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Summary. The management of patients undergoing surgical resection for liver malignancies requires a mul-
tidisciplinary team, including a dedicated radiologist. In the preoperative workup, the radiologist has to pro-
vide precise, relevant information to the surgeon. This requires the radiologist to know the basics of surgical
techniques as well as liver surgical anatomy in order to help to avoid unexpected surgical scenarios and com-
plications. Moreover, virtual resections and volumetries on radiological images will be discussed, and basic
concepts of postoperative liver failure, regeneration, and methods for hypertrophy induction will be provided.
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Introduction

Surgical resection often represents the only cura-
tive treatment in patients with liver malignancies. In
the last 50 years, from a pioneering surgery, the liver
resections have pushed up its limits with remarkable
achievements in terms of effectiveness, clinical out-
comes, and safety (1-3).

The reasons of these achievements rely in part on
the evolution of surgical and anesthetic techniques; on
the other side, the advances in cross-sectional imag-
ing provided a significant contribution in the preop-
erative workup allowing a better treatment allocation
and safety (1, 4). The management of these complex
patients requires a multidisciplinary team, including
dedicated radiologists with specific skills and knowl-
edge. Cross-sectional imaging (MRI, CT, and US)

techniques gained extensive application in gastrointes-
tinal radiology; they are advised as first-line techniques
in the diagnosis, staging, and follow-up in many dis-
eases (5-11).

In this paper, we will provide an overview of the
main concepts the radiologist needs to know to man-
age a presurgical workup of a patient with liver le-
sions. In particular, the present review will discuss: 1.
the basics of surgical anatomy and terminology; 2. the
relevant anatomical variants in liver resections; 3. The
role of imaging, with a focus on virtual resections and
volumetric estimations (the advanced techniques for
the evaluation of diffuse disease go beyond the scope
of this review); 4. The pathophysiological elements of
liver regeneration, liver failure, and techniques for in-
duction of liver hypertrophy.
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Liver surgical anatomy and resections
Couinaud’s segmentation

The modern techniques for liver resections rely on
Couinaud’s segmental anatomy of the liver: each segment
is fed by an independent portal branch (12). The main
anatomical landmarks are the hepatic veins (right, mid-
dle, and left), each of them lying in the so-called “por-
tal scissurae” (12). The main portal scissura includes the
middle hepatic vein, which corresponds to the Cantlie’s
line (Fig. 1). The right portal scissura contains the right
hepatic vein and divides the right hemiliver into two sec-
tors: right postero-lateral and right antero-medial. The
two right sectors are further divided into two segments
each (respectively to the hilar plane): segments VII and
VI laterally, and segment V and VIII medially. The left
hemiliver is divided into two sectors by the left portal
scissura (containing the left hepatic vein). The left ante-
rior sector contains segments IV and III, while segment
I is in the left posterior sector. The Spigel lobe (segment
I) has autonomous feeding vessels (Fig. 1) (12).

Liwver surgical resections

The modern surgical terminology considers the
anatomic and non-anatomic resections (respectively
AR and NAR) of the liver.

In AR, one or more Couinaud’s segments are
removed together with the inside tumor and relative
portal pedicles (13). The rationale is the oncological
effectiveness assuming that hepatic tumors spread

through portal branches. The actual definitions of

AR refer to the “Brisbane 2000 Terminology of Liver

anatomy and Resections” proposed by the Interna-

tional Hepato-Pancreato-Biliary Association (IH-

PBA) (14). This classification uses a modified version

of Couinaud’s segmental anatomy: the term sector is

replaced with “section,” and the left lateral section is

composed of the Couinaud’s segments II and III (13,

14). The IHPBA define AR in relation to the order of

portal divisions:

1. Hepatectomy (first-order): the two hemilivers are
divided by the Cantlie’s line (Couinaud’s middle
hepatic scissura);

2. Sectionectomy (second-order): the right sections
correspond to Couinaud’s. The left medial section
is segment IV, and the left lateral section includes
segments II+III. The Counauds terminology and
segmentation are retained as an alternative.

3. Segmentectomy (third-order): resection of one or
more of Couinaud’s segments.

In NAR, also named atypical or wedge resections,

a portion of hepatic parenchyma (with the tumor in-

side) is resected independently of vascular segmental

anatomy. The rationale is the parenchymal sparing,
which balances the oncological effectiveness in pa-

tients with underlying chronic liver disease (4).

Anatomical variants of surgical relevance

The normal vascular and biliary anatomy is pre-
sent in up to 70% of cases, and anatomical variants

Figure 1. Normal segmental anatomy of the liver. a, b, ¢, cranio-caudal axial CT slices, portal venous phase. Dashed line: Cantlie’s
line dividing the two hemilivers. RHV: right hepatic vein; MHV: middle hepatic vein; LHV: left hepatic vein; LPV: left portal vein.

