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Preface to the Second Edition

Since the publication of the first edition of Nuclear Hepatology almost 10 years ago, new
advances have taken place, both in our understanding of liver pathophysiology and various
imaging modalities. A unique feature of imaging of physiology is that it enables quantifi-
cation. Since liver physiology is complex, quantification has been a challenge. Many pub-
lications in the past have often included quantification based on home-made software not
available for others. Thus, the comparison of results from one center to another becomes
difficult, if not impossible. The second edition of Nuclear Hepatology addresses these
issues. Sophisticated software for liver and gallbladder function has been tested and vali-
dated through many of our previous publications. Now that software is FDA approved and
available for others through a commercial company, it is hoped that future publications of
imaging of liver and gallbladder physiology would routinely include quantification.

Although the function of the hepatocyte is complex, it can be broadly divided into two
main categories, substrate uptake at the basolateral border and intracellular transit prior
to excretion into the canaliculi. The earliest manifestation of hepatocellular injury occurs
in the form of prolongation of the intracellular transit time, which occurs long before the
disruption of the basolateral border with subsequent rupture and death. The liver enzymes
are released into circulation after the death of the hepatocyte. Hepatocyte function can be
restored completely by treating the patient as soon as the intracellular transit is altered, but
not after the rupture of the basolateral border (cell death). Measurement of intracellular
transit time from a Tc-99m HIDA study enables early detection of the hepatocyte injury
and early therapeutic intervention.

Most of the chapters include updated information. The second chapter describes the
latest information related to liver physiology and Chap. 5 provides sophisticated software
quantification of pathophysiology. Cholescintigraphic images are correlated with morpho-
logic images obtained with ultrasound, CT or MRI. Since PET/CT imaging has currently
become a standard in the care of the cancer patient, a detailed description is provided
in Chap. 12. Latest information on biliary dyskinesia in adults and neonatal hepatitis in
infants is updated. It is our firm belief that physicians, surgeons, and pediatricians caring
for patients with liver and gallbladder disease would become more familiar with the lat-
est advances in imaging technology and provide the best care for their patients, based on
evidence from objective parameters.
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Morphology and Microstructure
of the Hepatobiliary System

1.1
Morphology

Liver and gallbladder disease is a common entity around the world and according to the
World Health Organization estimation accounts for 46.1% of global disease [1]. Liver
transplantation for end-stage liver disease, segmental resection for tumor, and therapeutic
interventional maneuvers has made it necessary to have thorough knowledge of the mor-
phology of the liver and biliary system in much greater detail than ever before [2]. With
the widespread application of segmental liver resection for living donor liver transplanta-
tion or radioablation of liver tumors, thorough knowledge of internal structures is critical
for radiologists, nuclear medicine physicians, and surgeons. Since the publication of the
first edition of our book in 2000, many advances in liver disease therapy have taken place,
making it necessary to provide more detailed anatomic and histopathological information.
Anatomical details of the vascular and ductal structures are well depicted on a multi-
detector computer tomography (MDCT), magnetic resonance cholangiopancreatography
(MRCP), and endoscopic retrograde cholangiopancreatography (ERCP), enabling identification
of the third or fourth order branches on the images. Such detailed structural information is
necessary for surgeons for segmental resection of the liver.

Embryology

The liver and biliary systems develop from an endodermal bud that arises during the 5th
week of intrauterine life when the embryo is about 3 mm in length [3]. The bud originates
from the ventral surface at the junction of the foregut with the midgut, and soon divides
into cranial (pars hepatica) and caudal (pars cystica) branches. The ventral pancreas sprouts
near the caudal bud, and the dorsal pancreas arises on the opposite side at the foregut—
midgut junction (Fig. 1.1.1). When the embryo is about 5 mm in length, the cranial and
caudal branches become further connected by a common stalk, which later becomes the
common bile duct. By the time the embryo is about 7 mm in length, the cranial branch
(pars hepatica) divides into two cellular columns, which later become the physiologic right
and left hepatic lobes [4]. The gallbladder develops from the caudal branch (pars cystica)
and continues its connection with the common stalk through a channel, which later becomes

G.T. Krishnamurthy and S. Krishnamurthy, Nuclear Hepatology, 1
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1.1 Morphology 3

the cystic duct. Canalization takes place to form a patent biliary tree (gallbladder, cystic
duct, right and left hepatic duct, common hepatic duct, and the common bile duct). When
the embryo is about 10 mm in length, the gut begins to make a 90° clockwise rotation and
completes it by the time it is 12 mm in length, which brings the ventral pancreas in close
contact with the dorsal pancreas, facilitating their fusion into a single pancreas before birth
[5]. This rotation brings the common bile duct posterior to the duodenum. Many congenital
abnormalities around this region are secondary to mal-rotation at this junction. The caudate
lobe arises separately close to the inferior vena cava, independent of the right and left hepatic
lobes. The liver begins bile secretion by the 12th intrauterine week, thus completing the
formation of the hepatobiliary system, the most complex metabolic factory in the human
body. In adults, the liver weighs about 1,500-1,800 g and forms about 1/50 of the body
weight. In children, however, it forms a relatively much larger fraction (1/20) of the total
body weight.

Liver Lobes and Surfaces

Most of the liver is situated in the right upper quadrant of the abdomen underneath the
right hemi-diaphragm, with the superior border situated at the level of the right fifth inter-
costal space. Liver consists of five surfaces: anterior, posterior, right lateral, superior, and
inferior. The anterior, right lateral, and posterior surfaces are smooth, and superior and
inferior surfaces are rough with grooves and fissures for entry and exit of the vascular and
biliary structures (Fig. 1.1.2). The liver is divided into right and left lobes on the basis of
either anatomic or physiologic markers. Anatomically, the liver is divided into right and
left lobes on the basis of the line of attachment of the falciform ligament. The anatomic
division serves no useful purpose in the management of liver disease and hence has been
given less importance in recent years. The physiologic division, on the other hand, has
gained much more popularity as it follows embryologic development and delineates func-
tional lobes and segments, whose line of demarcation is used for liver resection during
transplant or tumor surgery. The physiologic division into right and left lobes is indicated
on the inferior surface by a deep fissure called the plane of Sérégé-Cantlie that passes from
the gallbladder fossa along the inferior border to the inferior vena caval groove along the
superior border [5].

The falciform ligament, the marker of the anatomic right and left lobes, lies to the left
of the deep fissure (Sérégé-Cantlie line) that divides the liver into physiologic right and
left lobes. The caudate lobe situated posteriorly and quadrate lobe situated anteriorly form
part of the anatomic right lobe, but both of these structures belong to the physiologic left
lobe (Fig. 1.1.2). The anatomic right lobe is approximately six times larger (85%) than the
anatomic left lobe (15%), whereas the physiologic right lobe is 70% and physiologic left
lobe 30% in size. Thus, the physiologic left lobe is much larger than its anatomic counter-
part. It is important, therefore, to be very specific while describing lobes of the liver,
whether one is referring to the anatomic or to the physiologic division. Throughout this
book, we will refer to the physiologic division unless otherwise mentioned.
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| Anatomic Rt. lobe |
Anatomic Lt. lobe 1

Falsiform
ligament

Quadrate

| Physiologic Rt. lobe
Anterior surface Posterior surface

Anterior

. superior area
Posterior P

superiorarea \ %
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Fig. 1.1.2 Surfaces, segments, and lobes of the liver. The anatomic left lobe (divided by the
falciform ligament) is much smaller than the anatomic right lobe, but the physiologic left lobe is
much larger than the anatomic left lobe. The quadrate lobe, which forms a part of the anatomic
right lobe, forms a part of the physiologic left lobe. Liver consists of three lobes (including the
caudate lobe), four segments, and eight areas. H4 hepatic artery, BD bile duct, PV portal vein,
GB gallbladder

Segments and Areas

The liver is divided into lobes, segments, and areas. The division is made on the basis of
either the vascular [6, 7] or the bile duct branches [8]. As both the vessels (hepatic artery
and portal vein) and bile ducts travel together to every lobe, segment, and area of the liver,
it usually makes no difference which structure is chosen as the reference point for the divi-
sion. Segments are named by either numbers or given a directional nomenclature, similar to
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Table 1.1.1 Nomenclature for hepatic segments and lobes as adopted by different authors

Liver lobes  Hjortsjo (5) Healey and Schroy (8) Couinaud Bismuth
&)
Caudate Dorsal segment Lobus caudatus I 1
lobe
Left lobe Dorso-lateral segment  Lateral superior area 11 II
Ventro-lateral segment Lateral inferior area 111 111
Central segment Medial superior area v IVA
Dorso-ventral Medial inferior area v IVB
segment
Right lobe Ventro-caudal Anterior-inferior area A% v
segment Posterior-inferior area VI VI
Dorso-caudal + Posterior-superior area VII VII
intermedio-caudal ~ Anterior-superior area VIII VIII

Dorso-cranial +
intermedio-cranial
Ventro-cranial

the division of the lungs into lobes and segments. Couinaud [6] and Bismuth [9] used
numbers, whereas Healey and Schroy [8] preferred directional nomenclature. The imaging
technology (nuclear medicine, CT, MRI, and ultrasound) and surgeons prefer to use numerical
segments for the division [10—16]. Table 1.1.1 shows names and numbers adopted by
different authors. Starting from the caudate lobe (I), the numbers go clockwise covering the
lateral (II, TIT) and medial (IVA, IVB) segments of the left lobe, and inferior (V, VI) and
superior (VII, VIII) half of the right lobe. The directional nomenclature used by Healey and
Schroy [8] is much easier to remember, whereas the numbers require memorization. Recent
authors seem to prefer the numbers proposed by Couinaud and Bismuth [6, 9, 17].

Three major hepatic veins drain the liver blood into the inferior vena cava, left hepatic
vein, middle hepatic vein, and right hepatic vein. The middle hepatic vein, which follows
the direction of the Serege-Cantlie plane (from the gallbladder fossa below to the inferior
vena caval groove above), divides the liver into physiologic right and left lobes. The right
hepatic vein divides the right lobe into anterior (V and VIII) and posterior (VI and VII)
segments. The left hepatic vein divides the left lobe into medial (IVA and IVB) and lateral
(IT and IIT) segments. The right and left branches of the portal vein, hepatic artery, or
common hepatic duct divide the liver segments into superior and inferior areas. The liver,
therefore, consists of two large lobes, four segments, and eight areas (Fig. 1.1.3). Recent
studies, however, suggest that in the case of extended liver resection for malignancy,
Hjortsjo’s segmental division may provide better anatomic detail than Couinaud’s classi-
fication [18]. The caudate lobe (I), despite being small in size, is considered as a separate
lobe mainly because of its unique embryology and vasculature [19, 20]. It lies between the
hilar structures and inferior vena cava and consists of three parts: Spiegel’s lobe (left), the
paracaval (middle) and caudate process (right).
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IVC
Right hepatic vein

Left hepatic vein

Middle hepatic vein
Medial superior area
Caudate lobe (1)

Anterior superior area
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Lateral superior area
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Fig.1.1.3 Hepatic and portal venous system. The left hepatic vein, carrying blood from the lateral
segment of the left lobe, joins the middle hepatic vein, carrying blood from the medial segment of
the left lobe and anterior segment of the right lobe, to form a single venous trunk before joining the
inferior vena cava. The right hepatic vein carries blood mostly from the posterior segment of the
right lobe and joins the inferior vena cava separately. The portal vein is formed by the union of the
superior mesenteric vein and splenic veins. It divides into right and left portal branches that travel
in opposite directions and enter the parenchyma in the middle, dividing the liver into superior and
inferior areas. (CBD common bile duct, /V'C inferior vena cava)

Hepatic Artery

After arising from the celiac axis, the hepatic artery runs between the two layers of the
hepatogastric ligament (lesser omentum) and enters the liver at the hilum. It is situated
anterior to the portal vein and on the left side of the common bile duct (Fig. 1.1.3). In 90%
of patients, the hepatic artery divides into right and left branches before entering the hilum
of the liver. In the remaining 10%, the hepatic artery divides into three terminal branches,
with the third branch entering the quadrate lobe (IV) directly. Wide variability is seen in
the branching of the hepatic artery, portal vein, and bile ducts, and their clear delineation
by imaging procedures (MDCT, ERCP, MRCP) is essential prior to segmental liver resec-
tion [21]. The hepatic artery supplies about 400 ml of arterial blood per minute at 100
mmHg systolic pressure and accounts for 25% of the total liver blood flow [22].

The cystic artery to the gallbladder usually arises from the right hepatic artery in the
triangle of Calot, which is bordered by the inferior liver surface above, common hepatic
duct to the left, and the cystic duct to the right. Often the cystic artery may arise from the
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(\‘\ ; -
. Splenic vein

Fig.1.1.4 Portal vein. Coronal section CT (with contrast agent) shows the formation of the portal
vein (PV) by the union of the superior mesenteric vein (SMV)) with splenic veins

Fig.1.1.5 Portal vein branches. Coronal section CT (with contrast agent) at the porta hepatis shows the
branching of the portal vein (PV) into right portal vein (RPV) and left portal vein (LPV) at almost 90°.
Middle hepatic vein (MHYV) is seen entering the inferior vena cava at the superior liver margin
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main hepatic artery, left hepatic artery, or the gastroduodenal artery. Soon after its origin,
the cystic artery enters the gallbladder at its neck and divides immediately into a superficial
and a deep branch, both of which were first identified by Vesalius in 1564 [S]. The super-
ficial branch supplies blood mostly to the free inferior wall covered by the peritoneum, and
the deep branch supplies blood to the superior wall, which lies in direct contact with the
inferior liver surface.

Portal Vein

The portal vein is formed by the union of the splenic and superior mesenteric veins and
measures about 5.5-8 cm in length; it enters the liver at the porta hepatis (Fig. 1.1.4). It usu-
ally divides at a 180° angle into the right and left portal vein branches, which enter the liver
parenchyma in the middle, dividing the liver into superior and inferior areas. The right
portal vein gives off anterior and posterior segmental branches, and the left portal vein gives
off medial and lateral segmental branches (Fig. 1.1.5). At least one branch enters each area
of the liver segment. On average, three small portal vein branches (varying from one to six)
enter the caudate lobe. They may arise from the left, right, or portal vein bifurcation.

Fig. 1.1.6 Hepatic veins. Axial CT (with the contrast agent) at the upper part of the liver shows
three hepatic veins. Left hepatic vein (LHV) has a medial (MB) and lateral (LB) branch and unites
with the middle hepatic vein (MHV) before joining the inferior vena cava (/V'C) as single trunk.
Right hepatic vein (RHV) joins the IVC directly
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Fig. 1.1.7 Right hepatic vein. A coronal section CT with contrast agent at the middle of the right
lobe shows the right hepatic vein (RHV) draining blood from the posterior (VI and VII) segment

The portal vein supplies about 1,200 ml blood per minute to the liver (75% of the total liver
blood supply) at 7-10 mmHg systolic pressure [22].

