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of incomplete ablations, and early intrahepatic recurrences 
were reported.
Results In 34  months, 54 interventions were performed 
comprising a total of 346 lesions (median lesions per 
patient 3 (1–25)). Eleven patients had concomitant lapa-
roscopic resections of the liver or the colorectal primary 
tumor. Median time for registration was 4:38  min (0:26–
19:34). Average FRE was 8.1 ± 2.8  mm. Follow-up at 
90 days showed one death, 24% grade I/II, and 4% grade 
IIIa complications. Median length of hospital stay was 
2 days (1–11). Early local recurrence was 9% per lesion and 
32% per patient. Of these, 63% were successfully re-ablated 
within 6 months.
Conclusions LIMA does not interfere with the intraop-
erative workflow and results in low complication and early 
local recurrence rates, even when simultaneously target-
ing multiple lesions. LIMA may represent a valid therapy 
option for patients with extensive hepatic disease within a 
multimodal treatment approach.

Keyword Liver · Ablation · Image-guided surgery · 
Surgical navigation · Laparoscopy · Minimal invasive 
surgery

For patients with hepatocellular carcinoma (HCC) and 
colorectal liver metastases (CRLM), surgical resection 
remains the standard of care in a curative treatment set-
ting [1, 2]. However, resection of primary and secondary 
liver malignancies is only feasible in a minority of patients 
due to advanced liver disease, intrahepatic tumor distribu-
tion, or concurrent medical conditions [3]. Local ablation 
strategies have evolved in the last decades, providing hope 
of cure for patients with unresectable liver tumors, and are 
frequently used in combination with or as an alternative to 
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surgical resection [4, 5]. More recent data supporting the 
use of ablative strategies as a valid alternative to resection 
for small HCC are available [6]. For CRLM, local abla-
tion is currently mostly used for non-resectable lesions in 
liver-only or liver-predominant disease [7, 8]. Furthermore, 
patients with advanced age and concomitant comorbidities 
are increasingly put forward for treatments with a curative 
intent. This patient population may particularly profit from 
the combination of a locally effective, minimal invasive and 
tissue-sparing intervention, and repeat therapy sessions are 
well tolerated in case of hepatic recurrence [9, 10].

In order to ensure adequate tumor targeting and thus 
local tumor control with ablation, two important aspects 
remain of relevance during surgery. Firstly, optimal intra-
operative localization and visualization of the intrahepatic 
lesions are required. However, the use of intraoperative 
ultrasound—the standard of care in most institutions—
has its limitations. This is particularly true for livers with 
altered parenchyma, e.g., after extensive neoadjuvant 
chemotherapy or in the setting of liver steatosis or cirrhosis 
[11, 12]. Furthermore, image quality is reduced as a result 
of post-ablation heat artifacts and renders the treatment of 
multiple lesions located within the same region difficult. 
Secondly, precise placement of the ablation probe in the 
tumor center is essential [13]. Ultrasound-guided probe 
placement in the intraoperative setting, in which both the 
ablation probe and the actual lesion must be displayed in 
one image plane, is challenging and requires considerable 
experience [14].

In a laparoscopic setting, additional challenges with 
respect to precise placement of the ablation probes arise. 
Apart from the lack of haptic feedback when guiding the 
ablation probe, limited trajectories especially to superior 
and posterior liver segments render precise probe place-
ment more difficult.

Stereotactic image guidance has been proposed to over-
come the present limitations in localization and targeting of 
intrahepatic tumors. The main goal is to improve the sensi-
tivity of intraoperative tumor localization and to improve 
precision in tumor targeting [15]. The use of stereotactic 
navigation in solid organs such as the liver was first pro-
posed in the late 1990s [16]. To date, several advanced 
navigation systems have been introduced [17, 18] and have 
successfully been applied and validated in open liver sur-
gery [19, 20]. Technology has further evolved and the first 
navigation systems specifically developed for the use in a 
laparoscopic setting have become available [20, 21]. While 
technical analyses on laparoscopic navigation have been 
widely presented on phantoms and ex  vivo [22–25], only 
few data reporting clinical outcome are available to date 
[20, 26, 27].

Based on our preliminary work in an open surgical set-
ting [19], we hypothesize that laparoscopic image-guided 

microwave ablation (LIMA) is an accurate and efficient 
approach for patients with malignant liver lesions. In a first 
step, we report on the technical accuracy, efficacy—meas-
ured as the interference with the intraoperative workflow—
as well as on overall safety when using LIMA for the treat-
ment of malignant liver tumors.

