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The risk of ischemia of segment IV after split liver
resection is high. This anatomical study was done to
identify the arterial blood supply and the intrahepatic
distribution of liver segment IV. The anatomy of seg-
ment IV was studied in 29 livers from adult cadavers.
To identify the arterial blood supply of segment IV,
water and ink were injected into the various branches
of the hepatic artery and the outflow through seg-
ment IV and discoloration of the liver parenchyma
were observed. In 23 of the 29 livers (79.3%), the arte-
rial perfusion of segment IV was separated by a line
drawn from the left side of the inferior vena cava at
the top of and lateral to the falciform ligament to the
medial point of the gallbladder bed. The area lateral to
this line was supplied mainly by the right hepatic
artery, and the area medial to it was supplied mainly
by the left hepatic artery. In addition to the classifica-
tion system of Couinaud, we describe here a new divi-
sion of liver segment IV based on arterial blood
supply. These anatomical findings may be useful in
defining the resection line for split liver to prevent
necrosis of segment IV.

Abbreviations: ALPPS, associating liver partition and
portal vein ligation for staged hepatectomy; IVC, in-
ferior vena cava; LHA, left hepatic artery; MHA, mid-
dle hepatic artery; PHA, proper hepatic artery; RHA,
right hepatic artery; SIV, segment IV of the liver
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Introduction

The Couinaud and Bismuth anatomical classification of
the liver is accepted by liver surgeons and transplant
communities of Europe, Asia, and North America as the
reference for describing partial organ allografts. For this
reason, it should be consulted before conducting studies
in search of new insights into liver anatomy (1,2).

The Couinaud classification depends particularly on the
main stems of the portal and hepatic veins. The liver is
divided into two functional hemilivers by the scissures
known as the main portal scissure and Cantlie's line,
which is the line that runs anteriorly from the middle of
the gallbladder bed posteriorly to the inferior vena cava
(3). The umbilical fissure and the falciform ligament
divide segments Il and Il from segment IV in the left
hemiliver. The tract of the right hepatic vein divides the
right hemiliver into anterior segments (segments V and
VIII) and posterior segments (segment VI and VII) (4).

Couinaud’s method of dividing the liver into eight autono-
mous liver segments can be accepted as a good approxi-
mation. However, the shapes of these segments, their
volumes, and their segmental borders show significant
variability, which limits the use of this classification in
surgical practice (5).

Segment IV is unlike the other segments belonging to
the left liver lobe according to the Couinaud classification
and forms the border with the right liver lobe. The arterial
supply to segment IV has been a topic of debate, and
the risk of ischemia, necrosis, and hepatic artery throm-
bosis of segment IV after split-liver transplantation or the
ALPPS (associating liver partition and portal vein ligation
for staged hepatectomy) procedure is high (6).

The middle hepatic artery supplies segment IV (7). Identi-
fying this artery and its pattern is important when planning
and performing hepatic resection. Accidental damage to
this artery can cause a number of complications such as
hepatic artery thrombosis, ischemic cholangiopathy, or a
decrease in the size of the left hepatic lobe (8).

The arterial blood supply of the posterior aspect of seg-
ment IV is not clearly understood. Kobayashi et al (9)
reported that arterial blood entered the posterior aspect
of segment IV from the right hepatic artery in 8% of the
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cases. Miyayama et al (10) described right arterial supply
to the posterior aspect of segment IV in 54%. The dis-
crepancy between the two groups may result from the
different methods used to analyze the arterial blood flow.

The purpose of our study was to determine the anatomi-
cal variations of the hepatic artery, as well as its relation-
ship with the arterial blood supply and intrahepatic
distribution to segment IV. All anatomical classifications
of liver architecture depend on the main stems of the
portal and hepatic veins, but here we concentrate on the
arterial blood supply of the liver and define the right and
left hepatic lobe depending on the arterial blood supply.

Materials and Methods

The livers used in this study were recovered from deceased donors
donated for education and research to the anatomy center of the Georg
August University in Gottingen, Germany. A medical ethics committee
reviewed each donation, and an internal review board approved the study.

We studied 29 livers from recently deceased donors without liver cirrho-
sis or a history of liver surgery.

After the liver was explanted, the porta hepatis and the portal triad were dis-
sected to reveal the anatomical variations of the hepatic arteries, their
branches, the origin of the middle hepatic artery, and its insertion into the liver.

The capsule of segment IV was removed along Cantlie’s line that sepa-
rates right and left lobes, and the umbilical fissure and falciform ligament
that define the borders between segment IV and segments Il and llI
according to the Couinaud classification (Figure 1A).

Water was injected into the various branches of the hepatic artery, and
the outflow from the superficial part of segment IV was observed. Ink
was then injected into the various branches and the discoloration of the
liver parenchyma in segment IV and ink outflow were documented and
analyzed (Figure 1B).