Arabic numbers: Couinaud’s segments.
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are relatively commons (15). The radiologist has to
recognize the relevant anatomical variants for sur-
gery, keeping in mind two concepts: an unexpected
vascular injury leads to significant bleeding, and the
remnant liver needs vascular and biliary structures to

work properly.
Hepatic Artery

Several variants of the hepatic artery (HA) have
surgical relevance and need to be reported (16). Be-
sides the normal anatomy (HA originating from the
celiac trunk), the significant variants involve the “ac-
cessory” or “replaced” arteries from other vessels than
the celiac trunk. The critical factor to be considered is
the spatial relationship between the vessel and the type
of resection, to prevent injuries to the aberrant branch
and irrorated liver (e.g. left aberrant hepatic arteries

are relevant for left hepatectomy) (Fig. 2a) (15, 16).
Portal Vein

Typically, the portal vein bifurcates at the hilum
to feed the left and right hemi-livers in 65% of cases
(17), respectively. The relevant portal variants to be
recognized to avoid accidental ligation involve the bi-

furcation of the main portal trunk. The most frequent
are the portal trifurcation and the so-called “Z-type”
portal vein, where the right portal vein is absent, and
right sectorial branches originate from the main trunk
(Fig. 2b). Other relevant variants involve the segment

VIII fed by the left portal vein (16,17).
Hepatic Veins

The importance of hepatic vein variants relies on
the drained territories and the potential congestive sta-
tus of the remnant liver after ligation of an aberrant
vessel. The classification of hepatic veins is more com-
plex: the right hepatic vein has four variants, while the
middle and left hepatic veins are classified into three
variants each (18-20). Usually, the right hepatic vein
drains the segments V, VI, and VII; if a variant drains
the entire right hemiliver, the middle hepatic vein can
be removed during left hepatectomy (18). An acces-
sory right hepatic vein with caval confluence of at least
20 mm caudally to the right hepatic vein may allow
for resection of segment VII and VIII together with
the right hepatic vein (fig. 2¢) (18). The middle and
left hepatic veins present a common trunk in 65-85%
of cases with difficult selective clamping of the mid-
dle hepatic vein alone (19,20). The relevant variants

Figure 2. Volume Rendering (VR) reconstructions of relevant vascular variants for surgery. A: antero-inferior view of a variant of the
hepatic artery (red). Replaced left hepatic artery from the left gastric artery, middle hepatic artery from common hepatic artery, and
replaced right hepatic artery from the superior mesenteric artery. Variants of the left hepatic artery are relevant in left hepatectomies
(brown hemiliver), while variants of the right hepatic artery are relevant for right hepatectomies (green hemiliver). Ao: aorta. CT:
celiac trunk. SMA: superior mesenteric artery. CHA: common hepatic artery. SA: splenic artery. LGA: left gastric artery. GDA: gas-
tro-duodenal artery. LHA: left hepatic artery. MHA: middle hepatic artery. RHA: right hepatic artery. B: portal trifurcation (pink),
cranial-right view. RPSPV: right posterior sectorial portal vein. RASPV: right anterior sectorial portal vein. LPV: left portal vein. C:
variants of hepatic veins (blue) with right accessory hepatic vein, cranio-posterior view. RAHV: right accessory hepatic vein. RHV:

right hepatic vein. MHV: middle hepatic vein. LHV: left hepatic vein.
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of middle and left hepatic veins regard the drainage
of segments V, VIII, and IV to be evaluated before the
ligation of the left or the middle hepatic vein (18).

Biliary Tree

In the normal biliary anatomy, the confluence of
the right and left hepatic duct makes the main hepatic
duct at the hilum (80% of cases) (21). Even though
systematic correlations between biliary and vascular
variants have not been demonstrated (21), a not-rec-
ognized biliary variant may lead to postoperative leak-
age or biliary obstruction in a portion of the remnant
liver (16). The most relevant biliary variants involve a
segment or sector drained contralaterally or in an ec-
topic way; these frequently involve the right posterior
sectorial duct draining into the left hepatic duct, in the
main hepatic duct or the cystic duct (16, 21).

Imaging techniques
Ultrasound

Transabdominal liver ultrasound (US) is generally
the first level for the evaluation of a focal liver lesion;
elastography techniques are used for the evaluation of
liver fibrosis (22, 23). It is fast, diffuse and cheap, but
is not panoramic and strongly dependent on the op-
erator. With the administration of contrast material
(CEUS), it may be helpful in the characterization of
liver lesions (24).

Conversely, the US plays a fundamental role in in-
traoperative imaging, allowing for an accurate evalua-
tion of the lesions, vascular pedicles, and their relation-
ships and is also helpful in the evaluation of segmental
anatomy (e.g., the US finger compression) (25).

