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Abstract

Background The implementation of intraoperative navi-

gation in liver surgery is handicapped by intraoperative

organ shift, tissue deformation, the absence of external

landmarks, and anatomical differences in the vascular tree.

To investigate the impact of surgical manipulation on the

liver surface and intrahepatic structures, we conducted a

prospective clinical trial.

Methods Eleven consecutive patients [4 female and 7

male, median age = 67 years (range = 54–80)] with

malignant liver disease [colorectal metastasis (n = 9) and

hepatocellular cancer (n = 2)] underwent hepatic resec-

tion. Pre- and intraoperatively, all patients were studied by

CT-based 3D imaging and assessed for the potential value

of computer-assisted planning. The degree of liver defor-

mation was demonstrated by comparing pre- and intraop-

erative imaging.

Results Intraoperative CT imaging was successful in all

patients. We found significant deformation of the liver. The

deformation of the segmental structures is reflected by the

observed variation of the displacements. There is no rigid

alignment of the pre- and intraoperative organ positions

due to overall deflection of the liver. Locally, a rigid

alignment of the anatomical structure can be achieved with

less than 0.5 cm discrepancy relative to a segmental unit of

the liver. Changes in total liver volume range from -13 to

?24%, with an average absolute difference of 7%.

Conclusions These findings are fundamental for further

development and optimization of intraoperative navigation

in liver surgery. In particular, these data will play an

important role in developing automation of intraoperative

continuous registration. This automation compensates

for liver shift during surgery and permits real-time 3D

visualization of navigation imaging.

Introduction

Over the last two decades computer-aided diagnosis and

intervention planning has gained increasing interest. For

example, there has been substantial progress in virtual

planning and navigation in neurosurgery [1, 2], maxillo-

facial surgery, and orthopedic surgery [3, 4]. In these fields

the transfer of planning information to the intraoperative

situation benefits notably from the existence of a consistent

osseous reference frame. Such a stable reference frame is

not present in visceral surgery due to significant organ

deformation and mobility during the intervention. Never-

theless, software-assisted surgical planning based on pre-

operative imaging plays an increasing role in the evaluation

of resectability [5–8], especially in liver surgery.

Liver resection has become increasingly safe as a result

of considerable progress in equipment, technology, peri-

operative management, and surgical technique [9–11]. The

main priorities of oncologic liver surgery are complete

tumor removal with an appropriate safety margin (i.e., R0

resection) and preservation of a sufficient amount of liver

tissue to sustain hepatic function. Because the reasons for
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liver failure after hepatic resection are multifactorial,

including underlying liver disease, intraoperative blood

loss, or postoperative septic complications, the minimum

amount of remaining liver tissue to preserve liver function

is difficult to predict. Resection of up to 80% of total liver

volume can be tolerated, provided that there is no impair-

ment of blood supply and venous drainage of the entire

remnant liver tissue [12, 13]. Current classification of liver

resections refers to the functional anatomy of the liver

[14–16]. Couinaud’s model [15] of eight independent

portal venous segments and four hepatic venous sectors is

schematically based on a regular portal venous and hepatic

venous distribution. In contrast, several anatomic studies

have shown a different number and size of independent

portal segments and hepatic venous sectors, and a great

variation in their distribution on the liver surface [5, 17].

Preoperative planning of liver resection is based on

ultrasound (US), computed tomography (CT), and/or

magnetic resonance imaging (MRI) and provides visuali-

zation of liver anatomy [18]. While these imaging methods

provide excellent visualization of intrahepatic vascular

branches, neither the number and distribution nor the extent

of liver territories can be assessed reliably. Accordingly,

prediction of the remaining and fully vascularized liver

parenchyma is inaccurate.

To overcome these shortcomings, software has recently

been introduced to enhance the image-based preoperative

planning. These methods allow the surgeon to perform vir-

tual liver resections under realistic anatomic conditions,

including an automatic calculation of the remnant size and

the resection’s impact on blood supply and drainage in the

remaining liver tissue. The areas at risk for devascularization

can be assessed for each dissected vessel separately. The

improving impact of software-assisted planning for surgery

of hepatobiliary cancers has been reported [6, 8, 19–21].