Hepatic Veins

There are three distinctly separate hepatic veins: right, middle, and left (Fig. 1.1.6). They
interdigitate and overlap with the portal venous system. The left hepatic vein has two
tributaries, the medial and lateral branches. The medial branch drains blood from segments
IVA and IVB, and the lateral branch drains blood from segments II and III (Fig. 1.1.6). The
middle hepatic vein runs along the gallbladder fossa-inferior vena cava plane (Sérégé-
Cantlie) and divides the liver into physiologic right (V-VIII) and left lobes (I-1V). It
receives blood from the superior (IVA) and inferior (IVB) areas of the medial segment of
the left lobe, and the superior (VIII) and inferior (V) areas of the anterior segment of the
right lobe. The middle and left hepatic veins unite to form a single trunk before joining the
inferior vena cava (Fig. 1.1.6). The right hepatic vein is the largest of the three veins and
drains blood mostly from the superior and inferior areas of the posterior segment (VI and
VII) of the right lobe (Fig. 1.1.7). Small tributaries are also received from the anterior seg-
ment. The right hepatic vein joins the inferior vena cava directly as a separate branch.
The major portion of the venous blood from the caudate lobe drains directly into the
inferior vena cava through three short veins [19, 20]. Smaller veins also drain into the middle
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Duodenum

Fig. 1.1.8 Intra- and extra-hepatic ducts and gallbladder. / Gallbladder, 2 common bile duct, 3
common hepatic duct, 4 right hepatic duct, 5 anterior segmental duct, 6 anterior superior area duct,
7 anterior inferior area duct, § posterior segmental duct, 9 posterior superior area duct, /0 posterior
inferior area duct, /7 left hepatic duct, /2 medial segmental duct, /3 medial inferior area duct, /4
medial superior area duct, /5 lateral segmental duct, /6 lateral superior area duct, /7 lateral inferior
area duct, /8 falciform ligament

PSD MSD PSD MSD PSD
RHD LHD

MSD

LSD LSD LDS

ASD
LHD ASD

ASD LHD

72% 22% 6%

Fig.1.1.9 Variations in bile drainage from the right lobe. The anterior segmental duct (4SD) usually
joins with the posterior segmental duct (PSD) forming the right hepatic duct (RHD) in 72%.
Sometimes either PSD (22%) or ASD (6%) may join the left hepatic duct directly. Both RHD and
LHD unite to form the common hepatic duct

and left hepatic veins. Because of this separate venous pathway directly into
the inferior vena cava, the caudate lobe often maintains normal function during thrombosis
of the hepatic veins (Budd-Chiary syndrome). The patients with Budd-Chiary syndrome
demonstrate a normal pattern of Tc-99m-sulfur colloid uptake by the caudate lobe, whereas
the rest of the liver parenchyma may show marked reduction in radiocolloid uptake. The
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PSD . Ly LsD PSP LSAD PSD _. .o LSAD
MSD
ASD ASD MSD |jap "SP mSp  LIAD
62% 25% 4%
LSAD MSAD
PSD PSD PSD RHD LHD Lfl’j‘g

LSAD
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Fig. 1.1.10 Variations in drainage of bile from the left lobe. The medial segmental duct (MSD)
usually unites with the lateral segmental duct (LSD) in 62%, forming the left hepatic duct (LHD),
which later unites with the right hepatic duct (RHD), forming the common hepatic duct. In the
remaining 38% of patients, the main difference in bile drainage pertains to variations in area ducts
joining with each other. It is rare for either the left medial or the left lateral segmental duct from
the left lobe to join directly with the right hepatic duct (RHD). (LSAD lateral superior area duct,
LIAD lateral inferior area duct, MIAD medial inferior area duct, MSAD medial superior area duct,
PSD posterior segmental duct, ASD anterior segmental duct)

venous blood from the gallbladder drains directly into the inferior vena cava. As the major
portion of the caudate lobe falls on the left side of the Serege-Cantlie plane, it is usually
included with the physiologic left lobe.

Bile Ducts

The biliary tree consists of a network of ductal systems progressively increasing in size and
originating at the hepatocytes as the bile canaliculus (Fig. 1.1.8). Bile canaliculi from the
adjoining hepatocytes unite to form the cholangioles (<20 um), which in turn combine to
form the interlobular ducts (20—100 pm) and later the area ducts (100400 um). Ducts from
each area unite to form the segmental ducts (400-800 um). The segments are positioned
anterior and posterior in the right lobe, and medial and lateral in the left lobe [23]. The ante-
rior segmental duct unites with the posterior segmental duct (72%) to form the right hepatic
duct (Fig. 1.1.9). The right posterior segmental duct unites with the left hepatic duct directly
in 22%, and in the remaining 6% of the cases, the right anterior segmental duct joins the left
hepatic duct directly [8].

In the left lobe, the medial segmental duct usually unites with the lateral segmental duct
(62%) to form the left hepatic duct. The left medial segmental duct joins the left inferior
area duct in 25% of the cases. Other variations are less frequent (Fig. 1.1.10). It is rare for
either the left medial or the left lateral segmental duct to join the right hepatic duct directly.
The medial segmental duct drains bile from the quadrate lobe (IVA, IVB), and the lateral
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Fig.1.1.11 Caudate lobe. Axial section CT with contrast shows the caudate lobe situated posteriorly,
in between the inferior vena cava and vessels at the porta hepatis. The caudate lobe consists of
three parts: (1) right (caudate process), (2) middle (paracaval), and (3) /eft (Spiegel’s) lobe

segmental duct drains bile from the entire anatomic left lobe (I, III). In a Tc-99m-HIDA
study, the medial segmental duct and the lateral segmental duct appear as separate trunks
in an anterior view image, but the anterior and posterior segmental ducts of the right
hepatic lobe are superimposed on one another in the anterior or posterior view of the liver.
A right lateral view, therefore, is necessary to the separate bile drainage pattern of the
anterior segmental duct from the posterior segmental duct of the right lobe (Fig. 1.1.2).

The caudate lobe (I) is divided anatomically into three parts: (1) the caudate process
(right), (2) the paracaval (middle), and (3) Spiegel’s (left) lobe (Fig. 1.1.11). Ducts from the
caudate process are small, difficult to identify, and drain bile mostly into the right posterior
segmental duct or right hepatic duct, and less often into the left hepatic duct. The duct from
Spiegel’s lobe is much larger in size, easy to identify at surgery, and drains bile mostly into
the left hepatic duct. Ducts from the paracaval portion are small and variable in course [19,
20]. Because bile drainage from the caudate lobe is very variable and can occur into the left
hepatic duct, right hepatic duct, or bifurcation, cancer of the hilar region can spread directly
into the main lobes through the caudate lobe. Because of this unique feature, the caudate
lobe is usually resected with a major lobectomy for Klatskin’s tumor [19].
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Fig. 1.1.12 Nerve supply and lymphatic drainage of the hepatobiliary system. The vagus
(parasympathetic) nerve from the medulla descends along each side of the neck and mediastinum
and enters the abdomen. The left vagus gives off branches to the anterior gastric plexus (4GP),
from whence the vagal branches reach the liver and gallbladder and intrahepatic ducts. The right
vagus gives off branches to the posterior gastric plexus (PGP), from whence the vagal branches are
given off mainly to the common bile duct and the sphincter of Oddi. The phrenic nerve from
cervical 3—4 supplies the liver capsule and the peritoneum covering the liver and gallbladder.
Sympathetic nerve fibers reach the biliary system via the splanchnic nerves (T7-11) after passing
through the celiac ganglion. The lymph from the gallbladder is drained to a node near the neck
(node of Mascagni) and then to the nodes along the common bile duct, which also receive lymph
from the lower half of the liver. The liver and gallbladder lymph vessels enter the peripancreatic
lymph nodes and ultimately drain lymph into the cisterna chili

Lymphatics

The lymph vessels from the liver parenchyma generally follow the course of the blood
vessels and bile ducts and join with the gallbladder lymph vessels at the porta hepatis, and
later divide into two main lymph channels; one channel follows the course of the common
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bile duct, and the other follows the course of the hepatic artery. Both channels pass through
several lymph nodes. The channel following the course of the hepatic artery drains lymph
primarily into nodes around the celiac axis, and the other channel, which follows the course
of the common bile duct, drains lymph into lymph nodes around the pancreas [5]. The
lymph from the liver parenchyma and bile ducts ultimately reaches the cisterna chyli (Fig.
1.1.12). The location of the liver lymph nodes is highly variable with the exception of one
node situated at the junction of the gallbladder neck with the cystic duct (node of Mascagni).
Enlargement of the node of Mascagni may cause cystic duct obstruction and block bile
entry into the gallbladder, mimicking acute cholecystitis. Small lymph vessels around the
central vein accompany the hepatic veins and inferior vena cava and drain lymph directly
into the thoracic duct [24].

Nerves

The hepatobiliary system is supplied by both the somatic and autonomic nervous system.
The somatic nerve supply comes from the lower thoracic intercostal nerves (T7-11) and
the right phrenic nerve (C3, 4). The lower thoracic intercostal nerves supply the parietal
peritoneum. The right phrenic nerve supplies the diaphragm and the peritoneum covering
the liver and the gallbladder. The pain sensation due to distension of the liver capsule,
gallbladder wall, and bile ducts is transmitted through these nerves (Fig. 1.1.12).

The autonomic nerve supply consists of both the sympathetic and parasympathetic ner-
vous systems. The parasympathetic nerve fibers travel via the vagus, which arises from the
medulla and traverses down on each side of the neck and mediastinum to reach the abdo-
men. Because of the clockwise rotation of the gut during early intrauterine life (Fig. 1.1.1),
the left vagus nerve becomes the anterior and the right vagus the posterior trunk. Both of
these nerve trunks were first identified and correctly described by Vesalius in 1543 [25].
The anterior trunk (left vagus) enters the anterior gastric plexus at the gastro-esophageal
junction. A branch from the anterior gastric plexus, the anterior hepatic nerve, enters the
porta hepatis and bifurcates; one branch supplies the intrahepatic and proximal extrahe-
patic bile ducts and blood vessels, and the other branch supplies the gallbladder. The pos-
terior vagal trunk (right vagus) passes behind the stomach and enters the posterior gastric
plexus. A few of its branches enter the celiac ganglion. From the posterior gastric plexus,
the nerve fibers enter the distal common bile duct and the sphincter of Oddi (Fig. 1.1.12).

The parasympathetic nerve supply to the gallbladder comes primarily from the anterior
trunk (left vagus). The distal common bile duct and the sphincter of Oddi receive their
parasympathetic nerve supply primarily from the posterior trunk (right vagus). The para-
sympathetic motor function of the gallbladder, therefore, is controlled mainly through the
anterior trunk (left vagus) and that of the sphincter of Oddi mainly through the posterior
trunk (right vagus). An injury or section of the anterior trunk (left vagus) alone during
vagotomy, therefore, has the same effect as complete vagotomy (cutting of both vagii) as
far as the motor function of the gallbladder is concerned. Parasympathetic ablation
enhances muscular relaxation and increases bile stasis within the gallbladder, promoting
cholelithiasis [26-28]. Stimulation of the parasympathetic system, on the other hand,
increases the tonicity of the gallbladder and promotes complete bile emptying.
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Fig. 1.1.13 Extrahepatic biliary tract. The distal one-third of both right and left hepatic ducts, and
the entire common hepatic and common bile ducts, are extrahepatic in location. The gallbladder
consists of a fundus, body, neck, and cystic duct. The mucous membrane in the neck and cystic
duct is thrown into folds, acting as a valve (Heister’s valve) for bile entry and exit. Gallstones often
lodge in a pouch near the neck (Hartmann’s pouch). The sphincter of Oddi (enlarged) at the distal
end of the common bile duct consists of three separate sphincters. The distal common bile duct is
surrounded by the choledochal sphincter (sphincter of Boyden). The distal pancreatic duct (duct of
Wirsung) is surrounded by a separate pancreatic sphincter. The common channel formed by the
union of two ducts is surrounded by the ampullary sphincter. The common channel (ampulla of
Vater) opens into the duodenum at an elevation called the papilla. The name sphincter of Oddi
refers to all three sphincters
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The hepatobiliary system receives the sympathetic nerve supply via the greater splanchnic
(T7-9) and lesser splanchnic nerves (T10—11). The axons from preganglionic sympathetic
nerve cells in the lateral horn of the thoracic T7-11 segments travel via the greater and
lesser splanchnic nerves and enter the celiac ganglion. The postganglionic sympathetic
fibers from the celiac ganglion enter the liver, gallbladder, common bile duct, and the
sphincter of Oddi. Sympathetic nerve stimulation relaxes the gallbladder wall. The hepatic
artery and its branches are supplied by sympathetic nerves that control the vascular tone.
The pain from the hepatobiliary system is carried to the central nervous system via both the
splanchnic nerves and the branches of the right phrenic nerve (Fig. 1.1.12).

Biliary Apparatus
Intrahepatic Ducts

The hepatobiliary system is analogous to a tree. The hepatocytes can be considered to
represent the leaves and canaliculi the trunk; area and segmental ducts represent the
branches of the tree. The common hepatic duct and the common bile duct represent the
trunk and the sphincter of Oddi the roots of a tree. The gallbladder is akin to a fruit [29].
Bile canaliculi from the hepatocytes join to form the cholangioles, which unite to form the
interlobular bile ducts and then into larger area ducts. Ducts from each area unite to form
the segmental ducts. The anterior and posterior segmental ducts from the right lobe unite
to form the right hepatic duct, and the medial and lateral segmental ducts from the left lobe
unite to form the left hepatic duct (Fig. 1.1.7).

Extrahepatic Ducts

The right and left hepatic ducts leave the liver parenchyma and proceed inferiorly for a
distance of 0.5—1.5 cm before joining to form the common hepatic duct [8]. The common
hepatic duct is 2—7 cm in length and joins with the cystic duct to form the common bile
duct.

Gallbladder

The gallbladder lies along the inferior liver border in a groove between the right lobe and
the quadrate lobe (medial segment of the left lobe; IVA, IVB). It consists of a fundus, body,
and neck (Fig. 1.1.13). The gallbladder measures about 7-10 cm in length, 3-5 cm in
width, and 40-50 ml in volume [30]. The superior third of the wall is in direct contact with
the liver and hence lacks the peritoneal covering. The rest of the gallbladder wall is cov-
ered with the visceral peritoneum. The gallbladder is a pear-shaped, single-chamber organ
with the extension of the fundus below the inferior liver margin. The position of the fun-
dus, on the body surface, corresponds to the point of intersection of the lateral margin of
the right rectus muscle with the right costal margin. A line drawn between the left anterior
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superior iliac spine and umbilicus points to the fundus of the gallbladder when it is extended
upwards to meet with the right costal margin. Gallstones often lodge in a pouch-like struc-
ture (Hartmann pouch) at the neck, initiating cystic duct obstruction and subsequent acute
cholecystitis. The mucous membrane thrown into folds in the neck and cystic duct often
acts as a valve (Heister valve) for bile entry into and exit out of the gallbladder. The cystic
duct measures about 3-8 cm in length and less than 3 mm in diameter and joins the com-
mon hepatic duct at a 45° angle (80%) to form the common bile duct. Sometimes, the
cystic duct may directly join the right hepatic or the left hepatic duct. There are many
variations in the way the cystic duct joins with the common hepatic duct, right hepatic, or
left hepatic duct [31]. The artery to the gallbladder (cystic artery) usually arises from the
right hepatic artery (72%) or from its accessory branches (13%), and less often directly
from the hepatic artery (6%) or the gastroduodenal artery.

The gallbladder is supplied by both the sympathetic and parasympathetic nervous
systems, which control its tone, contraction, and relaxation. Parasympathetic stimulation
causes contraction and bile emptying, and sympathetic stimulation results in relaxation
and bile stasis. The gallbladder lymph, after passing through a node at the neck (node of
Mascagni), enters the hepatic plexus and ultimately reaches the cisterna chyli (Fig. 1.1.7).
The gallbladder is absent in 1:1,600 live births, and in about 8% of cases, it is entirely
intrahepatic in location [32]. The C loop of the duodenum and the hepatic flexure of the
colon are in close proximity to the gallbladder.