Materials and methods

Between January 2013 and October 2015, all patients 
treated with LIMA for malignant liver tumors at two 
European HPB centers (Department of Visceral Surgery, 
Inselspital Bern, Switzerland and the Department of Sur-
gery and Urology, Danderyd Hospital Stockholm, Swe-
den) were included in this retrospective analysis. The study 
protocol was approved by the Regional Ethical Review 
Boards in Bern (KEK-Nr. 234/15) and in Stockholm (Dnr 
2016/603-31).

Patient population

In both centers, stereotactic image guidance (CAS-ONE, 
CAScination AG, Bern, Switzerland) and microwave abla-
tion (Acculis MTA System, AngioDynamics, Latham, NY, 
USA) were used as a standard of care for all patients in 
whom laparoscopic ablative treatment of liver tumors was 
agreed upon at the local multidisciplinary tumor board.

Laparoscopic ablation was applied in the cases where a 
percutaneous CT- or ultrasound-guided procedure was pre-
cluded, due to the following reasons:

 

• The need for additional diagnostic laparoscopy
• Lesions located in the proximity of organs prone to 

thermal injury during ablation (stomach, gallbladder or 
colon)

• Multiple lesions (> 3–5), where a percutaneous 
approach would have been too time-consuming

• Simultaneous laparoscopic resection of the primary 
tumor

• Combined liver resection and ablation strategies

Selection criteria for LIMA are presented in Table 1.

Pre-surgical planning and intraoperative set-up

Prior to surgery, 3D reconstructions of the patient’s liver 
based on preoperative CT or MRT scans were obtained 
(MeVis Distant Service AG, Bremen, Germany). Gener-
ally, the most recent images (no older than 3 months) were 
used for 3D reconstruction. In patients with vanishing 
lesions, the virtual model was created by fusion of anatomy 
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information from earlier images, where the lesions were 
still visible, with latest available image sets. The 3D image 
data were then uploaded to the navigation system for use in 
the intraoperative navigation process.

For surgery, patients were placed in a supine position 
when targeting lesions located in the left liver and the right 
anterior segments. For lesions located in segments VI and 
VII, a partial left lateral position was preferred. The naviga-
tion system was placed at the patient’s head, allowing for 
an optimal overview over the surgical field by the infra-
red camera. Surgical instruments used for navigation were 

fitted with optically trackable infrared markers and cali-
brated using a custom-made calibration tool (Fig. 1).

Surgical and navigation technique

Intraperitoneal pressure was kept at 10–12  mmHg dur-
ing the whole procedure. Mobilization of the liver mainly 
included transection of the round and falciform ligament up 
to the hepatic veins, in order to allow access for the lapa-
roscopic pointer for registration. Further liver mobilization 
was kept to a minimum in order to prevent alterations in 
liver shape, which might cause impairment of registration 
accuracy.

A rigid four-landmark-based registration technique 
was applied, using a previously described algorithm [17]. 
After selecting four landmarks on the liver surface and/or 
on major vessel bifurcations on the 3D image model, cor-
responding points were chosen on the actual liver using 
an optically tracked and calibrated laparoscopic pointer 
(Fig. 2).

Typical anatomical landmarks included the groove 
between the right and middle hepatic vein close to the infe-
rior vena cava, the rim of the round ligament, the main por-
tal vein bifurcation, the groove near the gallbladder tip as 
well as visible subcapsular tumors, if present.

Table 1  Patient selection criteria

 aColorectal liver metastases
 bHepatocellular Carcinoma
 cNeuroendocrine Tumor

CRLMa

Patients with both (A) and (B)
  (A) Non-resectable lesions, due to

      -Patient comorbidity and/or
      -Insufficient functioning liver remnant due to

          -Number of lesions and/or
          -Distribution of lesions and/or
          -Quality of the underlying liver parenchyma

  (B) Deemed appropriate for curative-intent treatment due to
      -Adequate response to chemotherapy and/or
      -Qualification for multimodal treatment approach

Patients with “vanishing” lesions (complete radiological response to neoadjuvant chemotherapy)
Patients with synchronous CRLM undergoing simultaneous laparoscopic resection of the primary tumor
Patients with a planned two-staged hepatectomy

HCCb

BCLC Stage 0/A, including patients listed for liver transplantation (bridging/downstaging concept)
BCLC Stage B (lesions 3–5 cm)

