the study. All patient cases were discussed in an interdisciplinary tumor board prior
to SpECT, where the recommendation for treatment with SpECT was made because the
patients’ lesions were adjacent to central hepatic vessels, central bile ducts, or the hepatic
hilum, making resection or thermal ablation unfeasible, and were too large to be treated
with IRE. Before the intervention, all patients were provided with comprehensive details
and risks of the procedure, and informed consent was obtained. A total of 22 consecutive
patients with primary or secondary hepatic malignancies treated with SpECT in a locally
curative intention for 23 lesions in 23 sessions between 01/2020 and 05/2024 were included
in the study. Exclusion criteria were patient age under 18 years, pregnancy or breastfeeding,
and SpECT in palliative intention to reduce tumor volume of a target lesion or in patients
with extrahepatic tumor manifestations.

2.2. SpECT Procedure and Follow-Up Imaging

All SpECT procedures were carried out under general anesthesia and stereotactic
guidance. After the intravenous pressure injection of 100 mL of a non-ionic iodized
contrast agent (Accupaque 350, GE Healthcare, Chicago, IL, USA), a dual-phase contrast-
enhanced planning CT scan (SOMATOM Definition Edge, Siemens Healthineers AG,
Erlangen, Germany) was conducted with an arterial and portal venous phase using sterile
radiopaque reflective optical markers that were attached to the patient following sterile
preparation. To prevent changes in the liver position brought on by respiratory movement,
all CT scans were obtained while the patient was in temporary apnea.

The CT data were then transferred to the navigation system (CAS-One IR, CAScination
AG, Bern, Switzerland) adjacent to the CT gantry to define the virtual electrode trajectories
using multiplanar reconstructions and three-dimensional models of the scan volume. In
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detail, trajectory planning was performed by defining a target position (i.e., in and/or
around the tumor) and an entry point at skin level by avoiding anatomical risk structures
to create an electric field that encompassed the entire tumor volume with a minimum safety
margin of 5 mm [56]. The number and arrangement of trajectories were determined by the
size and geometry of the target lesions. Subsequently, three to six single-needle electrodes
with a diameter of 17 G/1.2 mm and an active tip length of 30 or 40 mm (IGEA VGD,
IGEA S.p.A., Carpij, Italy) were introduced through the CAScination aiming device while
the patient was in temporary apnea. Before ECT, an unenhanced CT scan was performed.
The data of the control scan were transferred to the navigation system and fused with the
planning scan based on image coordinates or landmark registration to verify the correct
electrode position; if necessary, the electrode position was manually corrected. Bleomycin
was administered intravenously through a peripheral venous catheter by hand as a slow
bolus over two minutes in a dosage of 15,000 IU/m? body surface area, diluted with saline
to 20 mL, followed by a flush of 10 mL saline. After a waiting time of eight minutes to
ensure homogenous distribution of the bleomycin in the patient’s body, electroporation
was performed using the ECT Pulse Generator IGEA Cliniporator VITAE (IGEA S.p.A.,
Carpi, Italy) following the standard operating procedures for ECT [25]. Another control
scan in the arterial and portal venous phase was performed at the end of the procedure
after electrode removal to rule out any peri-interventional complications and to confirm
that complete ablation had been achieved. A native control scan was conducted to rule
out peri-interventional complications in cases where a second contrast agent injection was
not feasible due to impaired renal function. In those cases, a contrast-enhanced MRI and
CEUS (contrast-enhanced ultrasound) were conducted on the first postinterventional day
to confirm the success of the ablation.

Following SpECT, routine follow-up imaging was carried out at six weeks, three
months, and then every three months for two years. The follow-up intervals were then
extended to six months. If feasible, an MRI scan was conducted with CareBolus with arterial
(after 10 s), late arterial (after 40 s), portal venous (after 75 s), and hepatobiliary late phases
(after 20 min), and gadoxetic acid as a contrast agent (Primovist, Bayer AG, Leverkusen,
Germany). In rare situations, a CT scan was conducted due to MRI contraindications (for
example, implanted pacemakers or allergies to the MRI contrast material).

