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ABSTRACT
 

Although hepatectomy is usually performed by hepatobiliary surgeons,general surgeons must
 

also understand the complicated intrahepatic relations of vessels and the vascular anatomy of liver
 

segments so that they can perform hepatectomy safely. We constructed three-dimensional (3D)

images of the interior of the liver with which segments of liver could be identified. Simulations of
 

liver resection and various measurements were performed to examine the usefulness of reconstruc-

tion. We collected data with contrast-enhanced helical computed tomography from a healthy
 

volunteer and a patient with cancer. The data,which were collected from venous systems,portal
 

systems,and liver surfaces,were entered into a workstation with a high-speed operation facility
 

and reconstructed as 3D images. Several types of hepatectomy were performed with this system.

Comparison with anatomic segments showed that the system correctly indentified the portal vein
 

and hepatic vein in liver segments and,therefore,segments could be accurately identified. Because
 

this method allowed on-image two-point distance measurements and volume measurements of
 

resected areas and segments,more practical preoperative simulations could be performed. Simula-

tions of various types of hepatectomy show that this 3D system is useful for understanding the
 

planned procedure and surgical anatomy. (Jikeikai Med J 2003;50:59-68)

Key words:three-dimensional imaging,virtual reality-assisted surgery,liver simulation surgery,

real-time simulation

 

INTRODUCTION
 

Hepatectomy has recently been performed more
 

often to treat liver tumors because of improvements
 

in preoperative diagnosis, operative techniques, and
 

postoperative care . However,hepatectomy is still
 

performed mostly by hepatobiliary surgeons,perhaps
 

because of the belief that specialized training is need-

ed to understand the anatomy of the liver. For he-

patectomy to be performed safely and effectively,the
 

surgeon must recognize the incurrent blood vessels,

the veins draining the cancer-bearing areas, and the
 

structure of liver segments. However, general sur-

geons often have difficulty understanding these three-

dimensional(3D)relationships with preoperative two-

dimensional images because the intrahepatic vessels

― Glisson’s system and the venous system― intersect
 

in an extremely complicated way. A better under-
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standing of 3D relationships would enable general
 

surgeons to perform hepatectomy with greater safety
 

and less difficulty.

Recently, the use of 3D imaging in surgery has
 

increased . In hepatic surgery,3D imaging allows
 

intrahepatic vessels to be visualized and has been
 

used for preoperative diagnosis , operative plan-

ning ,puncture simulations ,and regeneration simu-

lations of the postoperative liver . Although such
 

3D images aid visual understanding,most show only
 

limited anatomic areas and can be examined in only
 

certain locations,such as outside the operating room.

With a goal of developing virtual reality-aided
 

surgery so that both hepatic surgeons and general
 

surgeons can perform hepatectomy more safely and
 

effectively,we have developed a system that allows
 

3D images to be viewed during hepatectomy .

In this study, we used an improved version of our
 

system to project segmental borders onto the surface
 

of the liver. We also used this system to simulate
 

several types of hepatectomy.

METHODS
 

3D image reconstruction
 

The two-dimensional images that were used to
 

reconstruct 3D images were obtained from a healthy
 

volunteer and a patient with liver cancer. In both
 

subjects,the data were collected with contrast-enhan-

ced helical computed tomography (CT) (Somatom
 

Plus 4, Siemens Medical Systems, Erlangen, Ger-

many). In the healthy volunteer,100 ml of iopamidol
 

was infused at 3 ml/second into the cubital vein.