Computer Tomography

The Computer Tomography (CT) examination
is fundamental in the preoperative evaluation and
the administration of intravenous contrast material is
mandatory. A post-contrast triphasic protocol is nec-
essary for an accurate evaluation of the arterial vessels,
the intrahepatic portal and venous vessels as well as

for detection, localization and characterization of the
liver lesions (16). Adequate dose of contrast material
and bolus tracking techniques are recommended for
optimal acquisition timing and adequate contrast reso-
lution between the vascular pedicles, the lesions, and
the liver parenchyma (26). Advanced techniques, such
as Dual-Energy CT, allow for further optimization of
contrast administration (27, 28). The purpose of the
radiological report is to help the surgeon to decide
whether the procedure is indicated and, eventually, to
choose the best surgical method. The report should
include the size, number, and location of the lesions,
including their relationship with the vessels and bil-
iary tree, by using the Couinaud’s landmarks. The rel-
evant anatomical variants with potential influence on
the surgical technique (see the previous section) need
to be reported. Moreover, the patency of the vascular
pedicles, as well as the presence of neoplastic portal
thrombus, need to be reported (4).

The radiologist should highlight potential con-
traindications to surgery, such as radiological signs of
portal hypertension (i.e., ascites, splenomegaly, paten-
cy of umbilical vein, and abdominal varices), associated
with a higher rate of perioperative complications (4).

Furthermore, the radiologist should recognize and
report signs of chronic liver disease (cirrhosis and stea-
tosis) or the presence of biliary dilatation / obstructive
jaundice suggesting an impairment of the function of
the relative parenchyma (29).

Compared to MRI, CT provides a relatively poor
representation of the biliary duct system but is faster
and provides a higher spatial resolution of the vascu-
lar structures. This is relevant for 3D reconstructions
of the liver parenchyma and vessels provided for the
multidisciplinary evaluation and surgical planning. A
further step is the virtual resections with volumetric
estimations, discussed in the next sections (4).

Finally, the evaluation of diffuse liver disease with
advanced techniques such as Dual-Energy is not fully
standardized and validated (30).

Magnetic Resonance Imaging
Magnetic Resonance Imaging (MRI) represents

the gold-standard for the evaluation of the liver focal
and diffuse disease and the biliary tree. In this regard,
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MRI has assumed a primary role in the study of vari-
ous districts and pathologies, thanks to its high con-
trast resolution and the absence of ionizing radiations
compared to CT (31-34).

An adequate MRI protocol should include the
basic sequences (axial and coronal T2-weighted turbo
spin-echo, axial T1-weighted gradient-echo in- and
out-of-phase with eventual Dixon technique) together
with Diffusion-Weighted imaging (DWI), magnetic
resonance cholangiopancreatography (MRCP) and
post-contrast acquisitions (35, 36).

The DWI is helpful in the detection and charac-
terization of focal lesions and eventual neoplastic por-
tal vein thromboses (35, 37).

The first advantage of hepatobiliary contrast
agents (HCA) is the remarkably high accuracy in de-
tection and mapping of focal lesions, in particular the
smaller ones (<1 cm); this is cost-effective by reducing
the rate of inadequate surgical treatments in patients
with colorectal liver metastases (38). Moreover, the
evaluation of the biliary tree in the excretory phase,
integrated with MRCP, may be helpful for the evalu-
ation of eventual lesions or variants of the biliary tract
and the spatial relations with hepatic nodules (35).

The advanced techniques, such as MR Elastogra-
phy, Proton Density Fat Fraction (PDFF), the evalua-
tion of iron overload, and the T1 mapping with hepa-
tobiliary contrast agents for liver function, can provide
valuable information on liver parenchyma, though not

widely available (35).

Quantitative evaluation: the role of Virtual
Resections

The remnant liver and the Post-Hepatectomy Liver
Failure (PHLF)

The curative effectiveness of a major liver resection
needs to be balanced with the amount of remnant liver
parenchyma. In the postoperative period, the remnant
liver has contemporarily to sustain liver regeneration
(induced by the increased sinusoidal shear stress) and
metabolic functions. In the case of imbalance between
the metabolic and regenerating functions, the func-
tional reserve, and the volume of the remnant liver, the

post-hepatectomy liver failure (PHLF) occurs (29).

There are several definitions of PHLF; a widely
accepted one describes the PHLF as the postopera-
tive impairment of metabolic functions of the remnant
liver with hyperbilirubinemia and increased INR (with
or without clinical symptoms) on or after postopera-
tive day 5 (29, 39). The PHLF may present with dif-
ferent grades of severity, with variable mortality up to
54% (39).