2.3. Data Acquisition and Statistical Analysis

All data were collected retrospectively and consecutively from a database of patients
with malignant liver lesions who were treated with CT-guided percutaneous ablation
methods at our institution between 01/2020 and 05/2024 and from the patient’s medical
reports and electronic charts in our institution’s hospital information system (SAP, Walldorf,
Germany). SPSS Version 29 (IBM, New York, NY, USA) was used for all statistical analyses.
Patient age, gender, tumor entity, maximum and minimum diameter of the treated lesions,
location of the target lesions in the liver, procedure time, the dose length product (DLP) for
the procedure, PTE (defined as the percentage of the target tumors that were successfully
chemoablated at the 6-week follow-up, as determined by consensus of two experienced
radiologists (LL, IE)), local tumor progression (LTP), time to progression (TTP), if applicable,
the date and cause of death or duration of follow-up, the occurrence of adverse events
according to the CIRSE classification system, and the number of procedure-related side
effects (i.e., minimal asymptomatic perihepatic hematoma, asymptomatic pleural effusion,
pain, and the post-ablation syndrome) were documented for all patients [38,57].

3. Results
3.1. Patient Characteristics

From 14 January 2020 to 15 May 2024, 23 tumor lesions in 22 patients were treated in
23 sessions. The mean patient age was 63 years (41 to 80). Seventeen patients were male
(77.3%), and five were female (22.7%). Five of the treated HCCs were BCLC stage A, two
were BCLC stage B, and one was BCLC stage C. Fourteen of the treated patients had normal
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liver function parameters at the time of the ablation treatment (63.6%), six had liver cirrhosis
Child-Pugh A (27.3%), and two had liver cirrhosis Child-Pugh B (9.1%). Fifteen patients
had previously undergone liver surgery and/or MWA, RFA, or IRE for the treatment of
liver malignancies (68.2%), eleven patients had received oncologic tumor resections of
non-liver-primaries (50.0%), four patients had received trans-arterial chemoembolization
(TACE) (18.2%), and twelve patients had received systemic treatment before SpECT (54.5%).
Only two patients with HCC were treatment-naive. Table 1 presents a detailed overview of
the treated tumor entities and oncological treatments prior to SpECT.

Table 1. SpECT-treated tumor entities and prior oncological treatments.

Tumor Entity and

Pathohistology (G = Grading) Initial TNM/BCLC Previous Locoregional Therapy Previous Systemic Therapy
. Liver resection N . .
iCCA, G3 pT2, pNO (0/5), cMO (segment TV, VIII) Gemcitabine/Cisplatin
. Liver resection (segment V-VIII, s . .
iCCA, G3 ypT2, ypNO, cMO atypical I1/1IT) Gemcitabine/Cisplatin

iCCA, G2-G3 cT1la, cNO, cMO 2x IRE liver (segment VIII) -
HCC BCLCB - -
TACE liver (segment III, VI, VIII),
HCC, G1 BCLC A RFA liver (segment VI), MWA -
liver (segment III, IV, VII)
TACE liver (segment II, VII), liver
resection (segment IVa, VIII, VII,
HCC, G2 BCLCB atypical III resection), MWA liver
(segment V, VI/VII, VIII)
TACE/MWA liver
HCC BCLCC (segment IV/V, V) )
HCC, G1 BCLC A - -
Liver resection (segment IVb,
HCC, G2 BCLC A atypical VI), IRE liver -
(segment IVa)
Liver resection (segment VI,
HCC, G2 BCLC A atypical II/III), MWA liver -
(segment IVb, V)
HCC BCLC A RFA liver (segment II/III), TACE )

liver (segment II/11I)

Metastasis Breast Cancer, G2,
Her2neu negative,
proliferation rate 15%

pTlc, pNO (0/6), cMO

Breast resection, liver resection
(segment VIII)

Tamoxifen

Left hemicolectomy, extended left

Folfox, 5-FU/FS,

Metastasis CRC, G3 pT3b, pN1, cMO hemihepatectomy F.olfnl'l/Avastn.L .
(segment TI-1V, VIII) Capecitabine/Oxaliplatin,
& ! Folfiri/ Aflibercept
Right hemihepatectomy (segment
Metastasis CRC not available V-VIII), high anterior Immunochemotherapy
rectal resection
Sigmoid resection, liver resection
Metastasis CRC, G2 pT3, pNO, cM1 (segment II, III, atypical V, VI) Panitumumab, FOLFOX6
MWA liver (segment VII)
Metastasis CRC, G2 pT3, pN2b, M1 Sigmoid resection, liver resection )

(segment II/1II, atypical IVa)
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Table 1. Cont.