NETc metastases
Debulking procedures for symptomatic disease

Fig. 1  Calibration of the laparoscopic pointer, using a calibration 
tool indicated at the bottom right 
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After registering four anatomical landmarks, accuracy 
of the registration process was assessed as Fiducial Reg-
istration Error (FRE), combined with visual inspection of 
a correct overlay of tracked instruments on the preopera-
tive liver model. An FRE <10  mm combined with ade-
quate accuracy on visual inspection (indicating accept-
able correspondence of the intraoperative liver position 
with the computed 3D model) was considered acceptable 
for navigated placement of ablation probes. Otherwise, 
the registration process was repeated until adequate reg-
istration accuracy was reached.

Subsequently, ablation probes were inserted through 
a separate skin incision  and navigated towards the tumor 
center using a specific targeting viewer (Fig. 3). An addi-
tional percutaneous trocar was applied to avoid bending 
when long ablation probes (>20 cm) were required. Intra-
tumoral placement of the ablation probe was confirmed by 
intraoperative ultrasound if possible.

Microwave ablation was performed using lesion-spe-
cific settings of energy and time. Based on the assessment 
using intraoperative ultrasound, repeat ablations were 
performed, if necessary. For tumors >3 cm, multiple par-
allel needle repositioning procedures were used for creat-
ing overlapping ablation zones. For additional hemostasis 
and to prevent tumor seeding, needle track ablation was 
systematically performed.

All surgeries were carried out by one of three surgeons 
(PT, JF, HN).

Data extraction and analysis

As a general measure of the image guidance process, 
registration accuracy was assessed as FRE. As a meas-
ure of intraoperative efficacy, the number of registration 
attempts and time spent on intraoperative calibration and 
registration were recorded. Safety of the procedure was 
assessed as 90-day morbidity and mortality, including all 
complications arising within this time frame. Complica-
tions were graded according to the Dindo-Clavien classi-
fication [28]. Follow-up imaging was carried out 90 days 
post-treatment by CT and/or MR imaging and interpreted 
by an independent radiologist. Early local recurrence 
was defined as the presence of tumor (persistent contrast 
enhancement patterns) within 10  mm from the edge of 
the ablation zone, representing incomplete ablation or 
early recurrence at the site of ablation. The appearance of 
new intrahepatic lesions was documented.

Demographical, procedural and follow-up data were 
extracted from patient records. Lesion size, measured 
as largest diameter in 3D, lesion volumes, and segmen-
tal location (Couinaud’s segments I–VIII) were extracted 
from available 3D image datasets. All technical data were 
recorded prospectively and later extracted from the navi-
gation system’s log file.

Statistics

Descriptive statistics were used for presentation of 
patient characteristics and outcome data. Continuous data 
are shown as mean and standard deviation or median and 
range, where appropriate. Linear regression analysis was 
applied to estimate correlations. Fisher’s exact test was 
used to evaluate possible differences between propor-
tions. The threshold for statistical significance was set to 
α = 0.05. STATA 14 (StataCorp, College Station, Texas 
77845 USA) and GraphPad Prism V 6.0 (GraphPad Soft-
ware, Inc., La Jolla, CA, USA) were used for all statisti-
cal analyses.

Fig. 2  Registration process showing patient and model landmarks on 
both screens. The infrared camera overlooks the surgical site, tracking 
instruments in space

Fig. 3  Navigated placement of the ablation antenna using the target-
ing viewer on the bottom right. A simulation of the ablation zone is 
shown at the tip of the probe
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Results

Overall, 51 patients underwent a total of 54 LIMA proce-
dures (one patient required two, one patient three interven-
tions at a later date). During these interventions, a total 
of 346 tumors were targeted for ablation. Twenty-eight 
(52%) patients were ablated for CRLM, 22 (41%) patients 
for HCC lesions, two patients for hepatic metastases of 
neuroendocrine tumor (NET), one patient for melanoma, 
and one patient for a carcinoma of the adrenal gland. The 
median number of ablated tumors per patient was three 
(range 1–25), and average lesion size and tumor volume 
were 16.7 ± 9.8 mm and 1.8 ± 3.7 ml, respectively. Hepatic 
lesions were distributed across all the liver segments.

Relevant patient and tumor characteristics are summa-
rized in Table 2.