Common Bile Duct

This duct is formed by the union of the common hepatic duct with the cystic duct. It varies
in length from 7 to 17 cm, and the lumen is less than 8 mm in diameter (Fig 1.1.13). The
common bile duct is divided into the supraduodenal, retroduodenal, intrapancreatic, and
intraduodenal segments. The supraduodenal segment is the longest and measures 2—4 cm
in length. The retroduodenal and intrapancreatic segments each measure about 2.5-3 cm
in length. The intradoudenal segment is the narrowest part of the common bile duct. The
retroduodenal segment lies behind the duodenal bulb and may be non-visualized in a
Tc-99m HIDA study if there is fluid collection in the duodenal lumen. The common bile
duct enters the postero-medial wall of the second part of the duodenum and unites with the
pancreatic duct (duct of Wirsung), forming a common channel, the ampulla of Vater, which
finally enters the duodenal lumen at an elevation called the “papilla.” The papilla lies about
8-10 cm away from the pylorus of the stomach. The common bile duct joins with the
pancreatic duct, forming a common channel of 10—12 mm length in 86% of cases. The two
ducts join together at the ampulla just before opening into the duodenum in 6% of cases,
and in the remaining 8%, both ducts open separately into the duodenum [32].
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1.2
Microstructure

The liver is the largest organ in the body and consists of an intricate structure to carry out the
complex exocrine (bile secretion) and endocrine (protein synthesis) functions efficiently. The
organ shape and structure are well maintained despite the paucity of connective tissue.

The concept of the lobule as the basic micro-architectural unit of the liver prevailed for
well over a century. A lobule is hexagonal in shape and consists of a tributary of the
hepatic vein at the center surrounded by six portal triads (consisting of the terminal branch
of the hepatic artery, portal vein, and bile duct) at the periphery, and the space in between
is occupied by a single cell plate of hepatocytes and cells of the sinusoidal space. A new
concept of an acinus as the basic liver unit was first proposed in 1958 and is now well
accepted because it explains the function and regeneration of the liver in a much better way
than the lobule model [1]. An acinus is diamond shaped with a portal triad at one corner
and central vein (hepatic vein) at the other three corners. Hepatocytes are arranged in three
zones. The cells in zone 1 towards the portal triad receive a much higher concentration of
oxygen and other nutrients than cells in zone 3 towards the central vein. Zone 1 cells,
therefore, can withstand hypoxia better and regenerate much faster than cells in zone 3.
The liver consists of the polygonal cells (hepatocytes), sinosoidal cells, canalicular cells,
and other supporting cells (Fig. 1.2.1). An adult liver consists of well over 250 billion
cells, of which hepatocytes constitute 78% of the volume, non-hepatocytes 6.3% of the
volume, 2.8% by endothelial cells, 2.1% by Kupffer cells, and 1.4% by stellate cells. The
remaining 16% of liver volume is made up of extracellular space [2].

Vascular Compartment

This compartment is situated between two single layer plates of hepatocytes and consists of
two spaces: (1) the sinusoidal space and (2) the perisinusoidal space of Disse (Fig. 1.2.1).
The sinusoidal space is the much larger of the two and accounts for 2/3 of the vascular
compartment. Four types of cells are found in the vascular space: (1) endothelial cells (sinu-
soidal lining cells), (2) Kupffer cells, (3) stellate cells (lipocyte or Ito cells), and (4) pit cells
[3]. These four cells together constitute the functional unit of the hepatic sinusoid.



20 1 Morphology and Microstructure of the Hepatobiliary System

Endothelial Cell
Kupfer Cell

Space of Disse _i

Glycogen

=——~Gap Junction

Mitochondria Tight Junction

Canaliculus
RER

Portal Triad

Hepatic Artery
7l

Fig.1.2.1 Microstructure of the liver. The vascular space is divided into two compartments by the
endothelial cells: (1) endothelial or sinusoidal space and (2) the perisinusoidal space of Disse.
Kupffer cells are located in the sinusoidal space and stellate cells (Ito cells) in the perisinusoidal
space of Disse. The basolateral border of the hepatocyte faces the space of Disse. Canaliculi are
invaginations of the lateral wall of two adjacent hepatocytes. Canaliculi join to form the canal of
Hering, which in turn unites with others to form the interlobular ducts. The portal triad consists of
a branch of the bile duct, hepatic artery, and portal vein. Substrates move from the basolateral
border to the canaliculi through the hepatocyte. SER smooth endoplasmic reticulum, RER rough
endoplasmic reticulum

Endothelial Cell

These are flat cells lining the vascular space and consist of numerous holes or fenestrae in
between [4]. The fenestrae vary in size from 0.1 to 3 pm in diameter and selectively allow
certain plasma constituents to pass through from the sinusoidal space to the perisinusoidal
space of Disse. The number of fenestrae decreases and the diameter of the hole increases
in patients with alcoholic liver disease and cirrhosis [5—7]. The main function of the fenes-
trae is to act as a selective filter, allowing only those constituents that need to enter the
perisinusoidal space of Disse and excluding others from the entrance. Red blood cells and
leucocytes are excluded, whereas the electrolytes, plasma proteins (albumin), vitamins,
and other essential nutrients are allowed free entry into the perisinusoidal space of Disse.
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Kupffer Cell

Kupffer described two types of cells, one in 1876 [8] and the other in 1899 [9]. It was first
thought that the cell described in 1876 was the reticuloendothelial cell bearing his name
(Kupfter cell). However, in 1951, Ito showed that this cell is the fat-storing (lipocyte, Ito
cell) cell situated in the perisinusoidal space of Disse, recognized now as the stellate cell
[10]. The cell described by Kupffer in 1899 is now considered the Kupffer cell. The
Kupffer cells are highly specialized macrophages distributed irregularly within the sinu-
soidal space. There is no direct connection between two adjacent Kupffer cells. Their
surface is irregular with folds and ruffles. They are highly mobile scavenger cells often
found within the space of Disse or may lie free within the sinusoidal space, unattached to
the endothelial cell. The cytoplasm is rich in lysosomes, Golgi apparatus, and rough endo-
plasmic reticulum (Fig. 1.2.1). The Kupftfer cells proliferate locally to maintain their popu-
lation, but at times of greater need they increase their number by calling reinforcement
from the bone marrow.

Stellate Cell

These cells, “the sternzellen of Von Kupffer,” first described in 1876, are the resting fibro-
blasts in the perisinusoidal space of Disse that are now organized as the stellate cells [8].
They have been called by many names, such as lipocyte, hepatic pericyte, or Ito cells [10,
11]. For many years, it was thought that these star-shaped cells did not have any function
in humans. Stellate cells are rich in vitamin A and are the storage site for retinoids. They
become activated during liver injury and play a dominant role in angiogenesis, vascular
remodeling, repair, and fibrosis [12]. The activation of stellate cells increases production
of membrane metalloproteinase 1 and 2 (MMP-1 and MMP-2) and tissue inhibitors of
metalloproteinases (TIMP). Metalloproteinases promote matrix degradation and subse-
quent replacement by interstitial collagen in the subendothelial space of Disse. Other
accompanying effects include a reduction in the number of fenestrae and a loss of microvilli
along the perisinusoidal surface of the hepatocytes, both of which result in decreasing the
delivery of organic anions (including HIDA) into the perisinusoidal space of Disse.

Pit Cell

These cells are large granular T lymphocytes or natural killer cells found within the sinu-
soidal space. They are highly mobile killer lymphocytes and contain organelles necessary
for removal of tumor cells and virus-infected hepatocytes. Activated natural killer cells
promote hepatocyte proliferation and regeneration of the liver [14].

Hepatocyte

The hepatocyte is the largest cell in the liver and varies in size from 13 to 30 pm with an
average diameter of 25 pm (Fig. 1.2.2). Each milligram of liver tissue consists of 202,000
cells. There are about 250 billion hepatocytes in an adult liver [15]. A hepatocyte is



22 1 Morphology and Microstructure of the Hepatobiliary System

polyhedral, multifaceted (as many as eight surfaces), and measures about 11,000 cubic um
in volume. Because of their relatively larger size, hepatocytes account for 78% of the liver
by volume. Sinusoidal cells account for 6%, and the extracellular space occupies the
remaining 16% of the liver volume. On the basis of function, the hepatocyte plasma mem-
brane is divided into three domains: (1) the basolateral domain, (2) contact or contiguous
domain, and (3) canalicular domain.

The basolateral domain faces the perisinusoidal space of Disse and accounts for 70% of
the cell wall. It consists of 30—50 microvilli, which increase the absorptive surface by six
times [16]. The microvilli extend along the paracellular space until the two adjacent hepa-
tocytes come in close contact at the point of the desmosome. This surface is bathed in
plasma filtered through the fenestrae of the sieve plate of the endothelial cells and allows
metabolic exchange between the plasma and the hepatocyte. Organic anions, including
Tc-99m-HIDA, enter the hepatocyte along the basolateral domain.

The contact domain accounts for 15% of the plasma membrane and is placed between
two adjacent hepatocytes. The tight junction situated near the canaliculus prevents plasma
constituents from entering the canalicular space directly from the space of Disse. The gap
junction can be located anywhere along the lateral border and provides direct communi-
cation between adjacent hepatocytes on a selective basis.

The canalicular domain accounts for the remaining 15% of the cell surface and is situated
at the center of two adjacent hepatocytes. It represents a specialized part of the hepatocyte.
The canalicular wall consists of microvilli that increase the functional surface.

Hepatocyte contains a nucleus and a nucleolus that are rich in deoxyribonucleic acid.
The smooth endoplasmic reticulum (SER) is made up of tubular structures containing
microsomes and carries out bilirubin conjugation and detoxification of drugs and other
organic anions. SER is steroid sensitive and participates in enzyme induction when pheno-
barbital is administered. The rough endoplasmic reticulum (RER) contains ribosomes and
is responsible for protein synthesis, including albumin [13]. Lysosomes are cytoplasmic
particles close to bile canaliculi and contain hydrolytic enzymes, including acid phos-
phatase [16]. Lysosomes perform a scavenger function and remove from blood excess
material, including ferritin, bile pigments, and metals such as copper. The Golgi apparatus
consists of particulates and vesicles and lies close to the bile canaliculus. The lysosomes
and Golgi apparatus together perform the tasks of storage, entrapment, and final excretion
into bile of various non-essential body constituents. The mitochondria, which participate
in oxidative phospharilation, heme synthesis, and citric acid cycle, are scattered through-
out the cell. The hepatocytes and cells in the sinusoidal and canalicular space are supported
by a cytoskeleton consisting of microtubules and micro filaments. The cells of the sinusoi-
dal and perisinusoidal space of Disse are supported by collagen, laminin, protoglycon,
fibrinonectin, and heparan sulphate [15, 16].

Bile Canaliculus
Bile canaliculi are a simple convoluted border of the hepatocyte and account for 13% of

the hepatocyte wall. The convolutions are microvilli that increase the surface area for bile
secretion (Fig. 1.2.1). A canaliculus varies from 0.1 to 1 pm in diameter. At the periphery
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Table 1.2.1 Function of various cells of the liver [15]

Hepatocyte

Bile secretion

Phospharilation

Hem synthesis

Protein synthesis
Beta oxidation

Glycogenesis

Bilirubin
conjugation

Drug
detoxification

Lipoprotein
synthesis

Storage of
ferritin, vit
B-12

Endothelial cell ~ Kupffer cell Stellate cell Canalicular
cell

Plasma filtration =~ Phagocytosis of Storage of fats, Bile transit

colloids, vitamin A,
bacteria, and
endotoxin, retinoid
tumor cells
Endocytosis Receptor for Fc Collagen Water secretion
fraction, C3b secretion
complement

Removal of
collagen Fc
fragment of
IgG, C3b
complement
Electrolyte
transfer

Secretion of
TNF-a

Collagenase

Interleukins

Arachidonic acid
Erythroblastosis

Storage of iron,
ferritin,
hemosiderin,
immune
complex

of a hepatic lobule several bile canaliculi join to form the canal of Hering, which acts as a

transitional zone between intralobular and interlobular ductal systems. The interlobular
ducts unite to form area ducts that drain bile from an area of the liver. Area ducts unite to
form the segmental ducts, which in turn unite to form the lobar ducts. The cells lining the
ducts (cholangioles) are cuboidal in shape and contain apical microvilli, which project into
the duct lumen [17].

Gallbladder and Cystic Duct

The gallbladder wall consists of three layers: (1) the serosal layer, (2) fibromuscular layer,
and (3) mucosal layer. The serosal layer is the peritoneum, which covers about 2/3 of the
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gallbladder wall with the exception of the superior 1/3, which is in direct contact with the
liver. The fibromuscular layer consists mostly of elastic fibrous tissue. The muscular layer
is irregular and consists of longitudinal and circular muscle fibers, which are well devel-
oped around the fundus and infundibulum, and scanty over the body and neck of the gall-
bladder. The mucosa consists of a single layer of cells with three different cell types:
columnar, pencil, and basal. The mucosal layer is thrown into folds that increase the
surface area of the gallbladder. The columnar cells have microvilli, 0.7-0.8 pm in length,
along the luminal surface. The intercellular space between two adjacent columnar cells is
narrow at the luminal end, but is widely open towards the fibromuscular layer [18]. Water
and electrolytes are continuously absorbed from the lumen, through these intercellular
spaces, making room for entry of fresh hepatic bile into the gallbladder during fasting [19].
The wall is impermeable to bile acids, bilirubin, radiocontrast agents, and other organic
anions, including Tc-99m-HIDA. The neck contains mucous-secreting cells. Pencil cells,
which are long and narrow, are found mainly in the body and extend from the basement
membrane to the lumen. Basal cells are small and are concentrated more towards the fibro-
muscular layer.

The water absorbed from the gallbladder lumen through the lateral intercellular spaces
enters venous blood through several small veins that drain into the hepatic or portal veins.
There is no one single large cystic vein. The venous blood from the free wall of the gall-
bladder drains into venous radicals, which eventually enter the portal venous system.

The cystic duct, common hepatic duct, and common bile duct possess a mucosa, submucosa,
and muscularis. The mucosal cells are a continuation of the gallbladder mucosal cells and
contain the columnar cells with a ciliated border. The walls of the common hepatic duct
and common bile duct are composed of a thick layer of connective tissue interspersed with
few muscle cells. This structural configuration is well suited for the bile ducts to participate
in bile concentration and discharge.

Sphincter of Oddi

For well over a century, the study of this small segment of the biliary tract has fascinated
anatomists, physiologists, and microscopists [20]. More recently, it has gotten the attention
of gastroenterologists, hepatologists, and electron microscopists. For many years it was
believed that the sphincter was a mere extension of the smooth muscle from the duodenal
wall. Boyden’s detailed work in 1937 clearly established it as a true sphincter, separate
from the duodenal wall musculature [21]. The common bile duct enters the postero-medial
wall of the second part of the duodenum tangentially and traverses for about 2 cm before
joining the pancreatic duct (duct of Wirsung) to form a common channel, the ampulla of
Vater. The common channel travels for 10—-15 mm before entering the duodenal lumen at
an elevation, the papilla, which is about 7-10 cm from the pylorus of the stomach
(Fig. 1.1.13). The circular and longitudinal muscle fibers form a sphincter called the
sphincter choledochus (sphincter of Boyden) at the distal end of the common bile duct
before it joins the pancreatic duct. The sphincter is about 10—15 mm in length and mostly
intramuscular. The contractions of this sphincter prevent reflux of pancreatic secretions
into the common bile duct. The distal pancreatic duct (duct of Wirsung) is also surrounded
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by a distinct sphincter called the pancreatic sphincter whose contractions prevent bile
reflux into the pancreatic duct. The pancreatic sphincter is absent in about 20% of the sub-
jects [22]. The common channel formed by the union of the common bile duct and the
pancreatic duct is called the ampulla of Vater and is surrounded by a weak sphincter called
the sphincter of ampulla (pylorus of Westpal). The name, “sphincter of Oddi,” commonly
refers to the function of all three sphincters situated at the distal end of the common bile
duct and the pancreatic duct. Variations in the length, its union with the pancreatic duct,
and opening into the duodenum of the common bile duct are frequent and are related to
embryologic development [23]. The common bile duct opens through the ampulla of Vater
into the lumen of the second part of the duodenum in 82% of the cases. The opening is
lower than usual in 5%, or opens at an angle in 7%, or opens into the transverse duodenum
(third part) in the remaining 6% of the patients [24].
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Liver and Spleen Function

The liver is the largest organ and carries out the most complex biological functions in the
body. It secretes bile, synthesizes proteins, metabolizes nutrients, hormones, and drugs,
and detoxifies noxious endogenous and exogenous substrates. To accomplish all of these
functions, the liver is located centrally in the body and endowed with well-designed archi-
tecture with a generous amount of blood supply. Secretion of bile is one of many important
liver functions, and bile promotes digestion and absorption of essential nutrients; it also
serves as a vehicle to get rid of biological waste products from the body. The biliary tree is
designed not only for continuous bile secretion and flow, but also for periodic bile storage
and discharge (gallbladder) at the time when food enters the small intestine. The spleen
carries out many functions whose importance has been recognized only recently. This
chapter will discuss the various functions of these two organs.