Tumor Entity and o . . . .
Pathohistology (G = Grading) Initial TNM/BCLC Previous Locoregional Therapy Previous Systemic Therapy
Rectal resection, liver resection
Metastasis CRC T and N unknown, cM1 (segment II/1II), atypical right Capecitabine
lower lung lobe resection
. . . Segment resection of the jejunum,
Metastasis small intestine T and N unknown, cM1 multiple resections of Imatinib

GIST, Ki67 index 2%

the omentum

Metastasis Granulosa Cell
Tumor

Caroplatin/Taxol, Topotecan,
Caelix, Gemzar, Treosulfan,
Doxorubicin/Trabectidin,
Cisplatin/Doxorubicin

Sigmoid resection,

not available .
omentum resection

Metastasis Lung Cancer,
adenocarcinoma,
EGFR-EXON20-mutation

Carboplatin, Nab-Paclitaxel,
Pemetrexed, Atezolizumab,
Bevazizumab, Mobocertinib

cT1b, cN2, cM1c Right upper lobe lung resection

Metastasis Lung Cancer,
adenocarcinoma

Carboplatin, Pemetrexed,
Atezolizumab,
Nivolumab/Ipilimumab

ypT2b, ypN1 (5/23), M1b Left upper lobe lung resection

Metastasis Malign Melanoma,
BRAF wild type

pT2b, pN3c, pMlc Cheek surgery Ipilimumab /Nivolumab

3.2. SpECT Procedure, Primary Technique Efficacy, Complications and Side Effects

The mean tumor long axis of the treated lesions was 42 mm (range: 16 mm-72 mm),
and the mean tumor short axis was 34 mm (range: 12 mm-55 mm). The mean procedure
time for SpECT was 127.0 min (85 min—188 min), and the mean dose length product for the
procedures was 2034.7 pGycm (range: 836 nGycm-3388 uGycm).

PTE was achieved in 22 of 23 lesions (95.7%). Only one lesion (metastasis of a small
intestine GIST) showed signs of remnant vital tumor tissue at the ablation margin in
proximity to the liver hilum in the first follow-up MRI six weeks after treatment; this
was confirmed in an additional PET scan, which was ordered following the MRI scan.
According to the PET images, the remaining vital metabolic tumor volume was less than
50% of the original tumor before the treatment with SpECT. Unfortunately, the patient
also showed several new liver metastases on the first post-therapeutic MRI scan and was,
therefore, referred to systemic therapy.

No major complications (CIRSE grade > 3) were observed. Minor complications and
side effects occurred for ten procedures (43.5%) during the hospital stay. Nine of those
were minimal perihepatic hematomas in the trajectories of the electrodes, accompanied in 6
(66.7%) by temporary (1-2 days) mild pain at the treated site, which resolved completely
without treatment (i.e., side effects, 39.1%). No other side effects (i.e., post-ablation syn-
drome, pleural effusion) were observed. One patient showed elevated infection parameters
without fever or pain the day after the treatment with SpECT. After initiating an antibiotic
treatment, the infection parameters returned to normal values, and the patient could be
discharged three days after the SpECT treatment (CIRSE grade 2, 4.3%). Figure 1 visualizes
the SpECT procedure using the example of an iCCA patient.
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Figure 1. SpECT of a 64-year-old male patient with a 26 mm large iCCA located centrally in Liver
Segment IVa/VIIIL. (A) MRI-scan in the arterial phase prior to the SpECT procedure. (B) CT-scan in
the arterial phase at the start of the SpECT procedure shows the hypervascularized tumor located
centrally in liver segments IVa and VIII (dotted circles) with close proximity to the right hepatic
artery and the central right bile duct. (C) Planning of the trajectories for five ECT-electrodes using
multiplanar reconstructions on the stereotactic navigation device, as described before [47,53]. The
portal vein and the inferior vena cava including the hepatic veins were segmented in blue and purple,
respectively. (D) Native control scan fused with the arterial planning scan after stereotactic insertion
of the five ECT-electrodes verifies the correct placement of all five electrodes with only minimal
deviations of less than two millimeters from the planned trajectories. The 3D model shows the
proximity of the target lesion to the portal (blue) and hepatic (purple) veins. (E) CT scan in the
arterial phase at the end of the SpECT procedure shows complete devascularization of the tumor
and the directly adjacent liver tissue with a hyperemic rim around the ablation zone (solid arrow).
(F) MRI-scan in arterial phase three months after the SpECT procedure shows PTE (dotted arrow
indicates the former site of the tumor) without residual vital tumor or LTP.