Eleven patients had simultaneous laparoscopic resec-
tions of either liver lesions (atypical or segmental resec-
tions, n = 4), or of the colorectal primary tumor (n = 7). In 
seven patients, clearance of one hepatic lobe or section was 
performed within a planned two-staged approach. Abla-
tion of vanishing lesions was performed in 7/28 (25%) of 
patients treated for CRLM.

Technical accuracy and intraoperative efficacy

Registration was completed successfully in all patients. The 
average FRE was measured as 8.1 (± SD 2.8) millimeters. 
Registration accuracy improved significantly over time 
(r=−0.38, p < 0.05, Fig. 4).

Median time between acquisition of preoperative CT or 
MR images with generated 3D reconstructions and surgery 
was 25 (range 7–135) days. No correlation between regis-
tration accuracy and the time between 3D reconstruction 
and surgery was shown (r = −0.02, p = 0.90).

During surgery, a median of 2 (range 1–10) registra-
tion attempts were needed in order to acquire an adequate 
registration, requiring a median time of 04:38 (range 
00:26–19:34) min per registration. Median time for intra-
operative calibration of surgical instruments was 01:10 
(range 00:12–03:38) min. Mean overall operating time was 
131 ± 94  min, and median length of hospital stay (LOS) 
was 2 (range 1–11) days. In the LIMA-only group without 
concomitant hepatic or colonic resections (n = 40), mean 
operating time was 102 ± 64  min, and LOS was 1 (range 
1–7) day.

Perioperative morbidity and mortality

At a 90-day follow-up, all patients who had LIMA with-
out concomitant hepatic or colonic resection (n = 40) were 
alive. One patient with combined LIMA and colon resec-
tion developed a hepatorenal syndrome 2 months post-sur-
gery and consequently died.

The overall 90-day complication rate was 28% (15/54). 
Six patients (11%) showed a grade I complication. These 
consisted of two patients with accentuated postoperative 
pain requiring readmission 4 and 14 days post-surgery, 
respectively, two patients with ascites leak from the port 

Table 2  Patient and lesion characteristics

Categorical data are shown as number and percentage, continuous 
data are shown as mean ± standard deviation or median [range]

Age, years 63.3 ± 9.3

Gender (m/f), n (%) 28/23 (55/45)
ASA score, n (%)
 1 2 (4)
 2 21 (41)
 3 21 (41)
 4 7 (14)

Lesion origin, n (%), [total n of lesions]
 HCC 28 (52), [41]
 Colorectal 22 (41), [267]
 Neuroendocrine 2 (4), [32]
 Other 2 (4), [6]

No. of lesions per patient 3 [1–25]
Lesion size (largest diameter in 3D, mm) 16.7 ± 9.8 [4.9–56.5]
Segmental location of lesions, n (%)
 Seg I 8 (2)
 Seg II/III 95 (28)
 Seg IVa/b 60 (17)
 Seg V 39 (11)
 Seg VI 38 (11)
 Seg VII 31 (10)
 Seg VIII 75 (22)

Fig. 4  Evolution of registration accuracy over time, expressed as 
Fiducial Registration Error (FRE, in millimeters)
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site and one patient with a combined port site bleeding and 
cardiac decompensation, requiring diuretics and inhala-
tions. Seven patients (13%) developed a grade II compli-
cation. Five patients required antibiotic treatment for either 
urinary tract infection (n = 2), fever of unknown origin 
(n = 2) or wound infection (n = 1). One patient developed 
partial thrombosis of the left portal vein treated with low 
molecular weight heparin, and one patient required trans-
fusion due to a perihepatic hematoma. Two patients (4%), 
developed a grade IIIa complication, both requiring drain-
age of an intrahepatic abscess with additional drainage of a 
pleural effusion in one patient. Both patients with a grade 
IIIa complication were ablated for large lesions (39 and 
42 mm), located centrally within segment VIII.

Conversion to open surgery was necessary in one patient 
due to limited laparoscopic access to lesions located in the 
right posterior segments.

There was no statistically increased risk of complica-
tions in the setting of multiple simultaneous ablations, 
independent of lesion origin (overall p = 1.00, subgroup 
analysis for HCC p = 1.00, for CRLM p = 0.94). Tumor 
entity also did not influence complication rates (p = 0.37), 
as shown in Fig. 5. In the group of patients in whom ≥20 
CRLM lesions were ablated (n = 5), one patient developed 
a minor complication (perihepatic hematoma).

The main technical and clinical efficay and safety data 
are summarized in Table 3.

