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Introduction

Hepatectomy is one of the most curative treatments for 
patients with various malignant liver tumors, but the 
high post-hepatectomy morbidity and mortality rates 
were once obstacles to the adoption of this choice of 
treatment. By the contribution of the establishment of 
surgical criteria (1,2) and the development of surgical 
devices (3-5), the surgical outcomes have improved 
over the last three decades.
	 Around the year 2000, one such advancement, 
3-dimensional (3D) simulation software, was developed 
and facilitated understanding of intrahepatic structures 
by visualizing 3D imaging, even for novice hepatic 
surgeons. In addition, 3D simulation software makes it 
possible to calculate not only the volume of the liver as 
a whole but also the volume of future liver remnants or 
the areas perfused by intrahepatic vessels.
	 Since 2004, more than 2,000 preoperative simulations 
have been performed at our institution, and the additional 
information they have yielded has provided surgeons 
with new knowledge that has enabled safer surgery. 
The next step in preoperative simulation, intraoperative 
navigation may help surgeons intraoperatively to perform 
liver resections as planned, and it may be necessary to 

perform safer liver resection.
	 In this article, we review achievements that have 
been made with this 3D simulation system and consider 
the future development of intraoperative navigation 
systems.

Identification of the shape of liver segments

Couinaud's description of liver anatomy (6), which 
is based on portal vein branching, has been widely 
used by hepatologists and surgeons. Anatomic liver 
resection (7,8), i.e., removal of portal venous territory, 
was proposed to spare the future liver remnant without 
impairing oncological outcomes for patients with 
hepatocellular carcinoma (HCC). Anatomic liver 
resection is sometimes required even in patients with 
colorectal cancer liver metastasis (CRLM) to avoid 
a large ischemic area when the portal vein adjacent 
to the tumor is resected. The first step in anatomic 
liver resection is identification of the boundaries of 
the segment. Makuuchi et al. reported a dye staining 
technique in which the portal vein is punctured and 
indigo-carmine is injected under ultrasonographic 
gu idance  (9 ) ,  and  c lamping  o r  d iv id ing  the 
corresponding portal vein makes it possible to visualize 
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the boundaries of the segment as a demarcation 
line (10,11). However, these methods only allow 
visualization of the portal territory on the liver surface, 
and the border deep in the liver parenchyma is unclear. 
Injection of the objective portal vein with an ultrasound 
contrast-enhanced agent and ultrasound examination of 
the area of the parenchyma stained has been reported 
as a means of identifying the boundary of the liver 
parenchyma (12,13).
	 After 3D simulation software became available, it 
became possible to calculate the shape of a segment by 
considering the portal vein dominant area. Shindoh et 
al. used 3D simulation software and were the first to 
identify the shape of intersegmental planes and show 
that intersegmental planes are not always flat (14). 
They found that the right portal scissura is not always 
flat, but appeared to have a concave shape when viewed 
from the dorsal side in 54% of the cases examined. 
Anatomical liver resections may be incomplete, if 
surgeons do not pay attention to the shape of segmental 
borders, and the same technical pitfall has been 
reported in the use of right lateral sector grafts during 
living donor liver transplantation (LDLT) (15,16). The 
3D simulation validation re-realized that intersegmental 
plane always located along the hepatic vein, and 
exposing the landmark vein was important for accurate 
resection (14). Indocyanine green (ICG) fluorescence 
imaging has recently been used as a staining method 
to improve identification of segmental borders (17-
19). Because the ICG fluorescence persists for a long 
time during liver parenchyma transection, it is possible 
to correctly identify the shape of liver segments 
intraoperatively.
	 It is especially difficult to identify the 3D shape of 
segment 1 without using simulation software, because 
the anatomy of the portal vein perfusing segment 1 is 
variable, and, usually, any major hepatic vein runs on 
the border of the territory. Although caudate lobectomy 
can be performed by using the counterstaining 
technique to identify the boundary of a segment (20,21), 
additional information regarding the 3D shape of 
segment 1 obtained preoperatively using 3D simulation 
software may play a significant role in identifying the 
shape of segment 1. Maki et al. stated that the acaval 
vein runs between the paracaval portion and segment 
7 or 8 in 48% of the cases (22). 3D simulation also 
demonstrated the cranial margin of the paracaval portion, 
which reached the diaphragmatic surface in 30% of the 
cases, and it alerted the surgeon to the fact that if the 
root of the right hepatic vein or middle hepatic vein were 
exposed during segmentectomy of segment 7 or 8, the 
paracaval portion might be resected at the same time (22).