Scanning was started 20 seconds after the end of
 

infusion. Under these conditions,only the portal vein
 

is enhanced,allowing Glisson’s system and the venous
 

system to be easily distinguished. Scanning produced
 

183 2-mm-thick slices,which were reconstructed at 1-

mm intervals. In the patient with cancer, scanning
 

produced 4-mm-thick slices,which were reconstructed
 

at 2-mm intervals. The data were entered into a
 

personal computer (Macintosh,Power PC, 180-MHz
 

microprocessor, 80 MB of random access memory,

Apple Computer,Cupertino,CA),arranged for thresh-

olds and contrasts with Adobe Photoshop 4.0 (Adobe

 

Systems, San Jose, CA) and processed semiauto-

matically to delete noise. The data were manually
 

extracted to separate the venous system, Glisson’s
 

system, and the liver surface. The sampled data
 

were translated to slice data of 512×512 pixels with a
 

256-level gray scale. Then, the data were entered
 

into a workstation with a high-speed operation facil-

ity(Indigo,512 MB of random access memory,Silicon
 

Graphics Inc.,Mountain View,CA)and reconstructed
 

into 3D images of the hepatic surfaces, the venous
 

systems, and Glisson’s systems with voxels of 0.5×

0.5×1.0 mm. The reconstructed 3D images were
 

placed in a virtual space with the same coordinate
 

axis. Because data of the three different structures

(venous system, Glisson’s system, and liver surface)

were extracted from the same slices, there was no
 

dissociation in the 3D space between the structures.

This enabled each of the constituent voxels to be
 

recognized at its own coordinate in 3D space.

Image display
 

To display 3D images, we used the wire-frame
 

method (Fig.1A,B,C) and a volume-rendering
 

method (Fig.1D). In the wire-frame method, we
 

showed data of every second sampled slice to decrease
 

the information load and allow real-time expansion,

reduction,rotation,and border generation. The sim-

ulation results can also be shown with the volume-

rendering method. The points on the image were
 

also designated during simulation in the volume-ren-

dering method.

Dividing liver segments
 

Based on Couinaud’s segmentation ,we divided
 

liver segments according to portal venous branches.

First, the left and right hepatic lobes were divided
 

with Cantlie’s line. Then,the anterior and posterior
 

segments were divided by a plane defined by two
 

optional points on the right hepatic vein and one point
 

on the bifurcation of the anterior and posterior seg-

ments of the portal vein. The borders of the medial
 

and lateral segments were determined with the umbili-

cal portion of the portal vein.
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On the borders between cephalocaudal segments,

such as S5 and S8, S6 and S7, and S2 and S3, no
 

structures, such as the hepatic vein, can be used as
 

landmarks. Therefore, for convenience,we decided
 

to express an area in which a portal venous branch
 

was dominant as a cone around the branch. Because
 

tertiary and more-peripheral branches of the portal
 

vein normally dominate liver segments,we generated
 

a cone with its apex at the third bifurcation of the
 

portal vein and assumed that all branches distal to the
 

third branch were within the cone. We further
 

assumed that an interface existed which divided the
 

area of overlap between two cones into halves.

The following procedures were performed:

1. At every vessel bifurcation, we assumed a
 

cone was present along each vessel with its apex at
 

the bifurcation (Fig.1A). The base of the cone was
 

projected onto the hepatic surface(Fig.1B).

2. Planes defined by three points were generat-

ed. Two of the three points are where the circumfer-

ences of the areas projected on the hepatic surface
 

intersect,and the third point is on the bifurcation of
 

the blood vessel (Fig.1C).

3. The plane was set as an interface of areas

 

where each blood vessel was dominant (Fig.1C,D).

The angle at the apex of the cone can be adjusted
 

freely.

Procedure for dividing segments 5 and 8
 

Fig.1A shows the cones generated from the bifur-

cation of the portal veins of segments S5 and S8. The
 

angles and the bases of the cones were expanded until
 

the cones overlapped. The cones were then projected
 

onto the hepatic surface(Fig.1B). Two points were
 

determined which equally divided the overlapping
 

area of two projections on the liver surface. A plane
 

defined by a point at the portal vein bifurcation and
 

these two points (Fig.1C)was generated and estab-

lished as the interface of segments S5 and S8(Fig.1D).

We used this method to determine segments for other
 

areas,except S1(Fig.2).