Early local recurrence

The overall rate of early local recurrence per lesion was 
9.3% (30/322) at a 90-day follow-up. One patient with 24 
ablated lesions was excluded from 90-day analysis due 
to death 2 months postoperatively. Early local recurrence 
occurred in 8% (20/243) of ablated CRLM and 20% (8/41) 
of ablated HCC lesions.

Per patient, early local recurrence rate was 32% (16/50). 
Out of these patients, ten (63%) underwent successful re-
ablation within 6 months, mostly consisting of percutane-
ous MWA. Four patients went on to a palliative treatment 
due to diffuse intrahepatic progression (Fig. 6).

Ablated vanishing lesions showed a local recurrence rate 
of 7.8% (4/51) per lesion and 29% (2/7) per patient. Five 
patients with ablation of ≥20 lesions per patient showed 
early local recurrences in 8% (9/110) of ablated tumors, 
with a median of 1 (range 0–5) early local recurrences per 
patient.

Six patients with simultaneous LIMA and resection of 
the colorectal primary tumor showed early local recur-
rences in 7% (5/68) of ablated lesions.

Out of all included patients, 16 (32%) developed new 
intrahepatic lesions within 90 days. In the 16 patients with Fig. 5  Clinical complications according to number of ablated lesions 

per patient and tumor entity

Table 3  Intraoperative efficacy 
and overall safety

Categorical data are shown as number and percentage, continuous data are shown as mean ± standard devi-
ation or median [range]

FRE (mm) 8.1 ± 2.8

No. of registration attempts 2 [1–10]
Time per registration (min) 04:38 [00:26–19:34]
Time for instrument calibration (min) 01:10 (00:12–03:38)
Time between 3D image reconstruction and surgery (days) 25 [7–135]
Duration of surgery (min) 131 ± 94
Length of hospital stay (days) 2 [1–11]
Clinical complications within 90 days, n (%)
 Grade I 6 (11)
 Grade II 7 (13)
 Grade IIIa 2 (4)
 Grade IIIb/IV 0

Mortality 1 (2)
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local recurrences, nine (56%) showed concurrent occur-
rence of new intrahepatic lesions.

Discussion

This work confirms technical accuracy, intraoperative effi-
cacy, and safety of using novel laparoscopic navigation 
technology for ablation of liver tumors. To our knowledge, 
this is currently the largest clinical series of patients who 
underwent laparoscopic ablation of malignant liver disease 
using image-guided navigation.

Local ablation therapy as an adjunct or an alternative to 
resection for the treatment of malignant liver lesions has 
gained importance over the last years, mainly due to its tis-
sue-sparing nature and applicability in a minimal invasive 
setting. With only 10–20% of patients with malignant liver 
lesions being amenable to surgical resection, ablation rep-
resents a promising alternative and/or adjunct within a mul-
timodal approach to improve survival in these patients [29, 
30]. For treatment of CRLM, recent works underline the 
efficiency and oncological benefits of  such a multimodal 
approach for patients with hepatic lesions initially deemed 
unresectable [9, 31, 32]. Philips et  al. [33] recently vali-
dated the use of MWA with or without comcomitant resec-
tion in patients with bilobar unresectable CRLM, showing 
comparable survival in both patient groups, similar to that 
following two-stage hepatectomy.

Our results validate LIMA as a safe treatment option for 
patients with malignant liver tumors, with an acceptable 
morbidity (87% of all complications being minor complica-
tions and only two patients developing liver-specific com-
plications) and with very low mortality (zero mortality in 
ablation-only patients). Complication rates are similar to 

other series reporting morbidity after laparoscopic micro-
wave ablation, ranging from 11 to 60% [34–36], although 
few studies define subgroups according to the severity 
of complications. Interestingly, there was no correlation 
between the number of lesions ablated and the risk of post-
operative complications. We included five patients with 
extensive bilobar CRLM (≥20 lesions/patient). In all five 
settings, patients had responded well to chemotherapy 
and thus remained in a curative-intent treatment strat-
egy, despite the presence of multiple lesions. In these five 
patients, a maximum of five local recurrences occurred, 
with one patient presenting no local recurrence at any of 
the 21 ablation sites.