Volumetry of portal territory

Preoperative volumetry is now recognized as a 
technique that is essential to ensuring a safe hepatic 

resection by estimating the volume of the future liver 
remnant. Makuuchi et al. established criteria for 
maximum resection volume classified according to the 
ICG retention rate (1), and Kubota et al. established 
indications for portal vein embolization according to the 
volume of the future liver remnant (2). Liver volumetry 
had conventionally been achieved by manually tracing 
computed tomography (CT) images and dividing the 
liver parenchyma along the lines formed by the routes 
of the hepatic veins (2,23). This technique allowed 
limited portal territories, such as the anterior sector, 
posterior sector, segment 4, and left liver, which are 
partitioned by hepatic veins or the falciform ligament, 
to be calculated, but accurate calculation of the volume 
of Couinaud segments (6) is impossible because of the 
loss of clear dividing lines in the liver (2,24).
	 After the development of 3D simulation software, 
simply creating 3D images made automatic liver 
volumetry possible, and it also became possible to 
measure liver volume corresponding to any branch of 
the portal vein. Several studies reported finding that 
the volume of segments calculated with the simulation 
software correlated well with the weight of the actual 
resected specimens (19,25-28). Mise et al. reported a 
detailed analysis of Couinaud segment volumes based 
on their study of 107 LDLT donors (29). They found 
that segment 8 was the largest segment, occupying a 
quarter of the whole liver (almost 26%), that it was 
followed by segment 7 (almost 17%), and that these 
volumes were comparable to one section of left liver (1). 
In addition, since the volume of each segment varies 
significantly, it is important to estimate the volume of 
the hepatic remnant in each individual case.
	 Moreover, anatomic resection of the territory of the 
portal triad branches distal to the Couinaud segments 
may be optional. The hepatectomy procedure in each 
patient should be planned according to the balance 
between the hepatic functional reserve and estimated 
volume of the hepatic remnant in that patient. Precise 
volumetry measurements of portal territories with 
simulation software may aid in planning an accurate 
operative strategy.

Hepatic vein anatomy and criteria for hepatic venous 
reconstruction

The postoperative impact of hepatic congestion that 
results from resecting hepatic veins was unknown until 
the early 2000s. Although a venous communication 
may be formed after hepatectomy combined with 
resection of hepatic vein (30,31), it is unclear whether 
this phenomenon occurs in all cases. It has also been 
reported that portal regurgitation occurs in congested 
areas (32), and that such areas are susceptible to necrosis 
(33). Akamatsu et al., on the other hand, found that 
adequate venous drainage during the first month after 
liver transplantation was important for liver regeneration 
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al. have stated that preoperative simulations helped 
them prevent postoperative liver failure by accurately 
preserving the vascularity of the hepatic remnant 
something, which 2D CT is incapable of doing (45). 
Takamoto et al. reported that the image of segment 
border by preoperative simulation was helpful when 
intraoperative staining was unclear (28). Furthermore, 
Oshiro et al. developed new 3D simulation software 
called "Liversim" that takes liver deformation during 
liver resection into account, and they have described this 
new simulation system as a useful means of preoperative 
imaging (46,47). The Liversim software allows 
simulation of the whole liver transection procedure, 
from the start of liver transection to removal of the 
resected specimen, and provides gradually changing 
images of the transection plane and exposed vasculature.
	 Mise et al. summarized 1,194 preoperative simulation 
cases focusing on LDLT and hepatectomy for HCC/
colorectal liver metastasis (48). Preoperative evaluation 
of liver volume and the area drained by the middle 
hepatic vein of living liver transplant donors by 3D 
simulations enabled aggressive harvesting of right liver 
grafts while maintaining donor safety. Precise segment 
volumetry by 3D simulation software in HCC cases 
allows increased anatomical resection in impaired 
liver function patients, and it may improve long-term 
outcomes. Similarly, by enabling surgeons to easily 
understand the relationship between the tumor and 
vessels, preoperative 3D simulations in CRLM patients 
has helped surgeons perform aggressive hepatectomy 
for advanced tumors by means of complex resections.

Application to intraoperative navigation

The preoperative simulation systems described 
above are useful for preoperative planning of hepatic 
resection, but they do not provide the surgeon with a 
navigation tool during the actual operation. To enable 
surgeons to use systems to navigate during operations, 
there are several reports that enable reflection of the 
preoperative simulation in the intraoperative field. For 
example, a 3D printing model of the intrahepatic vessels 
prepared on the basis of 3D simulation images has been 
introduced to help surgeons understand intrahepatic 
anatomy in 3D intraoperatively (49), and Nishino et 
al. recently reported having devised a method of real-
time navigation surgery that uses projection mapping 
(50). Their system makes it possible to project ICG 
fluorescence images onto the surface of the liver during 
liver transections and differentiate between areas that 
need to be resected and those that do not need to be 
resected. Augmented reality (AR) techniques have also 
been developed and provide 3D images of intrahepatic 
vessels and tumors by using a projector beam to display 
the images on the patient's body or organ surface (51), 
or by using stereovision eyeglasses to display on the 
monitor (52,53).