2.1
Liver Function

The liver secretes about 600—-800 ml of bile per day, at 25-33 ml h™! or 0.42—55 ml min' [1].
Under normal hydration, osmolality of the hepatic bile is similar to that of plasma and
ranges between 290-320 mOsm™. Bile secretion is independent of hepatic perfusion pres-
sure; thus, it differs from that of urine formation, which is very much dependent upon the
glomerular filtration pressure in the kidneys [2]. The hepatic bile is composed of 98% water
and 2% solutes, which include bile acids, phospholipids, cholesterol, conjugated bilirubin,
electrolytes, and proteins (Table 2.1.1). Almost all of these functions are carried out mainly
by the hepatocyte, which possesses all of the ingredients necessary for performing complex
functions [3]. After extraction from blood in the space of Disse, some substrates are metab-
olized and transported through the hepatocyte to be secreted into canaliculi, while others
may be secreted without any changes. All three domains of the hepatocyte plasma mem-
brane participate in the uptake and excretion [4]. The uptake from the blood in the space of
Disse takes place along the basolateral domain, which accounts for approximately 40% of
the hepatocyte border. Bile secretion occurs at the canalicular domain, which constitutes
10% of the cell border. The lateral domain, the wall facing two adjacent hepatocytes, forms
the remaining 50% of the cell border and plays a major role in water and solute transport
and regulation of the total volume of bile secreted per day (Fig. 2.1.1).

G.T. Krishnamurthy and S. Krishnamurthy, Nuclear Hepatology, 27
DOI 10.1007/978-3-642-00648-7_2, © Springer-Verlag Berlin Heidelberg 2009
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Table2.1.1 Composition of human hepatic and gallbladder bile

Water (g/dl™") 98 92
Na* (mEq/l"") 150 130
K (mEq/l") 5 10
Ca* (mEq/I™") 5 23
Cl- (mEq/I'") 100 25
HCO, (mEq/I"") 28 10
Bile salts (g/d1™") 1 6
Bilirubin (g/dl™) 0.05 0.3
Cholesterol (g/dl™") 0.1 0.6
Fatty acids (g/dl™") 0.12 0.8
Lecithin (g/dI™) 0.04 0.3

Bile formation in the hepatocyte can be divided into four major phases: phase I, uptake
of substrates from blood (space of Disse) along the basolateral border; phase II, metabo-
lism (hydroxylation); phase III, detoxification (conjugation); phase IV, excretion into bile
canaliculi along the canalicular border. Both phases II and III take place intracellularly
within the hepatocyte. A disease process can affect one, two, three, or all four phases at a
time. The entire metabolic process is controlled by genes mainly through their nuclear
receptors.

Basolateral (Sinusoidal) Domain

In the past decade, new knowledge has contributed to better understanding of the mecha-
nisms involved in bile formation and flow. Basolateral and canalicular domains of the
hepatocyte possess many polypeptide transporters that regulate the entrance and exit of
substances across the plasma membrane (Fig. 2.1.1). Both sodium-dependent and sodium-
independent pathways control the uptake of substrates along the basolateral border. The
sodium-dependent pathway is regulated by sodium taurocholate cotransporting polypep-
tide (NTCP), which controls the majority of conjugated bile salts, a few sulfated steroids,
and to a minor extent uptake of unconjugated bile salts. The sodium-dependent pathway
also uses the Na'/K* ATPase pump, which enables net movement of three Na* ions out of
the hepatocyte for every two K* ions moving into the hepatocyte from the space of Disse [5].
The net effect of these electrolyte exchanges results in a higher concentration of K* inside
than outside, and a higher concentration of Na* outside than inside of the hepatocyte. Due
to this ion imbalance, the inside of the hepatocyte carries a much higher negative charge
(=35 mV) than its outside environment [6].

Sodium-independent pathways are represented by several members of the superfam-
ily of organic anion-transporting polypeptides (OATPs). Four of the OATPs located
along the basolateral border include OATPIBI (formerly OATP-C), OATP1B3,
OATP1A2, and OATP2BI1 [7]. In humans, the highest concentration of OATP1B1 and
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Fig.2.1.1 Mechanism of bile secretion. Uptake of solutes from the space of Disse occurs along the
basolateral domain of the hepatocyte through many different pathways controlled by different
transporter proteins. Four organic anion transporter proteins (OATPs) and organic anion
transporter-2 (OAT?2) and organic cation transporter proteins (OCT1) control uptake of anions and
cations along the basolateral border (red). Sodium-dependent bile salt uptake occurs via sodium
taurocholate protein (N7CP). Five multidrug resistance-associated proteins (MRPs) control
secretion (reflux) from the hepatocyte back into space of Disse (blue). After intracellular transit,
solute secretion into bile takes place along the canalicular domain through MRP2, multidrug-
resistant-1 p-glycoprotein (MDRI and MDR3), bile salt export pump (BSEP), breast cancer-
resistance protein (BCRP), and flippases (ABCG5/ABCGS8). Chloride channel, glutathione (GSH)
transporter, and chloride (CI')/ bicarbonate (HCO,") exchange transporters also control excretion.
Cholangioles absorb bile salts from the lumen through apical sodium-dependent bile salt transporter
(ASBT) protein, and other anions are absorbed through OATP1A2. Exchange of CI for HCO,"
takes place. These substrates are secreted into the peribiliary plexus at the basolateral domain of
the cholangiocytes mediated by MDR3, OST-1, and OST-2. Water enters the canalicular bile by
three different routes: (1) transcellular, (2) paracellular, and (3) a combination of paracellular and
transcellular
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OATPI1B3 is found in the liver. Bilirubin uptake is controlled mainly by OATP2B1.
Three of the OATPs (OATP1B1, OATP1B3, and OATP1A2) have overlapping functions
for conjugated and unconjugated bile salts, bromosulphophtalein, sulfates, glucoronides,
and selected organic anions and organic cations. OATPs control uptake of many drugs,
including radiotracers (Tc-99m-HIDA). OATP2B1 also controls uptake of bromosul-
faphtalein (possible Tc-99m HIDA) and steroid sulfates. Other sodium-independent
uptake systems, separate from OATPs, are the organic anion transporter2/organic cation
transporterl (OAT2/OCT1) gene family members, and they control uptake of organic
anions and organic cations, respectively.

Besides the above group of uptake transporters, the basolateral domain has transporters
that control excretion of substrates from the hepatocyte into blood (reflux) in the space of
Disse (Fig. 2.1.1). These transporters belong to the adenosine triphosphate (ATP) binding
cassette (ABC) family transporters called multidrug resistance-associated proteins (MRPs).
Of the six known MRPs, five (MRP1, MRP3, MRP4, MRP5, and MRP6) are located along
the basolateral border and play a role in the efflux of drugs and their metabolites (MRP4
and MRPS5), drug conjugates (MRP1), and bile salts (MRP3) into the space of Disse. The
sixth MRP (MRP2) is located along the canalicular border and controls excretion of bili-
rubin, bile salts, and other organic anions into the canaliculi.

Nuclear Receptors

Of the more than 100 nuclear receptor super-family members known in the mammalian
cells, 49 have been identified in the human cell and are divided into four major classes [8].
Class I nuclear receptors are homodimers and include most steroid receptors (glucocorti-
coids, estrogens, androgens, mineralocorticoids, and progesterone). Class II receptors con-
sist of eight heterodimer partners of RXR (retinoid X receptor) and include constitutive
androstane receptor (CAR), farnesoid X receptor (FXR), liver X receptor (LXR), peroxi-
somal proliferator receptor (PPAR), pregnane X receptor/steroid, and xenobiotic receptor
(PXR/SXR), retinoic acid receptor (RAR), thyroid hormone receptor (TR), and vitamin D
receptor (VDR). Class II nuclear receptors play a major role in controlling the function of
the hepatocyte. Class III nuclear receptors are orphan homodimers and include retinoid X
receptor (RXR), chicken ovalbumin upstream promoter (COUP-TF), and hepatocyte
nuclear factor 4 (HNF4), and class IV is monomers and includes liver receptor homo-
loguel (LRH1). The short heterodimer partner (SHP) is a nuclear receptor separate from
the other class four types described (Table 2.1.2).

A typical nuclear receptor consists of five functional domains (Fig. 2.1.2). At the ami-
noterminal (N) end is the activation function 1 (AF1) region, which is responsible for
ligand-independent transcriptional activation and coordination. DNA-binding domain
(DBD) controls high affinity recognition with specific response. The hinge region in the
middle facilitates coordination of multiple domains. Ligand-binding domain (LBD) deter-
mines specificity and affinity and is responsible for manifesting species variability. The
C-terminal end contains activation function 2 (AF2), acts as a control switch, and maintains
ligand-dependent transcriptional function [8].
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Table2.1.2 Nuclear receptors, ligands, and their target genes that influence uptake and excretion of
organic anions by the hepatocyte

Nuclear receptor Ligand (s) Major target gene
RXR partners (class 11
receptors)
FXR (farsenoid X receptor) Bile acids, bilirubin BSEP, SHP, UGTs, SULTS,
MRP2, MDR3
PXR (pregnane X receptor) Xenobiotics, UDC CYP3A, OATP1B1, MRP2,
MRP4, GST
CAR (constitutive Xenobiotics, phenobarb CYP3A, OATP1B1, MRP2,
X receptor) MRP4, UGT, SULTs,
GSTs
LXR (liver X receptor) Oxysterols (metabolites of  CYP7A, CYP8B, ABCG5/8
cholesterol)
RAR (retinoic acid receptor)  All-trans retinoic acid NTCP, MRP2
PPAR (peroxisomal
proliferators receptor)
Others
SHP-1 (short heterodimer None Inhibits NTCP, CYP7A,
partner) CYPSB.
HNF-a (hepatocyte nuclear ~ None NTCP, CYP7A.
factor o)

Modified from Boyer [9]

AF1 DBD Hinge LBD AF2
Activation Function 1 DNA-Binding Lingand Binding  Activation Function 2
Transcription Domain Domain Transcription Dimerization

Conformational Switch

9 cis RA ™=
CAR

FXR
LXR
PPAR
PXR
(Ratinoid x Receptor) RAR

Fig. 2.1.2 Structure of class II nuclear receptors. A nuclear receptor consists of five functional
domains. The aminoterminal (V) end is the activation function 1 (4F7) region, which controls the
ligand-independent transcriptional activation and coordination. The DNA-binding domain (DBD)
controls high-affinity recognition with a specific response. The middle region (HINGE) facilitates
coordination of multiple domains. The ligand-binding domain (LBD) determines specificity,
affinity, and species variability. The C-terminal end contains activation function 2 (4F£2) and acts
as a control switch to maintain ligand-dependent transcriptional function
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Regulation of Basolateral Transporters

Class Il nuclear receptors control many of the functions of the hepatocyte. By definition, class
II nuclear receptors cannot act alone or as homodimers. They act by forming a heterodimer
partner with retinoid X receptor (RXR). After complexing with RXR, class II receptors
acquire DNA-binding capacity and regulation of transcriptional activity. Five (FXR, CAR,
PXR, LXR, and RAR) of eight class II nuclear receptors play major roles in influencing
hepatic uptake and excretion of organic anions (Table 2.1.2).

Cholestasis suppresses sodium taurocholate-cotransporting polypeptide (NTCP)
through FXR (farnesoid X receptor)-mediated induction of short heterodimeric partner 1
(SHP1), which prevents further uptake of bile salts that may otherwise reach toxic levels.
Cholestasis also downregulates OATP1B1 through bile acid-mediated activation of SHP1,
which decreases hepatocyte nuclear factor oo (HNFa). HNFa is one of the major activators
of OATP1B1. Although cholestasis in general downregulates nuclear receptors, it stimu-
lates OATP1B3 via activation of FXR, and thus provides an escape mechanism for clear-
ance of xenobiotics from the body (Fig. 2.1.2). After the uptake, intracellular transit of
both sodium-dependent and sodium-independent substrates is regulated by the cyclic ade-
nosine monophosphate-mediated dephosphorylation process, which is controlled by pro-
tein kinase B. Uptake of toxins like phalloidin and microcystin is mediated by OATP1B1
and OATP1B3, whereas the uptake of the most toxic natural substance known, amanitin,
is controlled solely by OATP1B3 [7].

Transport Through the Hepatocyte

After uptake along the basolateral border facilitated by NTCP, bile acids are hydroxylated
and transported through the hepatocyte via a 33-kDa cytosolic protein, 3-a-hydroxysteroid
dehydrogenase in phase II (Fig. 2.1.3.). After its uptake, bilirubin binds to glutathione-S-
transferase and undergoes conjugation (phase III) by hepatic microsomal enzyme uridine-
diphosphonate glucoronyl transferase (UGT) to form monoglucoronide and then
diglucoronide [9]. The conjugation process converts hydrophobic salts into hydrophilic
salts, which facilitates rapid excretion into bile canaliculi. Many organic anions (including
Tc-99m-HIDA) are transported through the hepatocyte by yet undefined mechanisms.