The portal hyperperfusion of the remnant liver
(because of the loss of vascular space after resection),
the imbalance of the metabolism of biliary salts, dys-
regulation of the innate hepatic immune system and
the presence of underlying chronic liver disease (e.g.,
steatosis or cirrhosis) are the major pathophysiological
factors of PHLF. Thus, the combination of patient’s
and hepatic intrinsic factors (e.g., cirrhosis) and opera-
tive factors (e.g., loss of vascular) are responsible for
the occurrence of PHLF (29, 40).

Virtual Resections

Cross-sectional imaging plays a pivotal role in the
estimation of the postoperative liver remnant (Future
Liver Remnant, FLR). The FLR is a percentage of the
estimated remnant liver volume (RLV') over the esti-
mated preoperative total liver volume (TLV) (41).

The RLV is accurately calculated on CT or MRI
images following the Couinaud’s landmarks with dedi-
cated software. A relevant technical factor is the slice
thickness, responsible for partial volume artifacts: ac-
ceptable values are below 6 mm in CT and below 8 mm
in MRI (easily achieved with modern scanners) (42).
The recent advances in artificial intelligence allow for
segmentation of big volumes (TLV) in short time with
no more needs for calculation of standard liver vol-
umes from anthropometric data; moreover, tumoral le-
sions are easily segmented (Tumor volume, TuV') (43).
Thus, the FLR can be easily calculated as a fraction of
the RLV on the Functional Liver Volume (FLV=TLV-
TuV) (Fig. 3) (41):

The estimation of FLR does not consider the
presence of underlying liver disease that has to be
estimated separately. If a cutoff of FLR=25-30% can
be considered as safe in patients without chronic liver
diseases, higher thresholds (more than 40%) are neces-
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Figure 3. Associating Liver Partition and Portal vein ligation for Staged hepatectomy (ALPPS), Volume rendering reconstructions
(VR). Hepatic artery: red. Hepatic veins: blue. Portal vein: pink. Red lesion: tumor. Green lesion: cyst. A: Baseline CT before step 1:
simulation of right hepatectomy extended to segment 4. Green liver: Remnant Liver Volume (RLV) including Couinaud’s segments
1,2, 3. Brown Liver: resected liver (segments 4, 5, 6, 7, 8). The RLV had a volume of 242 ml and 230 ml without the cyst. The calcu-
lated future liver remnant was 21% (fraction of RLV on Functional Liver), below the safe threshold for resection (FLR>=25%). The
patient was candidate to ALPPS. B: follow-up CT on 7° post-operative day after ALPPS step 1. The RLV (brown liver) increased
from 242 ml to 337 ml (equal to 325 ml without the cyst). The calculated FLR was 28%, and the patient underwent to right hepa-

tectomy extended to segment 4 on the following day. The procedures performed in step 1 can be observed: the right portal vein was

ligated (not visible in b, pink arrows), and the in-situ splitting was performed (empty white arrows).

sary in the presence of steatosis, cirrhosis, or obstruc-
tive jaundice (29, 41). Thus, the volumetric estimations
from virtual resections need to be integrated with clini-
cal data (e.g., MELD Score, Child-Pugh, Indocyanine
test, and eventual liver biopsy) in a multidisciplinary
environment (4, 29).

Induction of liver hypertrophy

It is possible to increase a not-sufficient FLR by
induction of liver hypertrophy with selective occlusion
of portal branches with different techniques (44).

The portal vein embolization (PVE) is an inter-
ventional technique for percutaneous occlusion of por-
tal branches, with a reported mean increase in FLR
of nearly 38% at 4-weeks CT (44). The relatively low
invasiveness needs to be balanced with a relatively low
increase of FLR and long times with a reported 20%
drop-out rate because of tumor progression (44, 45).

The portal vein ligation (PVL) is usually associ-
ated with wedge resections in two-stage hepatectomies
in colorectal liver metastases: a hemiliver is debulked,

and the contralateral portal branch is ligated for sub-
sequent hepatectomy (46). The data available do not
suggest significant differences between the outcomes
of PVE and PVL (44).

The ALPPS (Associating Liver Partition and
Portal Vein Ligation for Staged Hepatectomy) is a
two-stage hepatectomy with several variants (47, 48).
The first step includes the portal ligation together with
the partial or total liver transection to avoid portal
shunts (47). After a median time of 7-9 days, a mean
increase in FLR of 69-75% has been reported on CT
studies, and the hepatectomy can be safely performed
in the 2" step (Fig. 3) (44, 47). The absence of almost
null tumor progression needs to be balanced with a re-
ported higher mortality rate (49).

Conclusions
In this overview, we provided a basic discussion

on the surgical techniques and the underlying ana-
tomical concepts the radiologist needs to be aware of.
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The patients with hepatobiliary malignancies require a
multidisciplinary approach in which radiology plays a

pivotal role in qualitative and quantitative evaluations.
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