3.3. Follow-Up, Local Tumor Progression and Time to Progression

The follow-up ranged from 14 days to 39 months (median follow-up 15 months, mean
follow-up 14.2 months). No LTP occurred, but six patients (27.3%) had hepatic recurrences
at locations unrelated to the lesion treated with SpECT. The mean TTP for those patients
was 3.8 months, ranging from two to eight months. One of those patients was treated
with MWA for hepatic recurrences two times but developed peritoneal metastases during
the follow-up and was thus referred to a systemic treatment. The other five patients with
hepatic recurrences also showed extrahepatic tumor progression at the time of diagnosis of
the hepatic recurrence. Those patients were either referred to a systemic treatment or the
best supportive care.

Nine patients deceased during the follow-up. Notably, one patient died 14 days after
the treatment with SpECT from community-acquired pneumonia that was not related to
bleomycin exposure. Another patient died 18 days after treatment with SpECT from diffuse
mesenteric hemorrhage in the lower abdomen. A possible relation between the treatment
with SpECT and the bleeding due to possible deterioration of the patient’s liver function
and consecutive coagulopathy was discussed because the patient had an HCC in liver
cirrhosis Child-Pugh A with segmental portal vein infiltration. Still, this scenario was
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ruled unlikely because the last laboratory tests of the patient’s liver function parameters
before the hemorrhage showed a normalization of the patient’s liver function to the level
measured before the treatment. The other seven patients deceased related to systemic
tumor progression or complications related to liver cirrhosis.

4. Discussion

To the best of our knowledge, this is the first study investigating the safety, effi-
cacy, and outcome of CT-navigated SpECT in patients with primary and secondary liver
malignancies. A PTE of 95.7% without LTP or any major complications approves its out-
standing effectiveness and safety profile, highlighting its potential in the growing field of
interventional oncology.

Nonthermal ablative modalities are poised to become important components of the
interventional oncology armamentarium. Pulsed electric field ablation represents a cate-
gory of nonthermal therapy that employs the application of electric field pulses to tissue.
ECT represents a specific form of pulsed electric field ablation that involves the delivery of
electrical energy from electrodes placed around a tumor, resulting in a transient increase in
the permeability of the tumor cell membrane. This mechanism allows the intracellular entry
of a cytotoxic agent, most commonly bleomycin, which exhibits the significant advantage
of being cytotoxic irrespective of the tumor’s histology. ECT is an appealing modality for
the treatment of hepatic tumors in sensitive locations due to its capacity to destroy tumor
cells while preserving the extracellular matrix of adjacent structures, including major blood
vessels and bile ducts [58]. A review of the literature regarding ECT on liver malignancies
reveals a paucity of studies and case series examining primarily the intraoperative use of
ECT for HCC [36,59], iCCA [60,61], and liver metastases [34,37,62,63]. Of particular note
here is a recently published prospective phase II study by Djokic et al. on 24 patients with
32 HCC lesions (mean diameter of 2.5 cm) treated by ECT not amendable for other treat-
ment options [59]. A complete response, partial response, and stable disease were observed
in 84.4%, 12.5%, and 3.1% of the treated lesions, respectively, with local tumor control over
50 months of observation in 78.0% of nodules. In addition, no serious adverse events re-
lated to the procedure were observed within 24 h postoperatively in the intensive care unit.
By comparison, our results show a substantially higher PTE (95.7% vs. 84.4%) and local
tumor control rate (100% vs. 78%) with a comparable safety profile, despite a bigger mean
long axis tumor diameter of 4.2 cm and our inhomogeneous study population containing
various and more aggressive tumors such as iCCA and metastases from colorectal cancer,
lung cancer and breast cancer, albeit over a shorter follow-up period with a median of
15 months in our study in comparison to a median of 20 months in Djokic’s study. In
another prospective phase II trial regarding colorectal liver metastases (mean diameter
2.0 cm), the objective response rate was 75% (our study: 100%) with a complete and
partial response of 63% (our study: 95.7%) and 12% (our study: 4.3%), which is signifi-
cantly inferior compared to our findings [63]. This clearly emphasizes the potential added
value of minimally invasive CT-navigated SpECT for treating primary and secondary
liver malignancies. Using sophisticated navigation technology allows us to effectively
and safely target malignant liver tumors particularly those located in difficult-to-target
intrahepatic locations [46].

