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Abstract
Background Image-guided systems have recently been intro-
duced for their application in liver surgery. We aimed to iden-
tify and propose suitable indications for image-guided navi-
gation systems in the domain of open oncologic liver surgery
and, more specifically, in the setting of liver resection with and
without microwave ablation.
Method Retrospective analysis was conducted in patients un-
dergoing liver resection with and without microwave ablation
using an intraoperative image-guided stereotactic system
during three stages of technological development (accuracy:
8.4±4.4 mm in phase I and 8.4±6.5 mm in phase II versus
4.5±3.6 mm in phase III). It was evaluated, in which indica-
tions image-guided surgery was used according to the differ-
ent stages of technical development.
Results Between 2009 and 2013, 65 patients underwent
image-guided surgical treatment, resection alone (n=38), ab-
lation alone (n=11), or a combination thereof (n=16). With
increasing accuracy of the system, image guidance was pro-
gressively used for atypical resections and combined micro-
wave ablation and resection instead of formal liver resection
(p<0.0001).

Conclusion Clinical application of image guidance is feasible,
while its efficacy is subject to accuracy. The concept of image
guidance has been shown to be increasingly efficient for se-
lected indications in liver surgery. While accuracy of available
technology is increasing pertaining to technological advance-
ments, more and more previously untreatable scenarios such
as multiple small, bilobar lesions and so-called vanishing le-
sions come within reach.

Keywords Intraoperative navigation . Liver surgery . Image
guidance . Liver ablation

Introduction

In the last decade, a number of surgical technologies such as
stereotactic image guidance and laparoscopic telemanipulation
systems have been introduced in hepatobiliary surgery [1, 2].
Increased efficiency, reduced invasiveness and a desire to
overcome current surgical limitations have been the driv-
ing force. Since its introduction into operating theatres,
virtual resection planning has become imperative in ma-
jor, complex liver resections, aiding the surgeon in the
preoperative and intraoperative setting [3, 4]. Recently,
the concept of image guidance—where surgical tools are
tracked in space relative to the patient and virtually rep-
resented within a patient’s specific image data—has ad-
vanced to a clinically applicable level by several groups
[5–7].

Prospective, non-randomized clinical studies suggest that
image guidance might contribute to higher geometric accura-
cy during tumour resection and enable better alignment of the
surgical situs with available preoperative imaging [8, 9].
Particularly in oncological treatments, the desire to improve
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surgical safety and long-term patient outcome is linked with
the expectation to extend potentially curative treatment op-
tions to cancer patients with more extensive disease burden.
Patients with multiple, bilobar liver metastases or patients
with tumours located in strategically critical areas (e.g. hepatic
venous confluens, main portal bifurcation, etc.) may benefit
from the use of surgical guidance technology.

However, all the previously mentioned technological de-
velopments and the attempt to allow for their translation into
the clinical setting face a twofold challenge. On the one hand,
available technology (including tracking mechanisms, regis-
tration approaches and integration of specific surgical instru-
mentation) needs to be further improved in terms of usability
and system integration. On the other hand, such improvement
needs to be guided with a specific surgical application in mind
(i.e. oncological resection, local ablation, living donor liver
transplantation, etc.). Without a clear clinical indication, exten-
sive technological development is not justified. While investi-
gation of clinical efficacy using technical endpoints such as
geometric accuracy or usability parameters is relatively simple,
measurement of clinical endpoints is subject to much greater
complexity, mainly due to patient selection and statistical con-
siderations as well as the need for long-term follow-up patient
data. Thus, the development and advancement of image guid-
ance in the domain of open liver surgery require constant re-
evaluation of all potentially available surgical indications.

The objective of this retrospective single-centre study was
to provide an analysis and assessment of suitable indications
for image guidance in the domain of open liver surgery under
the constraint of a multi-year (2009–2013) stepwise technical
development process. We hypothesized that stereotactic im-
age guidance is currently best utilized in selected patient
groups, not amenable to standard oncological treatment strat-
egies. Such patients include those requiring ablation with and
without resection for a large number of (vanishing) lesions,
such as may be the case in patients with multiple, bilobar
colorectal or neuroendocrine liver metastases. With previous
studies confirming the safety of intraoperative image
guidance, the aim of this retrospective study was to iden-
tify and propose potentially suitable applications for its
use specifically dedicated to open liver surgery.

Methods

We divided the study into three main phases of technical de-
velopment, characterized by the availability of specific regis-
tration methods (i.e. alignment between intraoperative situs
and preoperative image data).