Results

The arterial blood supply of segment IV comes from
the right and left liver lobes

A total of 29 livers were dissected. Injecting water and
ink into the various arterial branches supplying segment
IV revealed a varying distribution of perfusion. In 23 of
the 29 livers (79.3%) the distribution was separated by a
line drawn from the left side of the inferior vena cava
(IVC) cephalad and lateral to the falciform ligament to the
medial point of the gallbladder bed.

The blood supply in the area between this line and Cant-
lie’s line came only from the right hepatic artery (RHA) in
19 of the 23 livers (65.6% of all liver samples in the
study). In the other four livers, the blood supply was
from the RHA and the middle hepatic artery (MHA),
which originated from the RHA in all four cases (13.8%
of all liver samples in the study).
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Segment 4

Figure 1: (A) The superficial layer of segment IV was removed
following Cantlie’s line that separates the right from the left lobe
(the line runs from the middle of the gallbladder fossa anteriorly
to the inferior vena cava posteriorly) and the umbilical fissure
and the falciform ligament, which define the borders between
segment IV and segments Il and Il according to the Couinaud
classification. (B) Demarcation line after the injection of the ink
in the left hepatic artery, which divides segment IV according to
the blood supply.

The anatomical variations of the hepatic artery and the
intrahepatic blood distribution patterns were so numer-
ous that they could not be categorized in a single format.
We therefore divided the specimens on the basis of the
source of the arterial blood supply and the intrahepatic
blood distribution in liver segment IV.

The blood supply of segment IV arising from the RHA,
MHA, and left hepatic artery (LHA) in different patterns
of distribution and perfusion were as follows.

In four livers (13.8%), arterial blood for segment IV came
from the RHA and the MHA, where MHA was a branch
of the RHA. Perfusion lateral to this line came from the
RHA and medial to this line from its branch, the MHA.
Note that in one liver of this group, the LHA arose from
the left gastric artery (Figure 2A).

In a second group of five livers (17.2%), arterial blood
was supplied from the RHA, MHA, and LHA, where the
MHA was a branch of the RHA (Figure 2B). In 10.3% of
this group, perfusion lateral to the described line came
from the RHA and its branch the MHA, while the perfu-
sion medial to it came from the LHA. In another 6.9% of
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Figure 2: (A) and (B) represent two groups with the same extrahepatic variation that the MHA originates from the RHA, and all of
them have the demarcation line but different intrahepatic distribution. (A) Perfusion lateral to the demarcation line came from the RHA
and medial to this line from its branch, the MHA (LHA was not supplying segment IV in this group). Note that in one liver of this
group, the LHA arose from the left gastric artery (LGA). (B) Arterial blood was supplied from the RHA, MHA, and LHA. In 10.3% of
this group, perfusion lateral to the described line came from the RHA and its branch the MHA, while the perfusion medial to it came
from the LHA. In another 6.9% of the same group, perfusion lateral to the described line came only from the RHA and perfusion med-
ial to it came from the LHA and the MHA. LHA, left hepatic artery; MHA, middle hepatic artery; RHA, right hepatic artery.

the same group, perfusion lateral to the described line
came only from the RHA and perfusion medial to it came
from the LHA and the MHA, which arose from the RHA.

In a third group of eight livers (27.6%), arterial blood
came from the RHA and the MHA, where the MHA was
a branch of the LHA. Perfusion lateral to the described
line came from the RHA and medial to it came from the
MHA, which arose from the LHA (Figure 3A).

In one liver (3.4%), the blood supply came from the
RHA, MHA, and LHA where the MHA arose from the
LHA (Figure 3B). Perfusion lateral to the described line
came from the RHA and medial to it came from the LHA
and its branch MHA.

In eight livers (27.6%), there was no MHA and the blood
supply to segment IV came from the RHA and LHA
(Figure 4). In six of the nine livers, perfusion and distribution
were separated by the described line, and the area lateral to
it was supplied by the RHA and medial to it by the LHA.

One liver (3.4%) was supplied by the RHA and the
MHA. The MHA was doubled here: one arm arising from
the RHA and the other from the LHA (Figure 5). Perfu-
sion here was also separated by the described line, and
the area lateral to it was supplied by the RHA and its
branch MHA, while the area medial to it was supplied
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by the left MHA, which arose from the left hepatic
artery.

The LHA originated from the left gastric artery in two liv-
ers (6.9%) and supplied segment IV in both cases.

Origin of the MHA, and its perfusion and distribution
in segment IV

The MHA arose from the RHA in nine livers and from
the LHA in a further nine instances, giving a frequency of
31% for each occurrence. The MHA originated from the
proper hepatic artery (PHA) in one instance (3.4%), but
was absent in nine livers (31%). The MHA was doubled
in one instance: one arm arising from the RHA and the
other from the LHA.