Verification of blood vessel system
 

We observed the peripheral portal and hepatic
 

vein branches of the segments determined with this
 

system and verified that the segments were divided
 

anatomically according to the dominant blood vessel.
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Fig.1. Cephalocaudal subsegment interface. The interface of subsegments S5 and S8 is defined by procedures A
 

to D. A:Generation of cone. B :Projection of the base of the cone to the liver surface. C:Setting the
 

interface dividing the common area equally. D :Subsegmentation in volume-rendering model.



We created a function to change the color of blood
 

vessels only within designated segments and con-

firmed this verification.

Simulation of hepatectomy
 

We simulated several hepatectomies to investi-

gate how to apply this system of liver segmentation to
 

actual hepatectomies. First,we used 3D images from
 

the healthy volunteer to plan resection of segment S8.

We attempted to display the smaller segment and
 

planned the smaller resection with the cone-genera-

tion method that we had used to determine the seg-

ment borders. We resected a small segment corre-

sponding to a 20-mm-diameter tumor in segment S7.

We also simulated a S6 resection with 3D images
 

obtained from the patient with cancer. We inves-

tigated the validity of the surgical plan by measuring
 

the assumed resected specimen.

RESULTS
 

Observation of the completed model
 

The completed 3D model can be observed from
 

any angle. The direction of observation can be chan-

ged in real time in the wire-frame method but not in
 

the volume-rendering method. However, the dis-

plays of the two methods are interlocked,so that the
 

image can be displayed in the volume-rendering
 

method at the same angle as determined with the
 

wire-frame method. Also, any combination of dis-

plays of the liver parenchyma,Glisson’s system,and
 

venous system can be shown at the same time (Fig.

2B).

Segment display
 

By observing images divided into segments, the
 

size of each part can be recognized intuitively(Fig.2).

In the healthy volunteer, segment S5 can easily be
 

recognized as being abnormally large and S6 as abnor-

mally small. Furthermore,this system can be used to
 

measure actual volumes by calculating the constituent
 

voxels of the segment. This function allowed us to
 

objectively determine the size of each segment(Fig.3).

Distribution of blood vessels in segments
 

Both the portal vein branch that flows into
 

divided segments and the hepatic vein branch that
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Fig.2. 3D image of the entire liver divided into subsegments by the system. A:Lateral view:right lobe. B :
Anterior view:left and right lobes. Observation is possible from any direction.



acts as a drainage vessel can be assigned different
 

colors to verify that the division of segments corre-

sponds to anatomical divisions according to dominant
 

blood vessels. Most incurrent blood vessels and
 

drainage vessels were confirmed to be appropriately
 

located in the segmental area (Fig.3).

Simulation of hepatectomy
 

We investigated the use of segment identification
 

in hepatectomy.

1. Resection of segment S8
 

First,we confirmed segment S8 with the system.

The color of S8 was changed to one different from
 

that of other parts of the hepatic surface(Fig.4). To
 

minimize blood loss and to ensure the proper amount
 

of tissue was resected,the ideal procedure is to reach
 

the Glisson’s vessels that flows into S8,process them,

then to resect the discolored area. In other words,

the efficiency of surgery would be improved by
 

identifying the point on the segmental borderline in-

dicating the shortest route from the liver surface to
 

the root of the Glisson’s vessel and then dissecting the
 

liver to the root from that point. In addition, the
 

plane through which the root is reached is the segmen-

tal interface;thus, only small, peripheral blood ves-

sels would be cut and bleeding would be minimized.

Because this system can be used to measure
 

distances, subsequent processing can be used. With
 

this system,the point from which distances are being
 

measured is yellow (Fig.4). The distance from this
 

point to the dorsal branch root was 35 mm, and the
 

distance to the ventral branch root was 46 mm (Fig.

4B). If the portal vein is first processed and dissec-

tion is performed for these distances from this point,

the lines demarcating segment S8 would be defined.