(34). Mise et al. demonstrated safe standards for venous 
reconstruction criteria (35). In their study, hepatic vein 
reconstruction was required, if non-congested future 
liver remnant was not maintained at least 40-50% of 
total liver volume, and it reduced surgical invasiveness 
without influencing the postoperative course. By 
following this criteria, we have previously reported 
performing aggressive but safe hepatectomy combined 
with hepatic vein resection and reconstruction (36,37). 
These detailed examinations are largely dependent 
on the ability of simulation software to calculate the 
area drained by the hepatic vein. Tani et al. created a 
"venous drainage map" that was drawn by using 3D 
simulation software, and it informed surgeons about 
the congested volume in the hepatic remnant after 
hepatectomy combined with hepatic vein resection (38). 
For example, the venous drainage map showed that 
extended right hemihepatectomy combined with middle 
hepatic vein resection would be accompanied by partial 
congestion of segment 4. Simulation software enables 
preoperative estimations of such congested volumes 
that would otherwise be impossible.
	 How to evaluate liver function in congested areas 
is also unclear. In a study in which Hashimoto et 
al. used near-infrared spectroscopy to detect ICG 
uptake they showed that sinusoidal perfusion in veno-
occlusive regions was reduced by about half that in 
non-veno-occlusive regions (39), and in a study using 
ICG fluorescent imaging Kawaguchi et al. showed 
that portal uptake function in veno-occlusive regions 
was approximately 40% of that in non-occlusive 
regions (40). Gadoxetate disodium-enhanced magnetic 
resonance imaging (MRI) has also attracted attention 
as a method of evaluating liver function (41,42), 
and differences in transporter expression, which 
can be considered an indicator of liver function, 
between congested and non-congested areas has been 
investigated (43). Site by site liver function assessment, 
such as congested area or non-congested area, may be 
possible by verifying gadoxetate disodium-enhanced 
MRI. In the future, objective studies using simulation 
software, ICG fluorescent imaging, gadoxetate 
disodium-enhanced MRI, etc., will be necessary to 
collect more evidence to clarify liver function in 
congested areas.

Achievements of virtual hepatectomy

Preoperative examination of 3D images containing 
images of tumors and intrahepatic vasculature assists 
liver surgeons in their attempt to acquire an anatomical 
understanding of liver. Lamade et al. described the 
advantages of referring to 3D simulation images as a 
means of understanding tumor locations and planning 
resections, even for surgeons in training (44). Saito 
et al. found that preoperative simulations were useful 
in achieving negative surgical margins (26). Lang et 
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Real-time virtual sonography (RVS)

RVS is a novel fusion imaging technology that has 
recently been developed and that simultaneously 
provides ultrasonography images and virtual sonographic 
images reconstructed from CT or MRI scans by using 
an electromagnetic system, and RVS is regarded as 
one of the "navigation" systems that help surgeons 
perform intraoperatively. In addition to being useful 
when performing liver surgery, RVS has been reported 
to be useful when performing radiofrequency ablation 
(54,55) and breast cancer biopsies (56-59). Sato et al. 
have used RVS when performing liver surgery and 
have demonstrated its usefulness for visualizing the 
relationships between resection lines and tumors (60).
	 Although the ideal navigation system would be easy 
to use for persons who are unfamiliar with intrahepatic 
anatomy, the current RVS system requires manual 
adjustment using bifurcation of intrahepatic vessels 
which takes time and requires some understanding of 
intrahepatic anatomy (61). Ang et al. reported finding 
that RVS adjustment took a median time of 3 minutes 
(range 1-12 minutes) (62), and our own measurements 
showed that it took a median time of 105 seconds (range, 
51-245 seconds) (61). A new RVS equipped with an 
automated adjustment system that enables quick, easy 
adjustments is currently being developed (63).
	 RVS has an error between the ultrasonography 
image and the reconstructed CT image, and we showed 
that the error is less than 10 mm (61) This error is 
considered permissible for use while comparing the 
two images alternately. One of the advantages of using 
this system is the ability to identify hepatic tumors that 
are difficult to identify by intrahepatic ultrasonography 
(IOUS) alone. Two representative cases in which RVS 
technology was effective in detecting small liver tumors 
are summarized below.