To date, only two prior reports with a percutaneous (but not a stereotactic) approach
to liver tumors using ECT have been published [42,45]. In the study by Spallek et al. [42], a
total of 18 patients with liver tumors (mean long axis tumor diameter of 5.9 cm) of various
histopathologic origins (mostly colorectal cancer and breast cancer in 38.9% and 22.2% of
cases, respectively; HCC in only 11.1%) were evaluated for safety and efficacy of ECT over
time. The objective response rate of 85.7% (complete response 61.9%, partial 23.8%) was
substantially lower compared to our results (100%), indicating the potential benefit of using
a stereotactic treatment approach. However, the comparatively worse results of Spallek
et al. can be at least partially explained by the different entity distribution of tumor lesions
and their larger diameter (5.9 cm vs. 4.2 cm). In terms of safety, Spallek et al. reported
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that 18 out of 21 patients (85.7%) experienced mild or moderate side effects following ECT,
without further stratification by the CIRSE classification system, as is the case in this study.
According to our results, the overall complication rate of 4.3% is low and in the range of
0% and 57.9% of previously published data on stereotactic liver ablation [46]. Notably, no
major complications (CIRSE grade > 3) were observed. In addition, ablation-related side
effects were reported in a total of nine treatment sessions (39.1%) in our study. According
to Ahmed M et al., side effects are expected, undesired consequences of the procedure
that occur frequently but rarely, if ever, resulting in significant morbidity [38]. We think it
is important to emphasize the difference between side effects and true complications, as
only the latter usually have a relevant impact on further management. To date, the use of
different definitions and terminology for safety and complications [38,64,65], respectively,
severely limits the comparability between studies, highlighting the critical need for further
standardization of adverse event definitions, as noted by Tinguely et al. [46].

In a second study by the same group on local tumor control with different ablation
technologies in primary and secondary liver malignancies, 211 lesions were treated in
155 patients, including 21 lesions treated with ECT (mean diameter 6.6 cm) [45]. Similarly
to Spallek et al., the most frequent indications for ECT were colorectal cancer metastases in
38%, breast cancer metastases in 24%, and HCC in 14% of treated lesions. Treatment with
ECT resulted in a remarkable local tumor control of 81% in 12 months, despite the large
size of the treated lesions and their predominant location in challenging sites (91% of cases,
i.e., hepatic lesions adjacent to central hepatic vessels, central bile ducts or hepatic hilum).
Of note, local tumor control was defined as complete remission, partial remission, or stable
disease according to the RECIST version 1.1 criteria [66]. Considering the differences in
the heterogeneity of tumor type and extent, the results presented above appear slightly
inferior compared to our findings, which observed no local tumor progression in all treated
lesions over a mean follow-up of 15 months. Nevertheless, hepatic recurrences at locations
unrelated to the treated lesions occurred in six patients (27.3%), with a mean TTP of
3.8 months. To address this problem, the combination of (Sp)ECT and immunotherapy may
be a promising approach in the near future to improve local and distant tumor control and
enhance the systemic antitumor response [67]. Further studies are warranted to understand
the underlying mechanisms and the potential of a combined treatment to enable a more
personalized and tailored therapeutic approach.

This study has several limitations. As a single-center retrospective study, the findings
may not be fully generalizable to other clinical environments that utilize different equip-
ment, have varying levels of operator experience, or involve diverse patient populations.
Additionally, the small sample size and relatively short follow-up period may hinder the
robustness of the results. The absence of a control group further complicates the inter-
pretation of treatment efficacy. Moreover, the substantial heterogeneity within the study
cohort, which includes patients with different tumor entities, varying histological types,
and a range of prior oncological treatments (e.g., liver surgery, systemic treatment, etc.),
may significantly limit the ability to detect meaningful variations in treatment outcomes.
Finally, while an outcome analysis focusing on overall survival would have been desirable
as a primary endpoint, the aforementioned limitations may substantially bias this survival
analysis, which is only relevant to the scientific community in strictly defined clinical
scenarios. This is exemplified by the CLOCC trial, which demonstrated a significant overall
survival benefit of combining local treatment (i.e., REFA with or without surgical resection)
plus systemic therapy compared to systemic treatment alone in patients with unresectable
colorectal liver metastases without extrahepatic disease [68].

5. Conclusions

This study provides the first published evidence that SpECT appears to be a safe
and effective new local treatment modality for primary and secondary liver malignancies.
SpECT may have a critical impact on clinical management, particularly for tumor lesions
that are not amenable to traditional thermoablative procedures due to their size and/or
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challenging location. The promising impact on outcome in terms of local tumor control may
further lead to the establishment of SpECT as an integral part of the minimally invasive
armamentarium for the treatment of primary and secondary liver cancer.
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