Secretion into Bile Canaliculi

The quantity of solute transported across the canalicular membrane is the rate-limiting step
in the volume of bile secreted per day. The canalicular membrane contains several ATP-
dependent and ATP-independent transport proteins (pumps) to enable secretion of solutes
from the hepatocyte into canaliculi [7, 10]. These pumps include ATP-dependent multidrug-
resistance-1 p-glycoprotein (MDR1) and phospholipid transporter multidrug-resistance
p-glycoprotein 3 (MDR3). The canalicular membrane also localizes multidrug resistance-
associated protein 2 (MRP2), canalicular-bile-salt-export pump (BSEP or SGPG) and ABC
half transporters, and breast cancer-resistance protein (BCRP), all of which facilitate
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Fig. 2.1.3 Microenvironment and transporter proteins of the hepatocyte. Substrates are carried in
blood loosely bound to albumin and delivered into the space of Disse. Basolateral domain of the
hepatocyte has many transporter proteins that control uptake (red) and excretion (blue) of substrates
from and into blood in the space of Disse. Uptake proteins (red) include four organic anion
transporter proteins (OATPs), sodium taurocholate cotransporting peptide (NTCP), and sodium/
potassium ATPase. It has five multidrug resistance-associated proteins (MRPs) that control reflux
of substrates from the cytoplasm into blood. After the uptake, substrates are metabolized (phase 2),
conjugated (phase 3), and excreted (phase 4) unchanged into bile canaliculi. Excretion is controlled
by canalicular domain proteins, such as multidrug resistant p-glycoproteins (MDR1, MDR2),
MRP2, bile salt export protein (BSEP), breast cancer-resistant protein (BCRP), organic cation
(OC), and flippases (ABCG5/ABCGS), FIC1 protein

excretion of bile salts and xenobiotics into bile canaliculi. Flippases (ABCGS5 and ABCGS)
control cholesterol metabolism and excretion both by hepatocytes and intestinal cells. The
ATP-independent transport systems include a chloride channel, a chloride-bicarbonate-an-
ion exchanger, and a glutathione (GSH) transporter (Fig. 2.1.1). Secretion of other organic
anions, such as bilirubin, BSP, indocyanin green, and glutathione (Tc-99m-HIDA), is con-
trolled mainly by MRP2. The secretion of organic cations (e.g., cancer chemotherapy agents,
cyclosporin A, calcium channel blockers, and other drugs) is mediated by MDR 1-a 170 gene
product [11]. After passing through the tight junction, sodium and other cations enter the
canaliculi through the space between the lateral domain of two adjacent hepatocytes, and
the water then simply follows the electrolytes by passive diffusion.
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Regulation of Canalicular Membrane

Production of bile salt export protein (BSEP) and multidrug resistance glycoprotein 3
(MDR3) is controlled by a FXR-mediated process resulting in increased bile salt excretion
into canaliculi, thereby facilitating formation of mixed micelles (Fig. 2.1.3). This action
protects hepatocytes and cholangiocytes from toxic levels of bile salts. FXR also upregu-
lates MRP2 and increases bile salt excretion into canaliculi. PXR (pregnane X receptor)
upregulates MDR1, which is a key transporter protein in cellular excretion of many drugs
and xenobiotics. LXR (liver X receptors a and ) controls flippases, ABCGS5 and ABCGS,
and transport proteins [9].

Cholangiocytes along the bile ducts further modify bile composition by selective
absorption or secretion of bile solutes and water. Cholangiocytes absorb bile salts through
apical sodium-dependent bile salt transporter (ASBT) and OATP1A2. After their uptake,
bile salts are excreted through the basolateral membrane (via MRP3) into the peribiliary
plexus where they reach the portal circulation. Bile acids and sterols also use organic sol-
ute transporters (OSTa/OSTP) to be secreted into the peribiliary plexus through the baso-
lateral domain. Unlike the basolateral border of the hepatocyte, which lacks MRP2, the
basolateral border of the cholangiocyte contains MRP2 that controls excretion of organic
anions into peribiliary plexus (Fig. 2.1.1).

Aquaporins

Of the daily total bile volume of 600 ml, 450 ml (75%) is secreted by hepatocytes, and 150
ml (25%) is added by the cells lining the canaliculi (cholangioles or cholangiocytes). Of a
total of 450 ml hepatocellular bile, 225 ml (50%) is bile salt dependent, and the remaining
225 ml (50%) is bile salt independent (Fig. 2.1.1). Although the cholangiocytes account
for only 3 to 5% of liver volume, they play a major role controlling daily bile volume
mainly by secretion or absorption of water by either direct passive membrane passage or
through special water-channel proteins called aquaporins (AQPs) located within the hepa-
tocytes and cholangiocytes. AQPs are small (25-34 kDa) hydrophobic protein molecules
consisting of 263-323 amino acids. Both amino and carboxy terminals are located intrac-
ellularly within the cytoplasm (Fig. 2.1.4). Each AQP monomer has six o helical trans-
membrane domains connected by five loops, A—E (Fig. 2.1.4A). Three of the connecting
loops (A, C, E) are extracellular, and two (B, E) are intracellular [12]. When one intracel-
lular and one extracellular loop, each containing Asp-Pro-Ala (NPA) amino acids, are
juxtaposed to within the plasma membrane, AQP forms a tetramer containing four single
water channels and allows molecules of 3 A size or less to pass through (Fig. 2.1.4B). This
enables water molecules (2A) to pass through the tight junction readily. Figure 2.1.5 sum-
marizes the mechanisms and carrier proteins that play a major part in the transport of water
from blood into the hepatocyte and finally into bile canaliculi.

Water can pass either through the cell (transcellular) or between two adjacent (paracel-
lular) cells. When electrolytes, bile salts, and other organic anions are transported from the
basolateral to the canalicular border through the hepatocyte, and secreted into canaliculi,
water follows passively through the cell via both channel-mediated and non-channel-
mediated pathways. Of the 13 AQPs that have been identified in the mammalian cells,
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Fig. 2.1.4 Structure of aquaporins. Aquaporins are membrane proteins that regulate water
movement. Each aquaporin has six alpha helical transmembrane domains connected by five loops,
A—-E (top). Three of the connecting loops (4, C, E) are extracellular and two (B, E) are intracellular.
Each aquaporin forms a tetramer (four single water channels) when one intracellular and one
extracellular loop, each containing Asp-Pro-Ala (NPA) amino acids, are juxtaposed within the
plasma membrane and allows molecules of 3 A size or less to pass through (bottom). This enables
water molecules (2A) to pass through the tight junction readily

seven (AQPO, AQP1, AQP4, AQPS, AQP8, AQP9, AQP11) are found within the hepato-
biliary system [13]. Three of the AQPs (AQPO, AQP8, AQP9) are found in the hepato-
cytes, and two (AQP1, AQP4) are localized in the cholangiocytes. Four of them (AQP1,
AQP4, AQPS, AQPY) play a major role in controlling water transport in the hepatobiliary
tree. In the basal state, AQP8 and AQP1 are distributed free within the cytoplasm of the
hepatocytes and cholangiocytes, respectively, and water diffuses passively through the
lipid plasma membrane, facilitated by AQP9 and AQP4 water channels on the membrane
(Fig. 2.1.5). In the stimulated state (CCK or secretin), hepatocyte AQPS translocates to the
canalicular border, and cholangiocytes AQP1 translocates to the apical border, allowing
rapid passage of water from the cell into the bile duct lumen. Each AQP maintains its own
rate of water transport; AQPO is the slowest, while AQP1 and AQP4 allow 50-80 times
more rapid flow of water. In the stimulated state, each AQP channel can increase its water
transport ten times more rapidly than at the basal state.

Protein Secretion
Liver is the main source of plasma proteins, albumin, and globulins. Serum albumin syn-

thesized entirely by the hepatocytes accounts for 60% of plasma proteins, is composed of
585 amino acids, and does not contain any carbohydrate moiety. In addition to controlling
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Fig.2.1.5 Water movement within the hepatocytes and cholangiocytes. In the basal state, aquaporin
8 and aquaporin 1 are distributed free within the cytoplasm of the hepatocytes and cholangiocytes,
respectively. Water passes passively through the lipid plasma membrane, facilitated by AQP9 and
AQP4 water channels located on the membrane, respectively. When stimulated by cholecystokinin
or secretin, hepatocyte AQPS translocates to the canalicular border, and cholangiocyte AQP1
translocates to the apical border, promoting rapid passage of water from the cell into the bile duct
lumen. In the stimulated state, each AQP channel can increase its water passage by more than ten
times at its basal state

osmotic pressure, albumin functions as a carrier protein for drugs, metals, vitamins, amino
acids, steroid, fatty acids, and Tc-99m-HIDA. Other proteins secreted by hepatocytes
include o-1 anti trypsin, a-fetoprotein, a-2 macroglobulin, antithrombin 1, ceruloplas-
min, C-reactive protein, fibrinogen, haptoglobin, hemopexin, and transferrin (Table 2.1.2).
Most of these proteins are composed of a carbohydrate moiety and hence are called glyco-
proteins [14]. Hepatic bile is relatively more dilute (contains fewer bile salts, bilirubin,
chloride, and bicarbonate per liter) than the gallbladder bile (Table 2.1.3).

Cell Death: Apopstosis or Necrosis

Liver, being metabolically very active, has mechanisms to increase or decrease the number
of cells needed to carry out complex biological functions. It can get rid of unwanted cells
through cell death or recruit new cells through regeneration. Liver can regenerate to its origi-
nal size within a few weeks after resection of 60—70% of its volume. Cell death is a common
phenomena associated with varieties of liver diseases, including viral hepatitis, cholestasis,
ischemia/reperfusion injury, and hepatotoxins. Cell death occurs in one of two forms: necro-
sis or apopstosis. Both forms utilize a common pathway, but with different end results (Fig. 2.1.6).
They involve participation of the plasma membrane, mitochondria, nucleus, endoplasmic
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Table 2.1.3 Plasma proteins secreted by hepatocytes [11]

Protein

Molecular

weight
(kDa)

Function

Ligand binding

Plasma conc.
(mg dI)

Albumin 66 Osmotic pressure Hormones amino 4,500-5,000
acids fatty
acids, vitamins
Carrier protein
Alpha-1 54 Trypsin and general Present in serum &  1.3-1.4
anti-trypsin tissue secretions
Protease inhibitor
Alpha Feto 72 Osmotic regulation Hormones Undetectable in
adults protein adults
Carrier protein Amino acids Present in fetal
blood
Antithrombin Il 65 Protease inhibitor ~ Binding to Protease  15-60
Ceruloplasmin 134 Copper transport 6 copper atoms per  15-60
mol
C-reactive 105 Tissue Complement Clq Increased in
protein inflammation inflammation
Fibrinogen 340 Fibrin precursor 200-450
during
hemostasis.
Transferrin 80 Iron transport Two iron atoms per 3-6.5
mol
Haptoglobin 100 Transport of Hemoglobin 40-180
hemoglobin
Prothrombin 72 Hemostasis Calcium chelation ~ 10.0

reticulum, and lisosomes [15]. Necrosis is an acute process involving contiguous liver cells
and takes place rapidly within a few minutes. Cells swell, forming blebs along the plasma
membrane, disrupting its permeability, which ultimately results in its rupture with the release
of cytosolic proteins, such as aspartate aminotransfarase (AST), alanine aminotransfarase
(ALT), alkaline phosphatase (Alk.Phos), and lactic dehydrogenase (LDH), into blood.
Necrosis is associated with acute inflammatory cell infiltration. Apoptosis, on the other hand,
is a programmed cell death that occurs at a relatively a slow pace, requiring ATP. It affects
cells at discontinuous locations, and death is characterized by chromatin condensation, DNA
degradation, and shrinkage of cells with very little acute inflammatory cell infiltration [16].
Cytochrome c plays a central role in both processes (Fig. 2.1.6).

Hepatocytes, cholangiocytes, sinusoidal endothelial cells, stellate cells, and Kupffer
cells express death receptors, such as tumor necrosis factor-alpha receptor 1 (TNFa-R1).
The plasma membrane receives death signals through injury by toxins, ischemia/reperfu-
sion injury, or toxic biological waste products. Death ligand and receptor interactions
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Fig. 2.1.6 Cell death through apoptosis or necrosis. Both forms utilize a common pathway, but with
different end results. The process is initiated by interaction of death ligands with its corresponding
receptor, which converts procaspase 8§ to caspase 8. Caspase 8 can release caspase 3 directly in the
type 1 mechanism. In the type 2 mechanism, caspase 8 converts Bid to tBid, which acts on the
mitochondrial membrane, which releases cytochrome c. In the absence of ATP, necrosis sets in,
involving contiguous liver cells, and takes place rapidly within a few minutes. Cells swell, forming
blebs along the plasma membrane, disrupting its permeability, resulting in a rupture with the
release of cytosolic proteins into the blood stream. Necrosis is followed by acute inflammatory cell
infiltration. Apoptosis, on the other hand, is a programmed cell death that requires the presence of
ATP and occurs at a relatively a slow pace. It affects cells at discontinuous locations, and death is
characterized by chromatin condensation, DNA degradation, and shrinkage of cells with very little
acute inflammatory cell infiltration (adopted from [16])

release adaptor proteins, TRADD and FADD, which in turn lead to activation of caspase 8
(cysteine-aspartate proteases). Caspase § can directly release the end product in the form
of caspase 3 (type 1 signaling), which induces apoptosis (Fig. 2.1.7). Activated caspase 8
converts cytosolic inactive protein Bid to its active form, tBid, which translocates to the
mitochondria and releases cytochrome c through activation of Bak and Bax, two members
of the Bel2 family (type 2 signaling). Type 2 signaling leads to opening of membrane per-
meability transition (MPT) pores in the inner membrane of the mitochondria. Opening of
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Fig.2.1.7 Death ligand and receptor interaction. Plasma membrane receives death signals through
injury by toxins, ischemia/reperfusion injury, or toxic biological waste products. Death ligand and
receptor interactions release adaptor proteins, TRADD and FADD, which in turn lead to activation
of procaspase 8 (cysteine-aspartate proteases) to caspase 8. Caspase 8 can directly release the end
product caspase 3 (type | signaling) that induces apoptosis. Activated caspase 8 converts cytosolic
inactive protein, Bid, to its active form, tBid, which translocates to the mitochondria and releases
cytochrome c through activation of Bak and Bax (type 2 signaling). Type 2 signaling leads to
opening of membrane permeability transition (MPT) pores in the inner membrane of the
mitochondria. Opening of MPT starts the process of cell death, either through necrosis or apoptosis,
depending upon the next sequence of events that follows. If the MPT opening is sudden due to
death receptor-ligand interaction, which leads to ATP depletion and rupture of the outer membrane,
necrosis is the outcome. Nuclear factor k beta in the genes controls cell death. In the presence of
adequate amounts of ATP, cytochrome c releases caspase 9, which in turn releases caspase 3,
which promotes apoptosis

MPT starts the process of cell death, either through necrosis or apoptosis, depending upon
the next sequence of events that follows [17]. If the MPT opening is sudden due hepatotoxins,
ischemia/reperfusion injury, or calcium overload, all of which lead to ATP depletion, the
process leads to mitochondrial depolarization, disruption of oxidative phosphorylation,
and mitochondrial swelling, rupture of the outer membrane, and necrosis [18]. In the presence
of an adequate amount of ATP, cytochrome c releases caspase 9, which in turn releases
caspase 3, which promotes apoptosis (Fig. 2.1.6).

Bile Entry, Storage, and Concentration by the Gallbladder

Hepatic bile that enters the gallbladder is of much lower osmolality than the bile that
leaves the gallbladder after a meal (Table 2.1.1). A major portion (60-70%) of the hepatic
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bile secreted during fasting enters the gallbladder, and a minor fraction enters the duode-
num directly, depending upon the tonus of the sphincter of Oddi (Fig. 2.1.8). During a
period of 10 h in the night, the liver produces about 250 ml of bile (25 ml h™! or 0.42 ml
h™), of which 175 ml (70%) enters the gallbladder (17.5 ml h™! or 0.3 ml min™'). An empty
gallbladder can fill to its maximum capacity of 50 ml during a period of 6 h. A fully
filled gallbladder continues to receive hepatic bile secreted during fasting by absorbing
0.3 ml of water per minute. This is accomplished primarily by absorption of water and
electrolytes through the gallbladder wall. As much as 90% of water can be absorbed
through the gallbladder wall during a 6-h period. Dietschy demonstrated that 100 ml of
hepatic bile placed inside the gallbladder reduces to less than 10 ml in 6 h mainly through
absorption of water (Fig. 2.1.9). As a consequence of this selective water absorption,
the concentration of solutes increases in the gallbladder bile [19]. This process of
selective absorption of water resulting in higher concentration of bile salts, bilirubin,
cholesterol, fatty acids, and lecithin in the gallbladder bile than hepatic bile is called the
concentration function of the gallbladder [20, 21]. A normal gallbladder can sequester all
of 3—6 g total body bile salts within it after an overnight fast. Fresh hepatic bile enters the
gallbladder along its central long axis and moves laterally to reach the wall as the space is
made available through removal of water. It takes nearly 30 min for the fresh hepatic bile
to reach the wall from the central long axis [21].