Therefore, according to this line, the liver could be
 

resected from the surface to the root that has been
 

already processed. During the procedure, the only
 

major requirement is that the hepatic vein is proces-

sed. During surgery,the problem is identifying 1) the
 

point on the surface indicating the shortest distance
 

and 2) the direction of the interface,but they can be
 

approximated if landmarks on the hepatic surface are
 

established(e.g.,the most caudal point of the liver,the
 

point 5 cm from the most-caudal point along the edge
 

of the liver, and the boundary of the medial and
 

lateral segments) and the distances from them are
 

calculated (Fig.4A).
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Fig.3. Verification of blood vessel system (S5). The portal vein and the hepatic vein are different colors within
 

the indicated subsegment. The volume of each subsegment is also stated. The volume of subsegment S5
 

is 219 ml (cm ). A:Portal vein system. B :Hepatic vein system.



2. Resection of segment S6
 

A simulation was performed on the basis of 3D
 

images obtained from the patient with cancer. The

 

positions of the Glisson’s vessel to be processed and
 

the point nearest to it on the surface could be predict-

ed by displaying only the part (S6,in this case)to be

 

T.KUROSAKI,et al. Vol.50,No.2 64

 

Fig.4. Simulation of S8 subsegmentectomy. A:The shortest point to the root of S8 dominant portal vein on the
 

surface and method to predict the shortest point. a. Distance from the most caudal point of the liver:12
 

cm. b. Distance from the boundary point of the medial and lateral segments:7 cm. c. Distance
 

between the most caudal point and an optional point along the edge of the liver (in this figure,5 cm). d.
Distance from the optional point along the edge of the liver:8.5 cm. B :The distance between point A and

 
each root. e. The ventral branch root:46 mm. f. The dorsal branch root:35 mm.

Fig.5. Resection of S6 subsegment in the patient with cancer. 3D image reconstructed from 4-mm-slice data.
Portal vein:blue, Hepatic vein:orange, S5:navy, S6:dark yellow, S7:purple, S8:green, Tumor:
yellow. A:S6 subsegement containing the tumor. B :Confirmation of the root of S6. a. Bifurcation of

 
S6 and S7. C:Resected sample to be predicted. b. 33 mm.



resected (Fig.5A,B). It might also be possible to
 

observe theoretical resection margins(Fig.5C)and to
 

examine the appropriateness of operative procedures
 

on the basis of volume measurements. Using this
 

image, we determined that the volume of resection
 

was 125.5 ml, the tumor volume was 20.6 ml, the he-

patic resection rate was 11.4%, and the functional
 

resection rate was 9.4%. The results showed that the
 

quality of the 3D image made from the 4-mm-slice
 

data was lower than that from 2-mm-slice data but
 

was sufficient for practical operative simulation.

3. Resection of a smaller segment
 

We simulated the resection of a 20-mm-diameter
 

tumor on the periphery of segment S7. From the
 

peripheral bifurcation of the portal vein branch that
 

supplied the tumor,we generated a cone containing
 

the tumor. Interfaces with other cones could be
 

generated from the circumferential portal rami-

fication in the same way as the liver was divided into
 

segments (Fig.6). We could recognize the area sur-

rounded by these interfaces as the smaller segment to
 

be resected. In this case,we recognized one part of
 

the tumor that could not be resected;therefore, S7
 

segmentectomy or nonanatomic resection will be
 

required.

DISCUSSION
 

Our system can be used to identify segments with
 

minimal dissociation among the venous system,Glis-

son’s system,and liver surface in the 3D space because
 

all data are obtained from the same slices. More-

over, structures beneath the liver surface can be
 

visualized and displayed separately or as standard 3D
 

images. This feature should be useful for general
 

surgeons to convert difficult hepatectomies to simpler
 

procedures.