Experienced hepatobiliary surgeons and the involved engi-
neering team carried out regular technological assessments.
This allowed for rapid identification of potential problems
and pitfalls, resulting in on-going improvements of the

navigation system, foremost in the available accuracy.
Furthermore, usability and clinical, intraoperative relevance
of the system were continuously improved based on user
feedback. The analysis of this study was divided in three
phases according to the used registration approach. The accu-
racy of each phase was evaluated previously by calculating the
root mean square distance between the planned and acquired
registered landmark [7, 10–12].

System descriptionThe systemwas initially developed as part
of a research project and subsequently evolved to a commer-
cially available platform (CAS-One, CAScination AG, Bern,
Switzerland) [7]. The applied image guidance system is CE
marked and cleared for routine clinical application since 2010.

Preoperative planning As part of the preoperative staging
and planning, each patient underwent contrast-enhanced ab-
dominal computed tomography (CT) and/or magnetic reso-
nance imaging (MRI). Virtual resection planning and visuali-
sation of relevant anatomical or pathological structures as well
as vascular territories were carried out for each patient (MeVis
Research, Bremen, Germany). All virtual data was used for
the preoperative, strategic planning and subsequently trans-
ferred to the navigation system for intraoperative application.

Intraoperative setup The surgical navigation system was set
up at the head of the patient (Fig. 1a–c). A sterile, transparent
drape was used to cover the touch screen, allowing for unre-
stricted interaction by the surgical team. An optical tracking
camera was placed above the prospective site of laparotomy in
order to avoid any interference between the tracking line of
sight and other objects. Surgical instruments and the integrat-
ed ultrasound (US) probe were attached with geometric refer-
ences to allow their spatial tracking. Geometric instrument
calibration was carried out to localize instrument tool tips
and the US-imaging plane in space [10]. Specific functions,
such as patient-to-image registration or instrument calibration,
were triggered through specific user-induced gestures that
were identified by the systems tracking system. Overall, the
system provided the surgeon with the following visualisation
mode guidance information (Fig. 2a–c):

1. 3D visualisation of tool position and orientation relative to
the available patient-specific preoperative virtual model,
providing overall orientation to the surgeon

2. 2D visualisation of lateral and longitudinal displacement
view (i.e. a cross-hai view) relative to a selected target
structure (e.g. a lesion), allowing for precise placement
of ablation needles

3. 2D augmentation of native US images with co-registered
preoperative image data in order to correctly display ana-
tomical features that were visible in the preoperative im-
age data but not by intraoperative US
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Patient-to-CT registration Imperative for image guidance is
the need to precisely align the preoperative image data with
the surgical site. Achieving precise alignment has been subject
to extensive research, and several approaches have been de-
scribed using discrete landmarks, surface scans and volumet-
ric sonography scans [5–7]. In this study, three different reg-
istration approaches have been applied as they became avail-
able during the various developmental phases:

Phase 1 (March 2009–December 2011) During the initial
developmental phase, image co-registration was utilized by
selecting four discrete anatomical landmarks on the liver sur-
face, typically including landmarks such as the falciforme
ligament, the gallbladder bed or a tumour surfacing the liver
[7]. The choice of landmarks arose from the preoperative

assessment of the 3D models, with a subsequent digitisation
of the real landmarks during the intraoperative phase. For each
resection (or ablation target), superficial landmarks were se-
lected around the region of interest and identified both on the
touch screen and by further spatial digitisation (e.g. using
cavitron ultrasonic surgical aspirator (CUSA), microwave
ablation (MWA) hand-piece). Landmark acquisition and
registration were repeated after surgical manipulations or
other events causing deformation of the liver. An average
navigation accuracy of 8.4 ± 4.4 mm (n= 9) on the liver
surface was achieved [12].

Phase 2 (January 2012–March 2013) The system was ex-
tended to allow for acquisition of landmarks both on the sur-
face as well as intraparenchymal (such as the hepatic vein bi-/

Fig. 1 a CAS-ONE liver navigation system. A 3D reconstruction of the
CT-scan is shown on the left monitor and the integrated US for patient-to-
image registration is displayed on the right monitor. b Integrated and

navigated B-Mode sonography probe for patient-to-image registration. c
Setup of the surgical navigation system at the head of the patient and an
optical tracking camera above the prospective site of laparotomy
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trifurcation at the venous confluens, major portal branches,
tumours) by means of tracked US. The accuracy improved
to 8.4 ± 6.5 mm in selected volume of interest (VOI). The
navigated instruments are CUSA and a MWA-needle.