600-800 ml bile/day
(0.4-0.5 ml/min.)

Stomach

12(10-15) cm H,0

Pancreatic duct

10 (8-12) cm H,0 Duodenum

Fig. 2.1.8 Bile entry mechanism into the gallbladder. A higher mean (range) pressure at the
sphincter of Oddi (15 cm of H,0O) than the pressure inside the gallbladder lumen and absorption of
water through the wall during fasting facilitate constant hepatic bile inflow into the gallbladder
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Fig. 2.1.9 Bile concentration. Mainly through different rates of absorption, gallbladder (rabbit)
increases the concentration of sodium and bile salts and decreases the concentration of chloride
and bicarbonate when compared to hepatic bile. Gallbladder bile volume decreases by 90% of its
basal volume to achieve these concentrations [20]

The volume of hepatic bile that enters the gallbladder during fasting is controlled by
two mechanisms, the tonus of the sphincter of Oddi and absorption of water through the
gallbladder wall (Fig. 2.1.10). Under basal conditions, the mean pressure in the sphincter
of Oddi is 15 cm of water, in the common bile duct, 12 cm of water, and in the gallbladder,
10 cm of water. By choosing the path of least resistance, the hepatic bile enters the gall-
bladder. The tonus of the sphincter of Oddi is dependent upon the frequency and amplitude
of phasic wave contractions. The phasic wave frequency ranges from 1 to 13 per minute
with an average of six contractions per minute [22]. High frequency contractions (>8min")
are relatively rare (14%). Sphincter of Oddi phasic wave contractions occur in conjunction
with phase III of the migrating motor complex, which begins in the stomach and traverses
through the duodenum and jejunum [23].

The second mechanism that promotes hepatic bile entry into the gallbladder is the rate
of absorption of water through the gallbladder wall. During fasting, the lateral intercellular
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Fig. 2.1.10 Absorption of water through the gallbladder epithelium. Lateral intercellular channels
between the columnar epithelial cells are widely open during fasting, allowing free passage of
water from the lumen into the connective space. Water absorption creates space for constant entry
of hepatic bile into the gallbladder during fasting [20]

channels between the columnar epithelial cells are widely opened, allowing the passage of
sodium and water from the gallbladder lumen into the interstitial spaces and then the
hepatic venous blood (Fig. 2.1.4). Constant removal of water allows steady entry of hepatic
bile into the gallbladder (Fig. 2.1.11). These lateral intercellular spaces collapse when the
gallbladder wall contracts following ingestion of a meal or injection of cholecystokinin.
Quabain inhibits water transport across most epithelial membranes, including the gallblad-
der [20]. Spontaneous gallbladder emptying and refilling play a minor role in making room
for the fresh hepatic bile. In large number of normal subjects monitored continuously for 2
h with Tc-99m-HIDA by the authors, spontaneous gallbladder emptying to the extent of
5-10% was noticed in less than 2% of the subjects. The bile that enters the duodenum dur-
ing fasting normally moves antegrade towards the jejunum. Normally, there is no bile
reflux from the duodenum into the stomach in the basal state.

Gallbladder Emptying
Emptying of the gallbladder is under both hormonal and nervous control, with hormonal

control playing the major role. Nervous control is exerted through both the sympathetic and
parasympathetic system as shown in Fig. 1.1.12 of Chap. 1. The cholinergic parasympathetic
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GB-Bile Transit

Fig.2.1.11 Pattern of bile transit within the gallbladder. Fresh hepatic bile enters the gallbladder
along its central long axis and moves laterally to reach the wall as water is removed by the lateral
intercellular channels. It takes about 30 min for the fresh hepatic bile to reach the wall from the
central long axis. Fully filled gallbladder outline is superimposed onto early frames to show how
radiolabeled fresh bile moves inside. Radiolabed bile first enters at 12 min and reaches the wall at
48 min [21]

nerve fibers to the gallbladder come primarily from the anterior gastric plexus (left vagus)
and control its contraction and emptying. The gallbladder response to sham feeding is medi-
ated through these cholinergic nerve fibers and can be blocked with atropine or after vago-
tomy [24]. The parasympathetic cholinergic nerve fibers to the sphincter of Oddi come
mainly from the posterior gastric plexus (right vagus). Sympathetic post-ganglionic nerve
fibers from the celiac ganglion reach the gallbladder and the sphincter of Oddi. Sympathetic
nerve stimulation relaxes the gallbladder wall and promotes hepatic bile entry.

The hormone-induced contraction and emptying of the gallbladder occur mainly
through endogenous release of cholecystokinin (CCK), demonstrated first in 1928 by Ivy
and Oldberg [25]. Cholecystokinin, a linear 33 or 39 amino acid polypeptide, is produced
from a large precursor protein with 114 amino acids. Most of the biological functions of
the hormone are confined to the last four carboxy terminal amino acids. A much shorter
cholecystokinin with only eight carboxy terminal amino acids (CCK-8) carries out most of
the biological functions of the parent molecule with 33 amino acids [26]. The contraction
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and emptying of the gallbladder begin within 2-3 min after an intravenous administration
of CCK-8, but it may take as long as 10-20 min to begin emptying following a meal [27].
This time delay in gallbladder emptying after a meal is due to a combination of time taken
for the meal to pass from the stomach into the duodenum and the time taken for the CCK-
secreting cells in the duodenal mucosa to release enough hormones into the blood stream.
Cerulein, motilin, and other gastrointestinal hormones with an identical carboxy terminal
tetrapeptide also induce gallbladder contraction and emptying [28].
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2.2
Spleen Function

The spleen is composed mostly of reticuloendothelial cells and lymphoid tissue. The
spleen is usually seen during radionuclide imaging with radiocolloids and radiolabeled red
blood cells, leucocytes, monoclonal antibodies, or peptides (somatostatin). As the spleen
does not concentrate Tc-99m-HIDA, it is not seen during functional hepatobiliary
imaging.

A normal spleen weighs between 80-200 gm with an average of 150 gm [1]. In the
posterior view of a radiocolloid scan, the spleen normally measures 10.5 cm along the
oblique axis. The spleen has to enlarge more than 2.5 times its normal size before it is
palpable in the left upper quadrant during a routine physical examination. Most of the
palpable spleens are enlarged, but not all non-palpable spleens are normal in size.

The spleen carries out many important functions (Table 2.2.1) that include: (1) hemopoi-
esis, (2) destruction of senescent red blood cells, leucocytes, and platelets, (3) culling and
pitting, (4) phagocytosis, (5) reservoir function, and (6) immunologic function [2].

During the first 6 months of intrauterine life, the spleen functions as a major hematopoi-
etic organ, and this function normally disappears by birth. In thalassemia and myeloid
metaplasia, the spleen is capable of resuming its intrauterine function in adult life to pro-
duce red blood cells. The normal function in adults is one of destruction of senescent red
blood cells, leucocytes, and platelets. Excessive destruction of blood cells by the spleen
results in anemia, leucopenia, or thrombocytopenia. The volume of red blood cells in the
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Table 2.2.1 Functions of the spleen

(1) Hemopoiesis

(2) Destruction of senescent red blood cells, leucocytes and platelets
(3) Culling and pitting

(4) Phagocytosis

(5) Reservoir function

(6) Immunologic function

body and their destruction by the spleen are measured by labeling the cells with chro-
mium-51 [3]. During labeling, hexavalent chromium-51 (Na,CrO,) crosses the red cell
membrane and attaches to hemoglobin after reduction into a trivalent form [4]. The physi-
cal half life of Cr-51 is 27 days. Random labeling, elution of Cr-51 and death of senescent
red cells all account for the mean RBC survival half-time of 35 days (normal life span of
RBC is 120 days). Chromium-51 released after RBC death is taken up by the reticuloen-
dothelial cells, and it does not label other red blood cells in blood; hence, it serves as an
ideal marker for RBC survival studies.

The selective removal of abnormal red cells by the spleen is called culling, and removal
of intra-erythrocytic inclusions without destroying the RBC is called pitting. Howell-Jolly
bodies, remnant of RBC nucleus, are removed from the red blood cells by the spleen. The
appearance of Howell-Jolly bodies in the peripheral blood, therefore, is an indication of
either splenectomy or of a non-functioning spleen [5]. Hypersplenism is documented by
showing increased spleen/liver and increased spleen/precordial count ratio in association
with decreased RBC survival time. Return of splenic function after splenectomy is attrib-
uted to auto-transplantation (due to spillage) of the splenic tissue on the peritoneal surface
or an accessory spleen [6]. Imaging of the spleen with radiocolloids, a popular modality in
the 1970 and 1980s, is largely replaced today by computerized tomography and ultra-
sound. Radiocolloid spleen imaging is now obtained occasionally to clarify an abnormality
that has already been detected with CT or ultrasound or to confirm splenomegaly in the
diagnosis of polycythemia rubra vera [7].

The spleen capsule has a thin muscle layer whose contraction squeezes out the seques-
tered RBC, WBC, and platelets into peripheral circulation. Injection of epinephrine induces
smooth muscle contraction with a subsequent rise in peripheral cell count [3]. The spleen
plays a protective role on the lung tissue, and pulmonary hypertension is shown to develop
after splenectomy in some patients [8]. The immunologic function of the spleen is carried
out by the lymphocytes and reticuloendothelial cells (phagocytosis). The spleen produces
antibodies against many microorganisms, especially polysaccharide-encapsulated bacte-
ria, such as pneumococci. Overwhelming infection sometimes follows after splenectomy
in children. Human splenic autotransplantation produces significant antipneumococcal
antibody in response to administration of pneumococcal vaccine [9].
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Imaging Agents

Historical evolution The introduction of radiocolloids in the 1940s, whose rate of clearance
from the circulation was used as an indicator of liver function, gave birth to nuclear hepatol-
ogy [1]. Imaging of the liver morphology began in 1954 with gold-198 colloid using an
automated rectilinear scanner developed by Cassen [2, 3]. Imaging of morphology was sup-
planted by imaging of liver physiology with the introduction of I-131 rose bengal in 1955
by Taplin et al. [4]. Morphology imaging gained wide clinical popularity after the introduc-
tion of technetium-99m colloid in 1965 [5], and a rapid leap in imaging of physiology
occurred with the introduction of technetium-99m-HIDA agents in 1976 [6].

3.1
Morphology and Physiology Imaging Agents

The liver carries out the most complex biological functions through the hepatocytes,
Kupffer cells, endothelial cells, fat cells (Ito cells), blood vessels and biliary epithelial
cells. The liver imaging agents are classified broadly into two groups: (1) those that iden-
tify pathology mainly through detection of changes in liver morphology and (2) those that
identify pathology by identifying changes in liver physiology (Table 3.1.1). A wide variety
of imaging agents now available enable the study of specific cell functions (Table 3.1.2).
Radiocolloids are the most common agents for imaging morphology, and Tc-99m-HIDA
compounds are the most preferred agents for physiology. Since liver morphology imaging
is now carried out mostly with CT or ultrasound, imaging of physiology is currently the
most common diagnostic procedure in nuclear hepatology. Since the publication of the
first edition of our book, fluorine-18-labeled 2-fluoro-2—deoxyglucose (18-FDG) has
become a major factor in the assessment of primary and metastatic lesions of the liver and
is included in the current edition.

Radiocolloids
Radiocolloids are small particles, 5—1 pm size, that are removed from circulation by the

reticuloendothelial cells of the liver, spleen and bone marrow. They carry a negative charge
of =30 mV and do not pass through the dialysis membrane, which is permeable to ions.

G.T. Krishnamurthy and S. Krishnamurthy, Nuclear Hepatology, 49
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Table3.1.1 Classification of liver imaging agents

(1) Morphology imaging agents Radiocolloids (gold-198, Tc-99m-S colloid) gallium-67
citrate
(2) Physiology imaging agents ~ These agents can be further divided into four subgroups
based on specific function
(a) Hepatobiliary agents Tc-99m-HIDA, Tc-99m-PG, 1-131 rose bengal, etc.
(b) Blood pool agents Tc-99m-RBC, Tc-99m-albumin
(c) Receptor-specific agents  Tc-99m-GSA, In-11l octreotide, In-111 monoclonal antibody,
Tc-99m-monoclonal antibodies
(d) Miscellaneous agents Indium -111 WBC, Tc-99m-WBC(HMPAO), fluorine-18
2-fluoro-2-deoxyglucose ("SFDG) and other agents that
are used primarily for imaging of other organs, but pass
through the liver during their elimination, enabling
imaging of the hepatobiliary system, e.g., Tc-99m-
sestamibi, Tc-99m-tetrofosmin, Tc-99m-HMPAO, etc.

Table3.1.2 The cell, mechanism of uptake, disposition and dose of radiolabeled agents for imaging
of the liver and spleen

Agent Uptake by Mechanism of Excretion into Dose
uptake bile

Tc-99-S colloid Kupffer cell Phagocytosis No 2-5 mCi

Tc-99m-GSA Hepatocyte ASGP receptor No 2-8 mCi

Tc-99m-HIDA Hepatocyte RME Yes 2-8 mCi

Tc-99m-RBC Hemangioma Blood pool No 10-20 mCi

Tc-99m HMPAO Infection Chemotaxis No 10-20 mCi

In-111 WBC(oxine) Infection Chemotaxis No 0.5-1.0 mCi

In-111 Octreotide Somatostatin- Receptor-ligand ~ No interaction 3-8 mCi
receptor

In-111 MOAB TAG-72 Antigen-antibody No 2-5 mCi
Interaction

Ga-67 citrate Hepatocyte Unknown No 2-10 mCi

F-18 FDG Hepatocyte Glucose receptor  No 10-15 mCi

ASGP Asialoglycoprotein, GSA, galactosyl human serum albumin, H/DA hepatic iminodiacetic
acid, RME receptor-mediated endocytosis.

However, they readily pass through an ion-exchange column and show no movement on
paper chromatography [7]. Although Au-198 is no longer used for imaging, thorough
understanding of its pharmacokinetics provides a sound basis for understanding the bioki-
netics of Tc-99m-S colloid and is described briefly below.
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Gold-198 Colloid

Gold (Au)-198 colloid is one of the smallest radiocolloid particles known to nuclear medi-
cine. The particles vary in size from 5 to 50 mp, with an average size of 30 my, and clear
from blood with a T 2 of 3 min. Gold-198 has a physical half life of 2.7 days, decays by a
beta minus emission and emits a monoenergetic gamma photon of 411 keV for imaging.
The adult dose ranges from 100 to 150 pCi in 25 pg to 2.5 mg gold. The three organs
concentrating Au-198 colloid are the liver, spleen and bone marrow, with the smallest
particles preferentially taken up by the bone marrow and the largest particles by the spleen [9].
The percent dose localized in each organ depends upon its function and size, and the size
and electrochemical character of the radiocolloid particles. Normally, the liver weighs
about 1,500-1,800 g, the spleen 150-200 g and the bone marrow ~1,500 g (Table 3.1.3).
Normally, about 90% of the Au-198 colloid dose is taken up by the liver, 7% by the reticu-
loendothelial (RE) cells of the bone marrow and 3% by the spleen [10]. In moderate hepa-
tocellular disease, the liver mass increases (2,400 g) because of fatty infiltration, and the
mass of the spleen increases (250 g) because of portal hypertension. In advanced cirrhosis,
the liver actually shrinks in size (1,400 g) because of fibrosis, whereas the spleen continues
to increase in size (400 g) because of the increase in portal hypertension. The mass of
reticuloendothelial cells in the bone marrow does not change. In moderate liver disease,
the uptake by the liver decreases to 70%. In advanced cirrhosis when the liver shrinks in
size, the radiocolloid uptake may fall below 35%. As the uptake of radiocolloid by the liver
decreases, the uptake by the spleen and bone marrow increases in direct proportion to the
degree of portal hypertension.