Case 1

A 67-year-old male underwent hepatic resection for 
HCC; the tumor measured 30 mm in diameter and 
was located in segment 8. Preoperative late-phase 
CT images revealed a low-density nodule, 8 mm in 

diameter, in segment 4 (Figure 1). At laparotomy, 
B-mode IOUS clearly demonstrated the tumor in 
segment 8, and a slightly hyperechoic nodule was seen 
in segment 4. However, the nodule in segment 4 was 
too small to conclude that it was the same as the nodule 
that had been detected in the preoperative late-phase 
CT images. Intraoperative RVS synchronized with 
preoperative CT was performed to accurately locate the 
tumor in segment 4. Since the nodule was seen between 
the two tributaries of the middle hepatic vein in the 
preoperative CT images, the RVS was adjusted to the 
bifurcation point of the middle hepatic vein. Meticulous 
examination by RVS confirmed that the nodule detected 
by the IOUS was identical to the tumor detected in 
the preoperative late-phase CT images. Then, RVS 
in which contrast-enhanced IOUS (CE-IOUS) was 
performed using Sonazoid (gaseous perflubutane; GE 
Healthcare, Oslo, Norway) was synchronized with 
preoperative CT images was performed 15 minutes 
after the contrast medium injection, and the nodule was 
ultimately judged to be benign, because it was isoechoic 
with the surrounding liver (Figure 2, Video S1, https://
www.globalhealthmedicine.com/site/supplementaldata.
html?ID=6) (64,65). Based on the above findings, only 
the tumor in segment 8 was resected. Postoperative 
follow-up CT for two years showed no changes in the 
size of the nodule in segment 4, thereby confirming that 
it was not a malignant tumor.

Case 2

A 76-year-old female was diagnosed with rectal cancer 
and there were numerous cysts in the liver (Figure 3A). 
The diffusion-weighted MRI (DW-MRI) and positron-
emission tomography (PET) findings led to suspicion 
of a synchronous liver metastasis, 7 mm in diameter, in 
segment 5 (Figure 3B and 3C). Since contrast-enhanced 
imaging was not performed because of the patient's 
underlying renal dysfunction, it was rather difficult to 
precisely identify the tumor. Low anterior resection 
of the rectum and synchronous liver resection were 
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Figure 1. Preoperative CT scan in Case 1. The arrow points 
to a low-density nodule that was suspected of being a tumor 
preoperatively.

Figure 2. Still intraoperative real-time virtual sonography 
image in Case 1. Preoperative CT (left side) and contrast-
enhanced intraoperative ultrasound (CE-IOUS; right side) 
were synchronized. The nodule was diagnosed as benign, 
because there was no hypo-echoic nodule at the same site on 
the CE-IOUS scan (arrowhead) where the low-density nodule 
was seen on the CT scan (arrow).
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planned. At laparotomy, the multiple cysts interfered 
with localization of the tumor in segment 5 both by 
B-mode IOUS and by CE-IOUS. Intraoperative RVS in 
which CE-IOUS was synchronized with DW-MRI was 
performed to locate the tumor, and it demonstrated a 
hypoechoic nodule at the site where the suspected liver 
metastasis had been identified by DW-MRI (Figure 4, 
Video S2, https://www.globalhealthmedicine.com/site/
supplementaldata.html?ID=7). B-mode IOUS ruled 
out the possibility of the nodule being a cyst, because, 
in contrast to the other cysts, it was isoechoic. The 
tumor was resected with a negative surgical margin, 
and histopathology confirmed it to be a liver metastasis 
from the rectal cancer.
	 Another fusion imaging system that uses the optical 
tracking system has also been reported (66). In this 
system, the position and direction of the ultrasound 
probe are identified using a marker attached on the 
probe through the optical tracking camera placed 
above the site of the laparotomy. However, this system 
is limited by the fact that it will not work if there is 
an obstruction between the camera and the marker, 
and during liver surgery the echo probe is sometimes 
positioned deep in the diaphragm, which obstructs 
visualization of the marker. Electromagnetic navigation 
systems, such as the RVS system, on the other hand, 
can be used in narrow places without worrying about 

shielding, and can be applied to laparoscopic surgery.

Conclusions

The advent of 3D simulation software has made safer 
and more aggressive surgery possible. In the future, 
we need to disseminate new evidence brought by 
simulation, and expect the development of a new 
surgical navigation system that will help surgeons 
performing planned operations.
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