Phase 3 (April 2013–December 2013) An US-based volume
registration was implemented and utilized. A 3D volume ac-
quisition process was triggered and visible vascular structures
automatically segmented in the individual US slices and
compounded to a 3D vessel structure. Using a locally rigid,
iterative closest point (ICP) matching algorithm, the US vol-
ume was automatically aligned with the available MeVis-CT
data set. The surgeon confirmed accurate alignment by visual
inspection. Subsequently, navigational accuracy in the liver
parenchymawas increased to 4.5±3.6 mm (n=9) in the target
volume (Fig. 3a, b).

Statistics Statistical analysis was performed using GraphPad
Prism version 6 for Mac (GraphPad Software, California,
USA). Continuous data were express as mean± standard de-
viation. Differences between groups were compared using an
ordinary one-way ANOVA test for multi-item comparison.
Categorical variables were compared using a two-sided
Fischer’s exact test. A two-sided p value ≤0.05 was consid-
ered to be statistically significant.

Fig. 2 a 3D visualisation of tool
position and orientation relative to
the available patient-specific
preoperative virtual model. b 2D
visualisation of lateral and
longitudinal displacement view
relative to a selected target
structure (e.g. a lesion), allowing
for precise placement of ablation
needles. c US-based volume
patient-to-image registration
comprises real-time vessel
segmentation in a region of
interest, subsequent
compounding of a 3D vessel
model and computation of the
correct registration between the
US and CT model

Fig. 3 a Preoperative planning with a MeVis 3D model of the liver,
showing all 55 neuroendocrine metastases. b MeVis reconstruction
localizing both colorectal liver metastases in the hypertrophied
remaining left liver, relatively deep within the parenchyma
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Results

In the study period, 338 liver resections and 53 MWA were
performed at the Department of Visceral Surgery and
Medicine, Inselspital Berne, Switzerland. Thereof, 65 patients
diagnosed with malignant liver lesions were treated using an
image-guided approach and subsequently included into the
study. The study was approved by the cantonal ethics board
(KEK 63/11 and KEK 168/11).

Table 1 presents available statistical information on the
included patient cohort. An overview of the technological
aspects of this study is depicted in Table 2.

Phase 1 Twenty-four patients underwent liver surgery with
the help of image guidance (Table 1). In this pilot phase, the
application of image guidance was carried out within a feasi-
bility protocol. It was used as an additional navigational sup-
port rather than relying solely on the navigation system itself

Table 1 Characteristics of
patients, treatments and morbidity
for phase I, phase II and phase III

Phase 1 Phase 2 Phase 3 p value

Number of patients (n) 24 19 22

Time period March 2009–
December 2011

January 2012–
March 2013

April 2013–
December 2013

Length (months) 33 15 9

Cases per month 0.7 1.3 2.4

Patient information

Male/female 15:9 10:9 10:12 0.507

Age, mean ± SD (years) 59.3 ± 9.1 61.1 ± 9.4 60.2 ± 11.5 0.844

BMI, mean± SD (kg/m2) 25.8 ± 5.3 25.9 ± 3.9 25.1 ± 3.7 0.811

Indications for surgery (n)

Colorectal liver metastases 14 9 11 0.748

Hepatocellular carcinoma 5 6 1 0.078

Neuroendocrine liver
metastases

1 1 7 0.011

Other 4 3 3 0.959

Type of surgery (n)

Surgery alone 16 17 5 <0.0001

Hemihepatectomy left 2 3 0

Extended left
hemihepatectomy

2 0 0

Hemihepatectomy right 4 2 0

Extendend right
hemihepatectomy

4 1 1

Atypical resection 4 11 4

MWA alone 3 2 6 0.277

MWA and resection 5 0 11 0.001

Postoperative data

Hospital stay, mean ± SD
(days)

15.3 ± 9.0 19.7 ± 17.0 13.0 ± 11.8 0.242

30-day morbidity and
mortalitya

(% of total patients)

8 (33.3 %) 6 (31.6 %) 4 (18.2 %) 0.481

Grade I 2 0 1

Grade II 0 1 0

Grade IIIa 3 4 0

Grade IIIb 2 1 1

Grade IVa 1 0 1

Grade IVb 0 0 1

Grade V 0 0 0

BMI body mass index, MWA microwave ablation
a According to Dindo-Clavien [11]
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during resection procedures. Most of the patients, typically
diagnosed with colorectal liver metastases (CRLM) or hepa-
tocellular carcinoma (HCC), underwent resection alone
(n=16, 67 %), with a minority undergoing MWA alone or
MWA in combination with resection surgery.