One reason why hepatectomy is difficult for gen-

eral surgeons is that the volume of resection directly
 

affects postoperative liver function. Malignant
 

tumors of the hepatobiliary tract, such as hepatocel-

lular carcinoma (HCC), metastatic hepatic tumors,

and cholangiocellular carcinoma,can be treated surgi-

cally;however, whether surgery is indicated and
 

which procedure should be performed depend in part
 

on the volume of resection and predicted remaining
 

liver function. In patients with HCC,which usually
 

arises from liver cirrhosis due to hepatitis B or C virus
 

infection,the poor hepatic functional reserve requires
 

various surgical techniques according to the tumor
 

size and location. Lobectomy(major hepatectomy),a
 

type of anatomic liver resection, should be the stan-

dard procedure for large HCCs;however,HCCs are
 

now often found when they are much smaller because
 

of improvements in diagnostic imaging . According-

ly, to maintain remnant liver function and not to
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Fig.6. Resection of smaller subsegment. A :Cone
 

generated from the peripheral bifurcation of the
 

portal vein that flowed into the tumor and cones
 

generated from the circumferential portal ramifi-
cation. B :Area to be resected surrounded by

 
interface that divides the common area equally.
a. root of S7.



decrease curability,both small and large HCCs should
 

be treated with anatomic segmentectomy based on the
 

dominant portal vein . The failure to perform suit-

able anatomic segmentectomy may allow portal inva-

sion in many cases of small hepatic cancer . Even
 

when anatomical resection is not required, seg-

mentectomy may be the most suitable method of
 

resecting tumors in the deep liver parenchyma.

For such anatomic segmentectomy,the borders of
 

the segment to be resected must be visualized on the
 

liver surface. Makuuchi, et  al. established a
 

method for recognizing borders of a segment by infus-

ing pigment into the segment’s dominant portal vein
 

identified on intraoperative ultrasound . This
 

method allows visualization of segmental borders that
 

cannot be identified on the liver surface. However,

surgeons may experience problems with intraoper-

ative ultrasound, the complexity and incompleteness
 

of dyeing, and failure of tattooing ;therefore, seg-

mentectomy requires specialized techniques. Addi-

tional problems that surgeons must overcome in he-

patectomy include the difficulty of understanding
 

intrahepatic anatomy(including Glisson’s system and
 

hepatic veins,which are within the liver parenchyma
 

and cannot be seen from the liver surface) and the
 

difficulty of controlling bleeding.

Recent developments in imaging diagnosis have
 

enabled the 3D structure of intrahepatic vessels to be
 

understood before surgery. However, imaging
 

studies are usually done only to confirm the relation-

ship between structural elements and the tumor and
 

not to provide the surgeon with useful information
 

during surgery. For this reason,we have developed a
 

3D system that can be used to identify segments
 

during liver resection.

Several classifications of hepatic segments based
 

on incurrent hepatic blood vessels have been report-

ed . Of these classifications, Couinaud’s has
 

become the most widely known. However,accurate-

ly defining segmental borders according to Couinaud’s
 

classification is so difficult that for convenience the
 

borders for three segments of the right side of liver
 

are established with planes that contain the inferior
 

vena cava and each hepatic vein (middle and right).

However, a discrepancy arises  between the

 

Couinaud’s segment interface and the actual segmen-

tal interface based on the incurrent blood vessels
 

because of the difference in position between the main
 

portal trunk and the inferior vena cava. Further-

more, the rostral-caudal interfaces of segments can-

not be determined in the absence of landmarks.

Our method for defining interfaces differs from
 

previous methods. Rather than being based on ana-

tomic landmarks, our method is based on incurrent
 

blood vessels and their dominant areas,which are the
 

basis for classifying liver segments. Because the
 

dominant area of the incurrent blood vessel spreads
 

radially along the vessels, we assumed the segment
 

would be a cone whose apex was at the bifurcation of
 

the vessels. In this trial, segments were defined by
 

cones generated from the third ramifications of the
 

main portal vein. However,by comparing segmented
 

areas and the blood vessel system,we verified that
 

each area contained the appropriate dominant portal
 

vein up to the peripheral branch. Therefore, seg-

ments can be determined on the basis of incurrent
 

vessels with cones generated from ramifications at
 

this level. We believe that segmental borders on the
 

liver surface determined with this system will corre-

spond closely with the actual excisional planes.

Thus,we believe our system of segmentation is more
 

appropriate for clinical use.

Our system provides surgeons with further infor-

mation on structures not visible on the liver surface so
 

that the area to be resected can be defined without
 

difficulties,such as those that can arise with staining.