However, this anatomic information based on three-

dimensional (3D) reconstruction differs from the intraop-

erative situation because of the natural mobility, flexibility,

and deformation of the liver during mobilization for resec-

tion [22, 23]. Intraoperative ultrasound (IOUS) has been

used routinely to locate the tumor and as a guide for liver

resection. However, there is still difficulty in understanding

the 3D relationship between the tumor and the vascular

structures based on two-dimensional (2D) imaging of a

small part of the liver limited by information provided by

IOUS.

In this article we present the visualization of liver

deformation during open abdominal hepatic resections

using an intraoperative multislice CT and compare it with

the preoperative data. Doing this we were able to document

and quantify organ deformation, which is fundamental for

further development and optimization of intraoperative

navigation in liver surgery.

Materials and methods

From December 2006 to September 2008, 11 consecutive

patients with liver malignancies were included in a pro-

spective clinical phase I study. There were 4 female and 7

male patients with a median age of 67 years (range = 54–

80). Underlying malignancies were metastasis of colorectal

cancer (n = 9) and hepatocellular cancer (n = 2). Preop-

eratively, all patients were studied by CT-based 3D

imaging and assessed for the potential value of computer-

assisted planning. The degree of liver deformation was

demonstrated and quantified by comparing preoperative

and intraoperative imaging.

The study was approved by the local ethics committee

and written informed consent was obtained from each

patient.

Preoperative setting

The objective of preoperative multidetector CT is to dis-

play the arterial, portal venous, and hepatic venous anat-

omy to help identify important vascular variants, to allow

volumetric measurements of the whole liver as well as of

the remnant liver, and to detect unexpected focal or diffuse

liver disease. The preoperative CT imaging protocol, per-

formed with a 64-row multidetector CT (MDCT) scanner

(SOMATOM Sensation 64, Siemens Medical Solutions,

Erlangen, Germany), consisted of obtaining three image

sets after intravenous injection of 120 ml of a nonionic

contrast agent (Ultravist 300, Schering, Germany) at a

rate of 4 ml/s with the following parameters: 120 kV,

140-170 mA s, section thickness/collimation = 16/1.5 mm,

pitch = 1, rotation time = 0.5 s, reconstruction interval =

3 mm/1.5 mm. To ensure accuracy, the timing of the

arterial phase was determined with real-time bolus tracking

in the abdominal aorta at the level of the diaphragm, with a

detection threshold of 100 Hounsfield units (HU). Arterial

phase imaging was started with a 15-s delay and portal-

venous phase imaging with a 45-s delay.

Analysis of the image data was based on source images

as well as on 2D multiplanar reformatted images and 3D

MIP images created on a commercially available work-

station (Leonardo, Siemens Medical Solutions, Erlangen,

Germany). Moreover, anatomical risk analysis and virtual

resection planning were conducted for each patient using a

dedicated software assistant (MeVis Liver-Viewer, Fraun-

hofer MEVIS, Bremen, Germany).

Intraoperative setting

The surgical interventions were performed in a ‘‘multi-

functional image-guided therapy suite’’(MIGTS) estab-

lished at our hospital [24], which has a sterile environment
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and might be used as an imaging and image-guided therapy

suite at the same time. A newly developed hybrid imaging/

operation (OR) table (Vascular Interventional Workplace

for Advanced Surgery VIWAS, Maquet, Rastatt, Germany)

transports the patient and from the OR table onto a

receiving CT table without actual patient transfer.

All patients underwent surgery by an abdominal

approach. The surgical procedure began with exploration

of abdominal cavity for additional pathological findings.

After complete mobilization and exposure of the liver

according to the final operation position (Fig. 1), CT

imaging was performed under aseptic conditions. To avoid

artifacts from metallic devices, a carbon retractor was

placed for retraction of wound margins. Prior to paren-

chyma transection, IOUS was performed routinely to locate

the tumor and as a guide for liver resection.