Technetium-99m-Sulfur Colloid

Technetium-99m-sulfur colloid particles are much larger, with a wider variation in size
than Au-198 colloid particles, with an average size of about 300 mp (Table 3.1.4). The
usual dose for planar imaging in adults is 2—5 mCi. Liver perfusion and SPECT studies
require a much larger dose, in the range of 5—10 mCi. Technetium-99m has a physical half
life of 6 h and emits a gamma photon of 140 keV energy, which makes it ideal for imaging.
Intravenously injected particles clear from blood with a T %2 of 2.5 min.

Table 3.1.3 Liver, spleen and bone marrow mass in normal subjects and patients with
liver disease [10]

Clinical status Mass of the organ in grams
Liver Spleen Bone
marrow
Normal 1,807 174 1,500
Early to intermediate liver disease 2,400 250 1,500

Intermediate to advanced liver disease 1,400 400 1,500
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Normally, about 85% of the injected dose of Tc-99m-S colloid is taken up by the liver,
7% by the spleen, 5% by the bone marrow and the remaining 3% by other organs, such as
the lungs, stomach, etc. [11]. In moderate parenchymal liver disease, the radiocolloid
uptake by the liver decreases, and the uptake by the spleen and bone marrow increases. In
severe parenchymal liver disease (cirrhosis), when the liver shrinks in size, ~30% of the
dose is taken up by the liver, and as much as 30% by the spleen, 25% by the red marrow
and the remaining 13% of the dose by other organs, including the lungs, kidney and stom-
ach (Table 3.1.5). As most of liver morphology imaging is currently obtained with CT,
MRI or ultrasound, radiocolloid imaging is chosen primarily for delineating the functional
characteristics of the lesion that have already been detected with one of the other imaging
modalities. Radiocolloid spleen imaging is often obtained for accurate measurement of
spleen size in the diagnosis of polycythemia rubra vera and other myeloproliferative disor-
ders. Technetium-99m-S colloid preparations are also used in the measurement of gastric
emptying time, evaluation of shunt (LeVeen) patency and for the detection of acute GI
bleeding, gastro-esophageal reflux or pulmonary aspiration of gastric contents, etc.

The radiocolloid dose is used within 6 h of its preparation, and the particles are shaken
vigorously just prior to injection to prevent settlement at the bottom of the vial. As free
Tc-99m pertechnetate appears in breast milk, mothers are instructed not to feed their
infants with breast milk for the next 24 h and to use formula milk instead. The breast milk
expressed prior to radiocolloid injection and stored is preferable to formula milk. The
usual pediatric dose is 15-75 pCi kg (0.56-2.78 MBq kg™'). For bone marrow imaging in
pediatrics, the dose is 30150 puCi kg!' (1.1-5.6 MBq kg!). The minimum dose per study
is 600 pCi (22.2 MBq). For gastroesophageal reflux and pulmonary aspiration studies, the
Tc-99m-S colloid dose is given orally, mixed with a liquid or a semisolid meal.

Table3.1.4 Characteristics of Tc-99m-S colloid

Half life 6.03 h

Blood clearance TY> 2.5 min
Particle size range (um) 100-1,000
Particle mean size (nm) 300

Decay constant 0.1149 h!
Mean disintegration 87%

G-rad pei' h! 0.0369

Adult dose 2-8 mCi

Dose to liver from a study 0.68-2.72 rads

Table3.1.5 Relative distribution of Tc-99m-sulfur colloid (% injected dose) in normal subjects and
patients with liver disease [11]

Liver Spleen Marrow Other
Clinical status
Normal 85 7 5 3
Mild to moderate liver disease 67 13 12 8

Moderate to severe liver disease 32 30 25 13
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Mechanism of Radiocolloid Uptake

Metchnikoff in 1884 first observed a process where highly mobile polymorphonuclear
leucocytes ingested (phagocytosis) foreign particles, microorganisms and cellular debris,
removing them from the circulation. Similar phenomena were observed in the cells lining
the liver sinusoids [12]. Kupffer in 1899 described the nature of these cells in the hepatic
sinusoids which today bear his name, the Kupffer cells [13]. Aschoff in 1924 introduced
the concept of the reticuloendothelial system consisting of the mesenchymal cells distrib-
uted throughout the body [14]. Radiocolloid uptake is seen primarily in three organs in the
body: the liver, spleen and bone marrow. Lung and other organ uptake normally is not high
enough to be seen on the images.

The uptake of radiocolloids by the RE system cells is dependent upon various factors,
including particle size, charge, dose, chemical composition and other factors. The maximum
phagocytic capacity in humans is 1.07 mg min™' kg! body weight [15]. The RE system acts
as a biological filter by removing effete cells and foreign material from blood and thus
restricting the general toxic effect on the body. The filtering mechanism becomes increas-
ingly efficient in the spleen as the particle size increases. The smallest particles are removed
preferentially by the bone marrow, medium-size particles by the liver and the largest particles
by the spleen. As the Au-198 colloid particles are the smallest (30 pwm), most of them are
taken up by the liver and bone marrow, and very few particles by the spleen, explaining the
reason why the spleen is usually not visualized well in the scans obtained with gold-198.

Upon intravenous injection, radiocolloid particles are coated by plasma opsonins, mak-
ing them susceptible to phagocytosis. Radiocolloid-opsonin complex attaches to the RE
cell membrane and initiates phagocytosis (Fig. 3.1.1). The cytoplasm of the RE cell flows
around the opsonized radiocolloid particles as pseudopods, encircles the particle and ulti-
mately incorporates into the cytoplasm, forming a phagosome [16, 17]. The ultimate fate
of the radiocolloid in the phagosome depends upon its nature. The phagosome is either

a2

Colloid-opsonin complex Pseudopod Phagosome

Fig. 3.1.1 Mechanism of radiocolloid uptake. After intravenous injection, radiocolloid comes in
contact with plasma proteins forming a radiocolloid-opsonin complex. The complex is encircled by
pseudopodes of the Kupfter cells in the liver and reticuloendothelial (RE) cells in the spleen and bone
marrow. After complete engulfment, the radiocolloid forms a phagosome within the cytosol



54 3 Imaging Agents

destroyed and the contents stored in the cytosol or the phagosome is destroyed, digested
and its contents released back into circulation. Gold-198 radiocolloids are stored intracel-
lularly, whereas the Tc-99m-S colloids are digested and released into the circulation [18].

Dosimetry of Radiocolloids

The liver is the critical organ for radiocolloids and receives 39 rads mCi! of Au 198 and
0.34 rad mCi! of technetium-99m-S colloid (Table 3.1.6). From one imaging study, the
liver receives 5.8 rads from Au-198 (200 nCi dose) and 0.68 rads from Tc-99m-S colloid
(2-mCi dose). Radiation to the liver decreases as the severity of liver disease increases.
The total body receives 1.4 rads mCi™' with Au-198 and 0.019 rads mCi! with Tc-99m-S
colloid. Introduction of Tc-99m-sulfur colloid in 1965 was a major breakthrough that revo-
lutionized liver morphology imaging in the late 1970s and through the early 1980s.

Technetium-99m HIDA Agents

Functional imaging nuclear hepatology took a quantum leap with the introduction of
Tc-99m-HIDA agents by Loberg et al. in 1976 [6]. Hepatobiliary diseases are quite common,
and they often present clinically with dramatic suddenness requiring immediate diagnosis and
therapy (acute cholecystitis). Technetium-99m HIDA agents fulfill the requirement for a
rapid diagnosis.

Labeling

Technetium-99m-HIDA agents are lidocaine analogues. Lidocaine has been used in clini-
cal practice for many years, and its pharmacokinetics are well understood. Liver is the
primary site of uptake and metabolism of lidocaine and indocyanin green [19-21].
Lidocaine (C, ;H,,N,O) has a molecular weight of 270.80 and clears from blood in a biex-
ponential fashion; the fast component has a T'2 of 7 min, and the slow component a T %2
of 108 min. Lidocaine shows a high first-pass extraction by the liver. About 90% of

Table 3.1.6 Absorbed dose (rads mCi!) from Tc-99m-sulfur colloid in normal
subjects and patients with liver disease [11]

Normal Moderate disease Severe disease
Organ
Liver 0.34 0.21 0.16
Spleen 0.21 0.28 0.42
Red marrow 0.02 0.04 0.07
Ovaries 0.005 0.008 0.012
Testes 0.001 0.002 0.003

Total body 0.019 0.019 0.019
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extracted lidocaine is metabolized into monoethylglycylxylidine, and the remaining 10%
is excreted in urine unchanged. Age does not affect the biokinetic behavior of lidocaine.

Based upon its wide clinical application in cardiology and with the knowledge that
lidocaine is metabolized primarily in the liver, it was hypothesized that a technetium-99m-
labeled lidocaine or its analogues could find potential imaging application in either cardiology
or hepatology. Since technetium-99m could not be attached to lidocaine directly, iminodia-
cetic acid (IDA) was chosen as a bifunctional chelate to carry the ligand (lidocaine) at one
end and the radiotracer (Tc-99m) at the other end [6]. Each molecule of labeled Tc-99m-
HIDA complex, therefore, consists of two molecules each of the ligand and the chelate and
an atom of technetium-99m in the middle (Fig. 3.1.2). When Tc-99m-HIDA was injected
into mice and gamma camera imaging began, the investigators were startled not to find any
myocardial uptake, but were immensely pleased to see radioactivity first in the hepatocytes
and later throughout the biliary system [22]. For lack of any other better terminology, the
investigators settled on a new name, Hepatic IminoDiacetic Acid, or HIDA. Thus, the
major portion of the name (HIDA) reflects the chelate (IDA) more than it does the ligand
(lidocaine), which provides the most critical functional information.

Radiolabeling with technetium-99m does not affect the blood clearance or the hepatic
uptake of lidocaine, but it alters the intrahepatic transit. Unlike lidocaine, Tc-99m-HIDA
is not metabolized during its transit through the hepatocyte. It is secreted as native Tc-99m-
HIDA into the bile canaliculi. This feature is readily demonstrated by re-injection of radio-
labeled gallbladder bile intravenously into the same animal where the exact kinetics of the
original injection are reproduced. Lidocaine forms a dimer with technetium-99m, which
increases the molecular weight from 270.8 for lidocaine to 833 for Tc-99m-HIDA complex
(Fig. 3.1.2). Increase in molecular weight enhances hepatocyte uptake and excretion.
Labeling with technetium-99m imparts hepatic specificity. Lidocaine labeled with C14 or
Tin (Sn)-113m, however, does not show hepatic uptake and excretion; instead, it is excreted
mostly through urine [6].

Structure-Function Relationship

The basic configuration of all Tc-99m-HIDA agents is very similar (Fig. 3.1.3). The
bifunctional chelate, IDA, attaches to a molecule of lidocaine at one end and to an atom of
technetium-99m at the other. Technetium-99m is the radiotracer, and the biological func-
tion resides with lidocaine. The biokinetic behavior of the labeled complex can be altered
by making substitutions in the benzene ring at positions 2,4,6 (ortho), 4 (para) or 5 (meta)
with a methyl, ethyl, isopropyl or isobutyl group. A halogen is attached in the meta posi-
tion (mebrofenin). More than 30 new compounds were created by making various substi-
tutions at different positions [23, 24, 25]. Six of the compounds have undergone critical
clinical trials, and three have been approved for routine use by the United State’s Food and
Drug Administration.

Hepatic uptake of Tc-99m-HIDA agents varies from a low of 82.5-98.1% [26]. Hepatic
uptake of Tc-99m-disofenin is 89% and mebrofenin 98% (Table 3.1.7). The uptake and
excretion of Tc-99m-HIDA agents are dependent upon various factors, of which molecular
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Fig.3.1.2 Molecular structure and hepatobiliary transit of Tc-99m-HIDA. Lidocaine (green) is the
ligand with the biologic function, technetium-99m (black) is the radiotracer, and iminodiacetic
acid (IDA) is the chelate (red) that binds them together. A labeled whole complex consists of an
atom of Tc-99m, two molecules of lidocaine and two molecules of IDA. Albumin delivers the
radiotracer to the space of Disse where the dissociation takes place. Tc-99m HIDA is taken up by
the hepatocyte and secreted into bile canaliculi in free form where it mixes with the hepatic bile
and serves as an ideal in vivo tracer for imaging of the entire hepatobiliary tree [27]
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Fig. 3.1.3 Molecular configuration of six Tc-99m HIDA agents. Biological function is altered
(varying liver T,,) by making different chemical substitutions at positions 2,4,6 of the benzene
ring. Mebrofenin (7MB) has a bromine at position 5, which makes it highly resistant to displacement
by bilirubin [26]

Table3.1.7 Biokinetic features of Tc-99m mebrofenin and Tc-99m disofenin

Liver uptake  Urine Liver REGIEL R GETRT)
(% dose) excretion excretion )
(% dose) (T%, min) Liver Gallbladder
Tc-99m-Mebrofenin =~ 98 2. 17 70 410
(Choletec)
Tc-99m-Disofenin 89 11 19 75 370
(Hepatolite)

structure, weight, lipid solubility and protein binding are important parameters. Radiolabeled
complexes with a molecular weight between 300 and 1,000 are preferentially taken up by
the hepatocytes and rapidly secreted into bile. An isopropyl substitution at 2 and 6 posi-
tions (disofenin) makes it a better agent than a dimethyl or diethyl substitution at the same
locations, or an isopropyl substitution at the para position (PIPIDA). A methyl substitution
at positions 2, 4, and 6 and a bromine atom at 5 (mebrofenin) result in creating the best
agent of all. Tc-99m-mebrofenin shows the highest liver uptake (98%) and strongly resists
displacement by a high bilirubin level. Both agents are secreted from the liver rapidly into
bile with a mean excretion half time of 17 min with mebrofenin and 19 min with disofenin.
The dose not taken up by the liver is excreted through the kidneys. Urinary excretion of
mebrofenin is 2% and disofenin 11% of the dose injected.
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Biokinetics of Tc-99m-HIDA Agents

Biokinetic behavior of Tc-99m-HIDA agents can be divided into six functional phases: (1)
blood transport, (2) uptake by the hepatocyte, (3) transit through the hepatocyte and secre-
tion into bile canaliculi, (4) flow through the intrahepatic and extrahepatic ducts, (5) entry
into the gallbladder and (6) final discharge into the small intestine [26, 27]. The dose not
taken up by the liver is excreted in urine.

Blood Transport

Tc-99m-HIDA agents are transported in blood bound to serum albumin, forming an albu-
min-Tc-99-HIDA complex [26]. Protein binding enhances hepatic delivery and hepatocyte
uptake and decreases renal excretion. The agents clear from the blood at variable rates
(Fig. 3.1.4). Hypoalbuminemia decreases hepatic delivery and increases renal excretion.
The affinity of Tc-99m-HIDA to bind with albumin is much lower than that of bromsulfa-
lein and bilirubin [28]. A substitution at the para position improves both albumin binding
and lipid solubility. Methyl substitution at positions 2, 4 and 6 and a bromine at position
5 (mebrofenin) increase both hepatic delivery and hepatocyte uptake, and markedly reduce
renal excretion. A butyl substitution at the para position has a similar effect on the uptake
[25]. Albumin-bound Tc-99m-HIDA leaves the sinusoidal space through the fenestrae of
the endothelial cells and enters the perisinusoidal space of Disse, a space unique for liver
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Fig. 3.1.4 Blood clearance of six Tc-99m HIDA agents. Note the fastest blood clearance with
mebrofenin, TMB [26]
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capillaries. Disassociation between albumin-Tc-99m-HIDA takes place in the space of
Disse very close to the basolateral border of the hepatocyte (Fig. 3.1.2). Only Tc-99m-
HIDA enters the hepatocyte, leaving albumin behind in the blood. This mechanism is
common for most organic anions [28].