While our overall early local recurrence rate of 9% after 
MWA compare to the current literature [36, 37], the major-
ity of patients treated in our study were patients otherwise 
not amenable to any other form of potentially curative treat-
ment. Several studies report local recurrence rates as low 
as <1% after laparoscopic MWA [38]. However, definition 
of local recurrence and the time-point of assessment are 
often unclear. Furthermore and contrary to others, we did 
not differ in the definition of incomplete ablation and early 
local recurrence, as a precise distinction in an early follow-
up after ablation is generally difficult. Without doubt, we 
included patients with very high numbers of lesions, with 
lesion sizes up to 57 mm and difficult to target intrahepatic 
locations. However and more importantly, 63% of patients 
with local tumor recurrence benefitted from a repeat abla-
tion within 6 months of the initial treatment, resulting in a 
complete tumor control in these patients.

This treatment approach, involving multiple repeat abla-
tions in patients with multiple bilobar CRLM, has previ-
ously been shown to be advantageous for these patients 
with extensive tumor burden, resulting in a long-term 

Fig. 6  Treatment of patients 
with local recurrences detected 
at a 90-day follow-up
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survival benefit [9, 33]. According to liver-first strategies 
[39–41], the aim of these multimodal and consecutive 
treatment strategies is to remove >80% of tumors with the 
possibility of addressing the remaining lesions by further 
liver-directed therapies, resection, or chemotherapy. In this 
context, LIMA potentially opens up options for the treat-
ment of patients with more extensive tumor burden and 
allows an efficient treatment of a multitude of tumors. This 
is particularly the case in patients where a percutaneous 
approach would be too time-consuming or when the pri-
mary colorectal tumor is simultaneously resected. While 
the combined approach of simultaneous hepatic and colo-
rectal resection in these latter cases has been validated 
[42–44], patients in whom resection is precluded may 
particularly benefit from an efficient clearance of hepatic 
tumor load, while keeping the amount of tissue trauma 
to a minimum. In this series, acceptable morbidity and 
early local recurrence rates were shown in this subgroup 
of patients (mortality 1/6, no major complications, early 
local recurrence 7% of ablated lesions), further underlining 
safety of LIMA in these patients.

As optimal intraoperative guidance and precise place-
ment of ablation probes is essential for a successful abla-
tion therapy, the study of usability and efficacy of novel 
guidance technology in this context becomes manda-
tory. However, to show true superiority when applying 
novel navigation technology over the standard intraopera-
tive image guidance techniques (such as ultrasound) is as 
important as it is challenging. As an initial step, we here 
describe intraoperative efficacy in terms of usability, as the 
utilization of image guidance is known to come at the cost 
of additional intraoperative procedural efforts. This has 
been a barrier to the application of navigation technology in 
liver surgery on a broad scale. When using LIMA, the main 
step potentially disrupting normal intraoperative workflow 
is the registration process itself. Additional time spent for 
registration was around 10 min per patient (04:38 min per 
registration with two attempts per patient), and additional 
time for instrument calibration was 01:10 min. In the light 
of an average overall procedural time of 131 min, this addi-
tional 8% seems to be acceptable and might be compen-
sated during the targeting phase of the procedure, where 
multiple tumors can efficiently be treated using few differ-
ent registrations.

Another frequently mentioned limitation when applying 
registration-based navigation in soft-tissue surgery is the 
potential alteration in liver morphology. This might arise 
due to changes in liver size and/or shape over time or due to 
intraoperative manipulation of the liver, eventually impair-
ing registration accuracy. Surprisingly, no correlation 
between the time lapse between acquisition of preoperative 
reference images and registration accuracy was found in 
our analysis. This further underlines accuracy and usability 

of LIMA, without relevant additional preoperative efforts 
such as additional imaging or specific changes in surgical 
time schedules.

Average FRE values of 8.1 ± 2.8  mm reached in the 
present study lie within the range of accuracy levels 
(5–10  mm) considered acceptable for ablations in the lit-
erature [20, 38], and correspond to values from navigated 
ablations in open liver surgery [17, 19]. Furthermore, a 
significant improvement in registration accuracy was evi-
dent over time, suggesting a relatively steep learning curve 
when using the navigation system for registration. While 
FRE is non-conclusive with respect to the effective target-
ing accuracy [45], it remains the only readily available sur-
rogate and was used as general parameter of the available 
registration accuracy.

In conclusion, LIMA does not interfere with the intraop-
erative workflow and results in low complication and early 
local recurrence rates, even when simultaneously targeting 
multiple lesions. LIMA may represent an efficient treatment 
option for patients with extensive hepatic disease or diffi-
cult to target lesions. This might be beneficial for patients 
treated within a multimodal approach and might ultimately 
increase patient eligibility for curative-intent treatment.
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