The intraoperative CT imaging protocol, performed with

a 10-row MDCT scanner (SOMATOM Sensation 10; Sie-

mens Medical Solutions, Erlangen, Germany), consisted of

a portal-venous phase at a rate of 4 ml/s with the following

parameters: 120 kV, 140170 mA s, section thickness/col-

limation = 16/1.5 mm, pitch = 1, rotation time = 0.5 s,

reconstruction interval = 3 mm/1.5 mm. To ensure accu-

racy, the timing of the portal-venous phase was determined

with a real-time bolus tracking in the abdominal aorta at

the level of the diaphragm, with a detection threshold of

100 HU. Portal-venous phase imaging was started with a

60-s delay.

Image analysis and virtual operation planning

The MDCT data were transferred to the Fraunhofer Insti-

tute for Medical Image Computing (MEVIS, Bremen,

Germany). The software assistant MeVis-Liver Analyzer

was used for image processing and virtual surgical plan-

ning. This tool is a stand-alone application dedicated to

image-based computer assistance in liver surgery [25–29].

The software offers a standardized workflow for compu-

tation of functional liver anatomy and volumetric risk

analysis based on the standard 2D CT images. In evaluat-

ing the computed remnant liver volume and considering

the prospective liver parenchyma with postoperatively

impaired blood flow, an optimized resection plan was

developed. The results of the preoperative analysis were

sent back to the hospital via the internet.

The intraoperative MDCT data were processed likewise

at MEVIS to extract the functional liver anatomy and to

compute the individual vascular territories. Independent of

the preoperative planning, optimized resection plans were

developed from the intraoperative data and the results were

compared with the preoperative surgical planning.

For a more detailed evaluation of organ deformation, the

corresponding anatomical positions were identified semi-

automatically in related preoperative and intraoperative

data. In addition to characteristic points on the surface of

the liver, bifurcations of the vasculature are used to map

the inner structure of the organ. In matching these posi-

tions, a smoothed deformation field was computed for each

patient to estimate the intraoperative displacement and

deformation of the organ.

Results

Intraoperative CT imaging was successful in all patients

with common diagnostic quality (Figs. 1 and 2). We

observed an increase in operation time of 30 ± 7 min due

to intraoperative CT scanning. The operations performed

included segmentectomy (n = 3), bisegmentectomy (n =

1), trisegmentectomy (n = 1), left hepatectomy (n = 3),

right hepatectomy (n = 2), and extended right hepatec-

tomy (n = 1). In only one case did we have to change from

the planned right hepatectomy to a bisegmentectomy after

assessment by intraoperative ultrasound and intraoperative

CT.

The postoperative course was uneventful in ten cases.

After a right hepatectomy one patient developed ascites,

which resolved with conservative treatment within

Fig. 1 Comparison of

preoperative (a) vs.

intraoperative (b) situation

demonstrates global 2D

deformation of hepatic

parenchyma
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14 days. Histological examination revealed no significant

cirrhosis and/or fibrosis of the liver tissue and safety

resection margins (R0 resection) in all cases.

Given the careful intraoperative mobilization of the liver,

a distinct nonrigid deformation (deviance more than 2 cm)

of the organ was observed in only about half of the cases.

There was no significant difference in deformation with

respect to patient age and size and type of the tumor, but the

intraoperative deformation was enforced mainly by the

bedding of the mobilized organ, e.g., the deformation was

caused by external and gravitational forces to overcome the

effects of stiffness of the individual organ. Looking at the

deformation in detail, some general patterns were observed:

The most prominent deformation stemmed from the relo-

cation of the distal left and right parts of the liver due to the

intraoperative bedding. Segments P2 and P3 as well as the

inferior parts of segments P5 and P6 are either shifted

proximal or are driven apart while the organ is flattened out.

In relation to a rigid alignment of the central vasculature

around the portal vein bifurcation, maximal displacements

of the parenchyma position of about 6 cm were observed in

the intraoperative data (Fig. 3).