Methods such as the simulations described earlier can
 

facilitate safe vessel exposure and decrease invasive-

ness and operating time. Furthermore, unnecessary
 

resections might be prevented. In some patients with
 

severe cirrhosis, extensive hepatectomy is contrain-

dicated because of poor hepatic function. For such
 

patients, our method can simulate smaller seg-

mentectomy by defining smaller segments with cones
 

generated from more-peripheral portal branches.

Ideally, processing blood vessels based on the domi-

nant portal vein might allow tumors to be completely
 

removed without excess tissue resection.

Another feature of our system is that different
 

structures (venous system,Glisson’s system,liver sur-
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face)are extracted from the same slices. As a result,

all structures have a common coordinate axis and
 

show no dissociation and simulation is more accurate.

Our system should be useful for accurately measuring
 

the distance between the liver surface and the vessel
 

to be processed.

For operations based on hepatic functional
 

reserve,predictions of anatomical excision range are
 

not necessary,but predictions of the volume of liver
 

parenchyma from which tumors are to be excised and
 

of the remnant liver weight are essential . In our
 

system,on-image two-point distances and volumes of
 

any segment or tumor can be measured by calculating
 

the constituent voxels. Furthermore,any part of the
 

3D image can be resected and planes of resection can
 

be observed from any direction. We believe that
 

these functions of our system can be used to assess
 

proposed procedures on the basis of functional reserve
 

and to assess the predicted specimens.

We believe the accuracy of this system is high;

the error of measuring a phantom organ with our
 

prototype system was less than 10% . The error
 

between the actual volume of an organ and the
 

measured volume from CT images is estimated to be
 

5% . Therefore,this system is sufficiently accurate
 

for clinical use. For example, liver volume in a
 

healthy man is 1,000 to 1,500 ml,and the ratio of the
 

left lobe to the right lobe is usually 1:2 . With our
 

system the liver volume of a healthy volunteer was
 

1,219 ml and the ratio of the left lobe to the right lobe
 

was 1:1.83.

Our system provides information that is difficult
 

to obtain with earlier types of 3D images and allows
 

liver resection to be accurately simulated. This sys-

tem can help hepatectomy to be performed safely and
 

efficiently. We believe our system will allow liver
 

resection to become a standard operation, even for
 

general surgeons.

However,this system also has several limitations.

The greatest limitation is the time needed to construct
 

the 3D image because of difficulties in extracting
 

vessels from two-dimensional slices. Because the
 

computer has difficulty distinguishing vessels from
 

noise in the liver parenchyma, part of this process
 

must be performed manually. However,this process

 

can be improved by adjusting contrast conditions and
 

the method of CT radiography and by eliminating
 

noise with image-processing software. Furthermore,

the procedure might be successfully automated by
 

creating an algorithm that connects neighboring ves-

sels on sequential slices. The accuracy of 3D images
 

can be increased by obtaining a larger number of CT
 

data slices of smaller pitch. However, in actual
 

clinical practice, the pitch of slices and image accu-

racy are less than optimum owing to the cost and time
 

of scanning, the dose and injection duration of con-

trast agents, and the duration of breath-holding.

Improvements in scanning equipment might help solve
 

such problems.

A second limitation of this system is that it
 

cannot distinguish the caudate lobe. Even in clinical
 

practice,the caudate lobe is difficult to define because
 

the vessels corresponding to the segmental rami that
 

are dominant in the caudate lobe are not large enough
 

to be detected on CT images with current equipment.

Furthermore,caudate lobe rami show numerous vari-

ations. However,if caudate lobe rami can be visual-

ized with improved two-dimensional CT images, the
 

caudal lobe can be distinguished in 3D imagery with
 

our system.

Some recently developed 3D models can trans-

form data and provide tactile feedback, and virtual
 

reality-aided surgery is developing rapidly .

Our system might evolve into a four-dimensional
 

system that can provide updated images in real time
 

during surgery and project images on the liver surface
 

to guide resection.
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