Phase 2 Nineteen patients underwent liver surgery with the
help of image guidance. Improved technology in phase 2
allowed its use in a broader range of indications (Table 1).
During this phase, the majority of included patients (17/19,
89.5%) underwent conventional resection. Increasingly, image
guidance was found to be useful for targeting multiple smaller
lesions, distributed within both liver lobes, including the resec-
tion of so-called vanishing lesions, lesions not visible in native
US but in the overlay of co-registered preoperative imagery.
However, with an effective guidance accuracy in the parenchy-
ma of 8–10mm, the use of targetedMWA in very small lesions
or vanishing lesions was not yet routinely applied.

Phase 3 Twenty-two patients underwent liver surgery with the
help of image guidance. Further improvements allowed the
use in vanishing and very small, difficult to target lesions
partially invisible in intraoperative US. This is reflected in
the increased use in combined MWA and resection, compared
to the first two phases (p<0.0001). There was also a paradigm
change seen in the clinical indications, with most patients
undergoing surgery for multiple, extensive bilobar CRLM or
liver metastases from neuroendocrine tumour (NET). Table 3
summarizes the overall findings with regard to indications
according to tumour entity.

Morbidity and mortality Overall 30-day postoperative
morbidity and mortality were graded according to the
Dindo-Clavien classification [13] and were not different
in the last versus the first two phases (p= 0.257). There
was no mortality in all three phases. Among the pa-
tients with ≥grade IIIa complications not necessitating
surgical revisions, seven patients had a bilioma at the
resectional surface requiring percutaneous drainage
(IIIa) and one patient required admission to the inten-
sive care unit with ventilation for several days follow-
ing a severe bilateral pneumonia (grade IVa). Seven of
65 patients (10.8 %) required a second operation during
the same hospital stay to treat a postoperative compli-
cation, four of whom had combined multivisceral resec-
tion. One patient underwent super urgent orthotopic liv-
er transplantation for intercurrent liver failure following
a combined resection and MWA for complex repeated
surgery of NET liver metastases (grade IVb). All de-
tails are given in Table 1.

Selected patient examples

Below, the details of two selected patients are given and the
indication for image-guided liver surgery and its use in a spe-
cific setting discussed.

Patient 1: Local ablation of large number of lesions A 55-
year-old female patient presented with 55 bilobar liver metas-
tases arising from a primary tumour in the jejunum (Fig. 3a).

Table 2 Technological developement for phase I, phase II and phase III

Phase 1 Phase 2 Phase 3

Registration

Method Paired-point matching Paired-point matching Iterative closest point

Preoperative modality Single surface landmarks
found in MeVis dataset

Single surface and parenchymal
landmarks found in MeVis dataset

Vessel surface elements found in
target VOI in MeVis dataset

Intraoperative modality Landmark digitisation Landmark digitisation/recording of single
2D US image and manual selection
of landmark

Vessel surface elements extracted
automatically from 3D US volume

Acquisition Navigated pointer instrument Navigated pointer instrument and
navigated integrated US probe

Navigated integrated US probe

Available accuracy 8.4 ± 4.4 mm11 8.4 ± 6.5 mm mm7 4.5 ± 3.6 mm

Technical development

Aspects • System integration
• Usability of registration process

• Integration of navigated US to
registration process

• Integration of navigated ablation
applicators (MWA)

• Improvement of usability US
co-registration

• Investigation of available accuracy

Clinical investigation

Aspects • Overall feasibility
• Volume measurement
• Combined resection/ablation
• Liver cage

• Accuracy improvement
• Indication selection
• First therapeutic cases

• Accuracy improvement
• Feasibility of local ablation for

vanishing and large number of lesions
• Indication re-evaluation

US ultrasound, VOI volume of interest, MWA microwave ablation
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In order to preserve maximal functional liver mass, the large
mass in segment VI as well as the primary tumour in the
jejunum were resected while all other liver metastases were
treated by MWA. Intraoperative navigation allowed for pre-
cise localisation and targeted MWA of the multiple liver le-
sions without compromising the surrounding liver tissue.
Postoperative recovery was uneventful. Final histology re-
vealed a pT2, pN0, G1 tumour. Sixteen months postsurgery,
the patient remains asymptomatic despite small DOTATOC-
PET-CT-positive liver lesions.

Patient 2: Treating vanishing lesions A 74-year-old male
patient was referred for recurrent CRLM in segments I and
V/VIII. The patient previously had adjuvant chemotherapy,
portal vein embolisation and a subsequent modified
hemihepatectomy. A MeVis CT reconstruction localized both
recurrences deep within the parenchyma (Fig. 3b). Intended
treatment included atypical resection of both lesions.
However, while both lesions were clearly identifiable on CT
imaging prior to completion of the chemotherapy, at the time
point of surgery, intraoperative US failed to localize the lesion
in segment V/VIII. An intraoperative change in strategy
resulted in a combined resection (segment I) and navigated
MWA (segment V/VIII) based on the initial prechemotherapy
CT scan. The change in treatment strategy allowed for a
parenchyma-sparing procedure to be carried out.
Postoperative recovery was uneventful. Radiological
follow-up more than 1 year after the procedure showed
no recurrent disease.