Changes in total volume of the liver ranged from -13 to

?24%, with an average absolute difference of about 7%

(Table 1). All calculated overall liver volume and resection

volume preoperatively and intraoperatively and specimen

weight are given in Table 2. In four patients, the calculated

liver volume increased intraoperatively; in the other

patients the volume decreased. The relative volumes of the

portal-venous vascular territories, as calculated by the ratio

of territorial volume to total liver volume, showed good

agreement between the preoperative and intraoperative

data. The preoperatively and intraoperatively calculated

relative territorial volumes differed on average by less than

3%. The observed outlier (change in mapping from P6 to

P7 of 14% in one case and change of mapping from P5 and

P7 to P8 of 10% in one case) can be explained by the

poorly contrasted portal vein in the intraoperative images,

not allowing for detailed vascular segmentation and thus

inaccurate calculation of vascular territories [28], and was

not caused by the overall deformation.

This homogeneous deformation of the segmental struc-

ture of the liver is reflected by the observed smooth vari-

ation of the displacements: While there is no rigid

alignment of the pre- and intraoperative organ positions

due to the observed overall deflection of the organ, locally

a rigid alignment of the anatomical structure can be

achieved with less than 0.5 cm discrepancy relative to a

segmental unit of the liver.

Discussion

The aim of our study was to determine the dimension and

quantity of liver deformation caused by natural mobility,

flexibility, and surgical mobilization for resection. To our

Fig. 2 a Liver with a centrally

located colorectal metastasis.

Computer-assisted risk analysis

with respect to hepatic veins.

b Preoperative simulation of a

central resection

Fig. 3 Comparison of preoperative (yellow) vs. intraoperative

(magenta) situation demonstrates impressively the 3D deformation

of liver surface and vascular tree. (Color figure online)
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knowledge, this is the first description of entire deforma-

tion following surgical mobilization of the liver.

Nowadays, preoperative planning in liver surgery is

based on US, CT, and/or MRI with excellent visualization

of liver anatomy [18]. While these imaging methods pro-

vide good visualization of the intrahepatic vascular tree,

neither the number and distribution nor the extent of vas-

cular territories of the liver can be assessed satisfactorily.

Accordingly, prediction of the remaining and fully vascu-

larized liver tissue is inaccurate. To overcome these

shortcomings, software programs have been introduced

recently to improve image-based preoperative planning

[25]. These methods allow the surgeon to perform virtual

liver resections under realistic anatomic conditions,

including an automatic calculation of the remnant size, the

resection’s impact on blood supply, and drainage in the

remaining liver tissue. The areas at risk for devasculari-

zation can be assessed for each dissected vessel separately.

The improving impact of the software-aided planning for

hepatobiliary cancer surgery has been reported [6, 8, 19–

21]. These data raise the question of whether 3D-based

preoperative planning can be a fundamental part of intra-

operative navigation during liver resection. However, the

anatomic information from 3D reconstruction differs from

the intraoperative situation because of natural mobility,

flexibility, and deformation of the liver due to mobilization

for resection [23]. To compensate for these factors, three

different categories of studies involving image-guided liver

surgery have been published. The first category consists of

registration based on the geometric features of the liver.

Concordant features between the data sets were identified

and matched by minimizing a distance measure between

Table 1 Overall difference of liver volume preoperatively vs. intraoperatively and of particular portal-venous territories

Case Overall volume
difference (%)

Stability of portal-venous territories (%)

P1 P2 P3 P4a P4b P5 P6 P7 P8

1 2.58 0.00 9.13 9.95 1.33 0.00 0.17 0.53 4.04 3.82

2 10.88 0.07 0.57 0.54 1.34 0.61 0.03 0.41 2.22 2.17

3 6.36 0.68 2.88 0.37 0.18 1.01 2.17 2.59 2.21 0.89

4 23.99 0.28 0.17 1.58 0.46 1.20 3.01 1.81 2.43 1.05

5 6.86 4.57 6.62 7.79 4.33 6.39 4.60 2.08 5.07 3.28

6 7.36 0.97 0.96 2.51 2.27 1.27 0.00 13.35 16.85 0.00

7 0.26 0.61 0.35 0.68 0.14 0.46 0.09 1.02 1.76 1.31

8 12.62 0.51 0.58 1.90 0.14 0.05 0.31 1.79 0.40 1.32

9 4.31 2.48 2.60 0.00 0.43 1.94 0.31 0.58 1.29 2.13

10 5.49 3.88 1.88 –2.32 0.90 4.87 8.54 0.02 6.29 9.38

11 6.83 1.92 3.19 7.95 4.31 3.77 1.77 0.18 0.13 5.31

Gray entries are nonvalid data because of nonoptimal contrasting of the vessels (error in overall volume difference = ±5%; error in portal-

venous territory changes = ±2%)