Other forms of perfusion and distribution in segment
v

In 6 of the 29 livers, the results of the water and ink per-
fusion were not as described above. In one case, the
water and ink perfusion to segment IV came only from
the MHA and in this instance, the MHA arose directly
from the PHA (Figure 6A).

In four of the six livers (13.8%) the distribution was sep-
arated by a line drawn from the IVC at cephalad point
and lateral to the falciform ligament to a point equidistant
from the gallbladder bed and the round ligament at the
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Figure 3: (A) and (B) represent two groups with the same extrahepatic variation that the MHAs originate from the LHAs, and all of
them have the demarcation line but different intrahepatic distribution. (A) Perfusion lateral to the described line came from the RHA
and medial to it came from the MHA (LHA was not supplying segment IV in this group). (B) Perfusion lateral to the described line
came from the RHA and medial to it came from the LHA and its branch MHA. LHA, left hepatic artery; MHA, middle hepatic artery;

RHA, right hepatic artery.

of MHA

27.6

S4 supplied by RHA and LHA without presence

RHA
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Figure 4: There was no MHA and the blood supply to segment IV came from the RHA and LHA; the area lateral to the
described line was supplied by the RHA and medial to it by the LHA. LHA, left hepatic artery; MHA, middle hepatic artery; RHA,

right hepatic artery.

anteroinferior edge of the liver (Figure 6B). Blood distri-
bution lateral to this line was only from the RHA in all
four livers, while distribution medial to it was only from
the MHA in two livers and only from the LHA in the
other two.

In one liver the distribution of water and ink was
divided horizontally into a caudal and cranial part, where
the cranial part received perfusion from the RHA and
the caudal part received it from the LHA, with the LHA
arising from the left gastric artery and there was no
MHA (Figure 6C).
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Discussion

Liver surgery depends on the anatomical liver segment
classification. There are two different classification sys-
tems of hepatic segmentation: that described by Couin-
aud and the other by Healey and Schroy (1,11). In both
systems, the midplane of the liver is defined by Cant-
lie's line. This line runs anteriorly from the middle of
the gallbladder bed to the inferior vena cava posteriorly.
The midplane divides the liver into the right and left
hemiliver (Couinaud) or the right and left lobe (Healey
and Schroy).
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both RHA and LHA

3.4%

supplied by RHA and MHA which originate from

RHA and right

Left MHA

Figure 5: The MHA was doubled here: one arm arising from the RHA and the other from the LHA. Perfusion here was also
separated by the described line, and the area lateral to it was supplied by the RHA and its branch MHA, while the area medial to it
was supplied by the left MHA, which arose from the left hepatic artery. LHA, left hepatic artery; MHA, middle hepatic artery; RHA,

right hepatic artery.

MHA RHA

RHA

LHA

LHA

Figure 6: (A) Segment IV was completely receiving its arterial perfusion from the MHA. (B) The distribution was separated by a line
drawn from the IVC at the top point to a point equidistant from the gallbladder bed and the round ligament at the anteroinferior edge
of the liver. (C) The distribution of water and ink was divided horizontally into a caudal and cranial part, where the cranial part received
the water and ink from the RHA and the caudal part received it from the LHA. IVC, inferior vena cava; LHA, left hepatic artery; MHA,

middle hepatic artery; RHA, right hepatic artery.

Both of the above classifications use the portal vein and
hepatic vein branches to define the right and left lobe. In
both classifications, segment IV is part of the left hemili-
ver. The blood supply of segment IV not only from the
portal vein but also from the hepatic arteries is unlike
that of the other segments in the segmental liver anat-
omy and has been a topic of debate (6).

Earlier studies described a different pattern of the origin
of the MHA, which supplies segment IV. Healey and
Schroy (1953) and Michels (1966) reported that the MHA
originated in about equal proportions from the RHA and
the LHA (7,12). In our study, the MHA originated from
the RHA and the LHA with the same frequency of 31%,
while in one case (3.4%) it branched off from the PHA.
Numerous other studies reported that the MHA origi-
nates from the LHA more often than from the RHA.
Suzuki (13) reported that the MHA was a branch of the
LHA in 54% of the cases and of the RHA in 34%. In 8%
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of the cases it arose at the bifurcation of the PHA and in
4% the MHA was a direct branch of the common hep-
atic artery. In 2000, Onishi et al reported that the middle
hepatic artery branched from the LHA in 61.5%, from
the RHA in 27.5%, from the bifurcation of the PHA in
5.5%, and from both the LHA and the RHA in 5.5% of
all cases (14). Azoulay et al reported in 2000 that in most
cases the MHA originated from the left hepatic artery
but could also originate from the RHA, especially in the
presence of a replaced LHA (15). In contrast, Jin et al
reported in 2008 that the arterial supply to segment IV
was mainly via a branch of the RHA or the PHA (16).