Discussion

Over the 4-year study period, on-going technological ad-
vances have allowed for navigated liver surgery to become
sufficiently accurate (5 mm and less in critical areas of inter-
est), to allow its use in selected clinical cases. However, we
have come to realize that utilizing image guidance is essen-
tially aiming at reducing overall surgical invasiveness,
allowing for tissue sparing procedures to be carried out, while
potentially pushing the limits of current surgical oncological
treatment strategies. US volume registration is the most
promising and accurate registration modality with an ac-
curacy of 5 mm or less [12]. In other US volume regis-
tration studies for prostate biopsy, an even higher level of
accuracy was reported [14, 15].

Our experience through the three study periods has shown
that image guidance is of particular importance in very dedi-
cated, selected parenchyma-sparing treatments rather than for
standard liver resections as proposed by Chopra and col-
leagues in 2008. In this setting, image guidance seems to
provide the necessary support through accurate instrument
placement and orientation to allow for the treatment of com-
plex situations [8]. A typical clinical situation includes abla-
tion with and without resection of a larger number of small
lesions (in particular also for the so-called Bvanishing lesions^
or isoechogenic lesions), a task that remains extremely chal-
lenging to carry out without instrument guidance, even for the
very experienced hepatobiliary surgeon. Such complex situa-
tions may be specifically found in patients with NET liver

Table 3 Overall findings

Phase 1 Phase 2 Phase 3

Overall • Determine overall feasibility of
intraoperative navigation system
in the setting of soft tissue surgery

• Determine limits of registration
accuracy

• Combining with internal landmarks
results in improved registration
accuracy to allow for shift in
paradigm: away from general use
in resection only to use in combined
MWA/resection for multiple tumours

• Significantly improved registration accuracy:
re-evaluation of indication for intraoperative
navigation system

• Complex resections/ablations (vicinity of
tumour to major vascular/biliary structures)

• Combined multiple MWA/resections

Colorectal liver
metastases

• Sufficient accuracy to allow for
support in standardized hepatic
resections

• Inclusion of highly selected
patients with multiple metastases
for combined resection/MWA

• Increasingly used in MWA for multiple
lesions deeper within the parenchyma

• Insufficient for very small lesions/
lesions close to vital structures

• Treatment of lesions not visible on IOUS
(<1 cm, isoechogenic and Bvanishing^ lesions)

• Combined resection/MWA of multiple,
bilobar lesions

Neuroendocrine
liver metastases

• Not yet applicable due to
insufficient accuracy to allow
for multiple MWA/resection
of smaller tumours

• Inclusion of highly selected patients
with multiple metastases for
combined resection/MWA

• Combined resection/MWA of multiple,
bilobar lesions, particularly in highly
symptomatic patients requiring Btumour load
reduction^ in hormone-secreting tumours

Hepatocellular
carcinoma

• Sufficient accuracy to allow for use
in standardized hepatic resections

• Sufficient accuracy to allow for use
in standardized hepatic resections

• Sufficient accuracy to allow for parenchyma-
sparing complex resections (e.g. tumour
location close to hepatic venous outflow
trifurcation/central tumour location/vicinity to
major biliary structures, +/− MWA in patients
with cirrhosis and limited hepatic capacity

MWA microwave ablation, IOUS intraoperative ultrasound
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metastases or multiple, bilobar CRLM, currently not ame-
nable or indeed resistant to standard oncological treatment
strategies. However, in open liver surgery, image guid-
ance needs to be evaluated against intraoperative US
[16]. Moreover as tumour localisation in laparoscopic he-
patic surgery and interventional treatments is difficult, e.g.
due to missing haptic feedback, image guidance might be
of importance in these fields [17–20]. Especially in inter-
ventional ablation, a tremendous progress in local tumour
control has been seen in the recent past [21].

Despite current promising findings, we are aware that pro-
spective, randomized controlled trials aiming to investigate
clinically relevant endpoints (morbidity and mortality, rate of
R0 resections, overall- and disease-free survival) between the
available treatment modalities (open versus laparoscopic
versus image-guided procedures) should be considered.

In patients not qualifying for formal liver resection,
navigated surgery may play an important role to enable
parenchyma-sparing tailored treatment.
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