Table 2 Calculated overall

liver volume and resection

volume preoperatively and

intraoperatively and specimen

weight

Relative error in volume

accuracy = ±4%

Case Liver volume on

pre-OP CT (ml)

Resection volume on

pre-OP CT [ml (%)]

Liver volume on

intra-OP CT (ml)

Resection volume on

intra-OP CT [ml (%)]

Resection

weight (g)

1 1316 210 (16) 1282 197 (15) n.d.

2 1213 287 (24) 1345 307 (23) 340

3 1698 376 (22) 1590 401 (25) 400

4 1530 85 (06) 1897 91 (05) 95

5 1356 120 (12) 1263 122 (10) 214

6 1644 1157 (70) 1765 1022 (58) 930

7 1518 71 (05) 1514 79 (05) 100

8 1521 1044 (69) 1329 981 (74) n.d.

9 1815 67 (04) 1731 88 (05) 71

10 856 124 (14) 903 131 (14) 125

11 1874 1298 (69) 1746 1076 (62) 995
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two sets [22, 30, 31]. The second category uses the com-

plex vascular tree to perform the registration between

preoperative images and the intraoperative ultrasound data

[32–34]. The third type of registration is intensity based,

where a correlation measure between two image sets is

maximized. This method requires intraoperative ultraso-

nographic or tomographic data [32, 33, 35–37]. However,

there is still no published detailed information about the

impact of surgical manipulation during hepatic resection

with respect to the deformation of the liver surface and

intrahepatic structures. This would be required for the

development of an exact and user-friendly navigation

system.

To investigate the effect of surgical manipulation on the

dislocation of the surface and intrahepatic structures and on

the volume of the liver during hepatic resection, we per-

formed this prospective clinical trial. The observed

homogeneous deformation of the segmental structure of the

liver implies that the relative proportions of the segmental

volumes stay in good accordance with the preoperatively

calculated relationships. However, the total volume of the

organ may change significantly. The virtual resection

planning based on the intraoperative data is in good

alignment with the preoperative deduced surgical plan.

Due to the prominent intraoperative deformation of the

organ, no overall rigid alignment of the preoperative

planning data with the intraoperative situation which sat-

isfactorily covers the whole organ can be achieved. To use

planning information based on preoperative MDCT data

for intraoperative navigation, the manifest nonrigid defor-

mation of the organ must be taken into account. A solely

rigid alignment of the preoperative spatial information,

e.g., by using anatomical landmarks on the surface of the

liver, will result in a significant misalignment of anatomi-

cal positions by several centimeters. However, looking not

at the organ in total but concentrating on a more localized

situation (e.g., the area surrounding the planned resection

path), the situation seems more promising.

With careful and controlled mobilization and intraop-

erative bedding of the organ, the observed isotropic

deformation of the parenchyma suggests that a rigid

alignment of the preoperative data can give satisfactory

accuracy for the local navigation. Such alignment should

be adjusted by following the local vasculature in an

appropriate manner. We presume that in the future intra-

operative registration for adjustment to preoperative 3D

imaging and operation planning should be preferentially

performed by tracked intraoperative ultrasound using the

surface and the vascular tree of the liver. The intraoperative

CT scan also provides useful data and is a valuable tool for

performing complete and safe resection in special cases

with central tumors. However, because it is very time

consuming, we do not use intraoperative CT for routine

surgery. Furthermore, only a few hospitals around the

world have a multifunctional image-guided therapy suite

(MIGTS) as is available at our institution [24].

From our point of view, the present findings are fun-

damental for further developments and optimization of

intraoperative navigation in liver surgery, particularly the

intraoperative automation of continuous re-registration to

compensate for progressive liver shift during surgery and

the real-time 3D visualization of navigation imaging.
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