In our study, we observed that regardless of the origin of
the MHA, the distribution of the ink in the liver parench-
yma showed that the blood supply to segment IV was
not only from the MHA, but also mainly from the RHA
and the LHA. The blood supply lateral to the described
line that extends from the left side of the IVC cephalad

American Journal of Transplantation 2017; 17: 1064-1070



and lateral to the falciform ligament to the medial point
of the gallbladder bed came from the RHA, and the blood
supply medial to this line arose in most cases from the
LHA or the MHA originating from the LHA. According to
our data, a large area of segment IV is supplied arterially
more by the RHA than by the LHA. This finding might
influence both oncologic liver surgery and transplant
surgery.

Split-liver for transplanting into two larger recipients from
one adult deceased donor or liver parenchyma is
obtained by transecting at the falciform ligament to cre-
ate a Couinaud segment I/l graft (left lateral segment
graft [LLS]) and a Couinaud segment [, IV-VIII (right
trisegment graft [RTS]) (17-20). Yersiz et al described
their experience in 100 split-liver transplantations (21). It
was noticed that postoperative vascular necrosis and bil-
iary complication occurred more often following a RTS
that had a 10% higher incidence of biliary complications
and a 7% higher incidence of vascular complications than
the left lateral graft. Maggi et al (22) found signs of seg-
ment [V hypoperfusion on a computerized tomographic
scan after trisegment transplantation (right liver lobe plus
segment V).

According to our findings, creating a right lobe graft that
includes all of segment IV means that the area medial to
the above-described line will not receive arterial blood
since this comes mainly from the LHA. Consequently,
the arterial blood supply to the bile ducts in this area will
decrease, leading to necrosis of the bile ducts or bile
leakage. This might be the reason for the described com-
plications of the trisegment graft in which the parench-
yma is transected at the falciform ligament, which can
cause hypoperfusion.

The Paris technique of parenchymal transection
described by Azoulay and Castaing is performed along
the middle of segment IV. Despite leaving on both
grafts a slice of theoretically devascularized tissue dur-
ing the splitting process, they have never experienced
any necrosis of the cut surfaces. The line of transection
is drawn from the left side of the IVC at the cephalad
point, to a point equidistant from the gallbladder bed
and the round ligament at the anterior—inferior limit of
the liver retaining the middle hepatic vein with the left
graft. The two grafts could be used for two adult recipi-
ents (23).

The afore-described procedure supports our definition of
the demarcation line, which runs in the middle of seg-
ment V. Using our line for parenchymal transection will
increase the volume of a left graft and could be trans-
planted to an adult recipient.

Preservation of biliary vascularization, physiologic arterial

perfusion of all segments, and anatomical resection line
during transection are some the major technical aspects
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with impact on adequate function of the split liver graft
(23). Depending on our finding, the LLS graft will not be
affected as it receives its arterial blood supply from the
LHA but the RTS will be affected, as a part of segment
IV that receives its arterial blood from the LHA will not
receive enough oxygenated blood after the parenchyma
transection at the falciform ligament.

Besides the described advantages in transplant surgery,
our findings might influence oncologic liver surgery.
When performing the ALPPS procedure (24) in patients
with marginally resectable liver metastases, nearly all
groups described high rates of biliary leakage and necro-
sis of segment IV (25).

According to our findings, parts of segment IV are sup-
plied arterially by the RHA and other parts by the LHA. It
follows that the parts of segment IV supplied by the LHA
will not receive any blood after the first step of the
ALPPS procedure. This could explain the high incidence
of necrosis and biliary leakage after these operations.

Considering our results regarding the arterial blood sup-
ply to segment IV, the division should theoretically be
performed from the left side of the IVC at the cephalad
point and lateral to the falciform ligament to the medial
point of the gallbladder bed to avoid ischemia, necrosis,
or cholangiopathy in segment IV.

Taken together and in contrast to the portal venous blood
supply, we describe here the arterial blood supply of seg-
ment 1V, arising from the right and left hepatic artery
with a demarcation line between the areas supplied by
the RHA and the LHA, that runs from the left side of the
IVC at the top and lateral to the falciform ligament to the
medial point of the gallbladder. The anatomical findings
may be useful in defining the resection line in the split-
liver resection or trisegment transplantation and ALPPS
procedure. To avoid ischemia, necrosis, or cholangiopa-
thy in segment IV, the division of the hepatic parench-
yma should be based on the anatomy of the arterial
blood supply and the intrahepatic blood distribution to
segment IV. In view of the intrahepatic blood distribution
to segment IV, we recommend that the described line
be used as the resection line.
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