Hepatocyte Uptake

The mechanism of uptake of Tc-99m-HIDA by the hepatocyte is similar to those of other
organic anions [30]. Liver concentrates three types of organic anions, including bile acids,
free fatty acids and non-bile acid cholephils (bromsulfalein, bilirubin, rose bengal, indocya-
nin green and Tc-99m-HIDA). Non-bile acid cholephils are taken up by the hepatocyte by
amechanism called receptor-mediated endocytosis (RME). RME has been well documented
for low density lipoprotein, IgA, insulin, transferrin, asiologlycoprotein and cholesterol
[31]. It is believed that Tc-99m-HIDA compounds follow the RME pathway, followed by
bilirubin and other organic anions. By subjecting cultured rat hepatocytes to different in
vitro experimental conditions, Okuda et al. and Lan et al. have demonstrated three possible
pathways for uptake of Tc-99m-HIDA: (1) organic anion pathway probably through RME,
(2) bile acid (bile salt) pathway and (3) free fatty acid pathway [28, 32, 33].

Receptor-Mediated Endocytosis

After dissociation from albumin in the space of Disse, Tc-99m-HIDA attaches to its specific
receptors through receptor protein (ligandin). These receptors are located along the basolat-
eral border and along the walls of the coated pits, which are mere invaginations of the
basolateral membrane into hepatocyte cytosol [31, 34]. The ligand (Tc-99-HIDA) and
the receptor protein (ligandin) cluster in the coated pit (Fig. 3.1.5). This collection is one
of the primary requirements for RME to progress [34]. After separation from the surface
membrane the coated pit forms a coated vesicle, and Tc-99m-HIDA gets internalized within
the hepatocyte. After losing the protein covering, the vesicle becomes an endosome. In the
case of LDL, IgA, insulin and transferrin, the protein coating the vesicle is clathrin.
Co-transport through bile acids and free fatty acids occurs simultaneously with RME.

Despite sharing a common mechanism of uptake, there are a few differences in hepato-
cyte uptake between Tc-99m-mebrofenin and Tc-99m disofenin. In cultured rat hepato-
cytes, bilirubin reduces the uptake of disofenin much more profoundly than that of
mebrofenin. At 20 uM bilirubin in the culture medium, the hepatocyte uptake of Tc-99m
disofenin reduces to 34% from a basal value of 100% without bilirubin in the culture
medium. In contrast, the uptake Tc-99m mebrofenin remains at 70% of the basal value
under identical experimental conditions. Both disofenin and mebrofenin show a reduction
in hepatocyte uptake when bile acids or free fatty acids are added to the culture medium,
suggesting the existence of other uptake pathways. These results indicate that Tc-99m-
HIDA agents share a common pathway with organic anions (bilirubin), free fatty acid and
bile acids. Bromsulfalein (BSP) inhibits uptake by the hepatocyte of Tc-99m disofenin
much more profoundly than Tc-99m mebrofenin (Table 3.1.8).
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Fig.3.1.5 Schematic representation of receptor-mediated endocytosis for uptake and excretion of
Tc-99m HIDA by the hepatocyte. Primary uptake occurs via receptor-mediated endocytosis (RME).
After detaching from albumin in the space of Disse, the radiotracer attaches to the ligand in receptors
within the coated pits [1], which are invaginations of the basolateral border of the hepatocyte. A
coated vesicle [2] is formed when it separates from the surface membrane. The coated vesicle
rapidly loses its clathrin coat, forming an endosome [3]. Two endosomes combine together to form
a fused endosome [4]. Hydrogen is pumped into the fused intra-vesicular space, initiating uncoupling
of the receptor and ligand (CURL). Ligand enters the bile canaliculi, and the receptor moves to the
surface for recycling. Tc-99m HIDA in addition uses free fatty acid (FFA) and bile acid (BA4)
pathways for uptake and excretion in free form into bile canaliculi (modified from Steer [31])
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Table 3.1.8 Effect of 20uM of various organic anions on the uptake (%) of Tc-99m disofenin and
Tc-99 mebrofenin by cultured rat hepatocytes [32]

Agent Basal BSP Bili Tauro Glyco Cholate Deoxy Chenodeoxy
uptake cholate cholate cholate cholate
Tc-99m- 100 59 34 6l 59 66 42 42
Disofenin
Tc-99m- 100 107 70 69 85 80 62 71
Mebrofenin

Transit Through the Hepatocyte and Secretion into Bile Canaliculi

Unlike bilirubin and other organic anions, Tc-99m-HIDA agents are secreted into bile
canaliculi in their native state, without undergoing any conjugation during their transit
through the hepatocyte [6]. The mechanisms by which Tc-99m-HIDA is transported
through the hepatocyte and then secreted into the bile canalicular lumen are not clear. The
general belief is that the mechanism is similar to those of non-cholephil organic anions,
free fatty acids and bile acids. Vesicular transport and receptor-ligandin transport are
thought to be involved. After losing the clathrin coat, the vesicle forms an endosome. Two
endosomes together form a fused endosome. At this point the ligand (Tc-99m-HIDA) and
the receptor (ligandin) separate and start moving in two different directions. The ligand
(Tc-99m-HIDA) enters the bile canaliculi, and the ligandin moves to the hepatocyte sur-
face for recycling [35]. Rough endoplasmic reticulum and the Golgi complex are known
to synthesize the receptor. After entering the canaliculi, Tc-99m-HIDA mixes thoroughly
with the hepatic bile, and from then on it serves as an ideal in vivo tracer for delineation of
the entire hepatobiliary tree (Fig. 3.1.2). The curves generated over the liver provide a
measure of the rapidity of uptake and excretion of Tc-99m HIDA (Fig. 3.1.6). The dose not
taken up by the liver is excreted through urine (Fig. 3.1.7).

Currently, Tc-99m-disofenin and Tc-99m-mebrofenin are the most popular agents
(Fig. 3.1.8). Tc-99m mebrofenin, which has bromine at position 5 (meta), clears from the
liver much more rapidly than Tc-99m disofenin (Fig. 3.1.9).

Flow Through Intrahepatic and Extrahepatic Ducts

The hepatic bile is radiolabeled instantly, as soon as Tc-99m-HIDA secreted by the hepato-
cyte enters the bile canaliculi. In vivo bile radiolabeling under total basal conditions allows
delineation of the entire intrahepatic and extrahepatic bile ducts. Of the 600 ml total bile
produced per day, 450 ml is secreted by the hepatocytes and 150 ml by canalicular cells
[36]. The bile within the ducts is radiolabeled as the hepatic bile passes through the ducts.
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Fig.3.1.6 Hepatic uptake and excretion of six Tc-99m HIDA agents. Fastest uptake and excretion
are noted with disofenin (DISIDA) and mebrofenin (TMB)

Gallbladder Storage

About 70% of the hepatic bile secreted during fasting hours enters the gallbladder (0.3 ml
min'), and the rest enters the duodenum directly [37]. A fully filled normal gallbladder
can accommodate up to 50 ml of bile. It would, therefore, take approximately 180 min
(6 h) for a completely emptied gallbladder to refill to its full capacity. Having the ability
to accommodate a constant inflow of 0.3 ml bile min™!, the hepatic bile during fasting is
made possible by absorption of an equal volume of water through the gallbladder wall
(about 0.3 ml min™). The gallbladder wall absorbs water, chloride and bicarbonates at a
much faster rate than sodium, bile salts and cholesterol from hepatic bile. By this selec-
tive absorption, the gallbladder can sequester all of the total body bile salts within it
during 10-12 h of fasting. This selective process of solute concentration is called the
concentration function of the gallbladder.

Highly concentrated gallbladder bile is discharged into the duodenum upon the arrival
of food into the small intestine, where bile salts facilitate digestion and absorption of nutri-
ents into the blood stream. There is a rapid rise in Tc-99m-HIDA counts when radiolabeled
hepatic bile enters the gallbladder. Accumulation of a very high specific activity bile in a
relatively small volume (50 ml) accounts for the gallbladder being the critical organ in a
Tc-99m-HIDA study [38], receiving about 908 mrad mCi'. The upper large intestine,
lower large intestine and small intestine receive decreasing doses (Table 3.1.9). Radiation
to the gastrointestinal tract decreases in liver failure when kidneys become the preferential
route of excretion for Tc-99m-HIDA.
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Fig. 3.1.7 Urinary excretion of six Tc-99m HIDA agents. Less than 2% of the injected dose of
mebrofenin (TMB) is excreted in 24-h urine. Other agents show an increasing amount of urinary
excretion [26]

Final Discharge into the Duodenum

When the food leaves the stomach and enters the duodenum, it stimulates CCK-secreting
cells in the mucosa of the duodenum and jejunum to release endogenous cholecystokinin
into the circulation. It usually takes about 6-26 min (mean 16 min) after a meal for serum
CCK levels to rise above the threshold to induce contraction and emptying of the gallblad-
der [39]. Once the gallbladder contraction is initiated, bile emptying is maintained for 1-2
h post-meal. In addition to initiating gallbladder contraction and emptying, cholecystoki-
nin stimulates water secretion by cholangiocytes lining the bile ducts and hastens bile flow
by directly stimulating smooth muscle of the bile ducts [40]. Cholecystokinin also increases
intestinal peristalsis and facilitates movement of bile emptied from the gallbladder ante-
grade towards the jejunum and ileum. By inducing contraction of the pylorus of the stomach,
it prevents duodeno-gastric bile reflux.
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Fig.3.1.8 Molecular structure of Tc-99m-disofenin and Tc-99m-mebrofenin. An atom of bromine
at 5 and three methyl groups at 2, 4, 6 positions in mebrofenin change its biological behavior from
that of disofenin with an isopropyl group at 2 and 6 positions
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Fig.3.1.9 Hepatic uptake and excretion of Tc-99m disofenin and Tc-99m mebrofenin. The uptake
and excretion by the liver of Tc-99m mebrofenin are significantly faster when compared to Tc-99m
disofenin
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Table 3.1.9 Radiation-absorbed dose (mrad mCi™) to various organs from Tc-99m-HIDA in
normal subjects and patients with increasing severity of liver disease [38]

Bilirubin level  Normal Patients with increasing serum bilirubin level

<lmgdl! <1mgdl"? 1-5mgdl! 5-10 mgdl!

Organ

Gallbladder 908 728 617 309 101
Upper colon 302 235 198 100 36
Lower colon 199 154 131 68 27
Small intestine 189 147 125 65 25
Liver 76 91 90 47 18
Ovaries 62 50 43 25 13
Kidneys 43 58 67 105 132
U. Bladder 35 46 53 87 111
Bone marrow 24 21 19 13 9
Spleen 9 8 7 5 3
Testes 4 4 4 4 5
Total body 16 15 14 9 6

Other Tc-99m-Labeled Hepatobiliary Agents

Many Tc-99m-labeled potential hepatobiliary agents have not been approved by the
United States Food and Drug Administration for routine clinical use. Some are approved
in other countries. These agents include Tc-99m-labeled penicillamine [41, 42],
dihydrothiooctic acid [43], tetracycline [44] and pyridoxylidineglutamate [45]. Tc-99m-
Pyridoxylidineglutamate has been used extensively in Australia, Japan and other Asian
countries [46]. Some of the agents used for imaging of other organs pass through the
liver and are secreted into bile, and often they provide information about the hepatobil-
iary function (Fig. 3.1.10). The myocardial perfusion imaging agent, Tc-99m-sestamibi,
is taken up by hepatocytes and secreted into bile, and it provides an opportunity to mea-
sure the gallbladder ejection fraction with cholecystokinin in those rare patients where
acalculous chronic cholecystitis (cystic duct syndrome) mimics an anginal type of pain.

Technetium-99m-DTPA Galactosyl-Human Serum Albumin

The basolateral and lateral (not canalicular) border of the plasma membrane of the hepato-
cyte is rich in asialoglycoprotein (ASGP) receptors, which serve as a binding site for
Tc-99m DTPA-galactosyl human serum albumin (Tc-99m GSA). These receptors specific
for the hepatocytes are not found in any other cells in the body [31]. After an intravenous
injection, Tc-99m GSA circulates in the blood, is extracted by the hepatocyte plasma
membrane and is transferred to the lysosomes through receptor-mediated endocytosis.
Blood disappearance parallels the clearance of indocyanin green, considered a gold
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Fig. 3.1.10 Secretion of technetium-99m sestamibi into bile. Myocardial (H) perfusion imaging
agent shows accumulation in the liver (L), bile ducts and gallbladder (GB). CBD common bile
duct, INT intestine

standard agent for hepatocyte function [47]. Studies in Japan have shown a great potential
for the measurement of the hepatic reserve prior to resection of the liver in patients with
hepatocellular carcinoma, cholangiocarcinoma, cirrhosis and metastatic disease. Rapid
sequence SPECT imaging allows quantitative measurement of functional reserve and
enables prediction of prognosis [48—50].

New SI Units for Measurement of Radiation

The International Commission on Radiation Units and Measurements recommended in
1974 that new SI (system international) units replace old CGS units for all scientific work
after 1984. The old and new units of measurement and their relationship are shown in
Tables 3.1.10-3.1.12 [S1].
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Table3.1.10 Old CGS and new SI units for measurement of radioactivity [51]

Old units curie New SI units. Becquerel Disintegrations per second (dps)
Megacurie (MCi) 37 PBq 3.7 x 10

Kilocurie (KCi) 37 TBq 3.7 x 108

Curie (Ci) 37 GBq 3.7 x 10"

Millicurie (mCi) 37 MBq 3.7 x 107

Microcurie (uCi) 37 kBq 3.7 x 10*

Nanocurie (nCi) 37 Bq 3.7%x10

Picocurie (pCi) 37 mBq 3.7%x1072

Table 3.1.11 Relationship between new Becquerel and old Curie
units [51]

1 Becquerel (Bq) = 1 dis sec”! =27.03 x 102 Ci=27.03 pCi
1 Kilobecquerel (kbq) = 10° Bq = 27.03 nCi

1 Megabecquerel (MBq) = 10° Bq = 27.03 pCi

1 Gigabecquerel (GBq) = 10° Bq = 27.03 mCi

Table3.1.12 Relationship between old and new SI units for measurement of radiation [51]

Parameter Old unit New SI unit Conversion factor
Radioactivity Curie (Ci) =3.7 x Becquerel (Bq) = 1Ci=3.7%10"Bq
10'° dps 1 dps 1Bq=2.7x 10" Ci
Radiation exposure ~ Roentgen (R) =2.58  Coulomb kg C 1 R=2.58 x 10*Ckg"
x 10* Ckg! kg! 1Ckg'=3.88 x10°R
Radiation absorbed  rad =100 erg g! Gray(Gy)=1J kg! 1 rad=0.01 Gy
dose 1 Gy =100 rad
Radiation dose rem = QF x rad Sievert (Sv) = 1 rem =0.01 Sv
equivalent QF x Gy 1 Sv=100 rem
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3.2
Radiolabeling of Red Blood Cells and Leucocytes

Radiolabeled red blood cells are used in nuclear medicine mainly for the assessment of
vascular spaces, measurement of left ventricular volume and ejection fraction, and for
localization of bleeding sites. Radiolabeled leucocytes are used primarily for the detection
and localization of abscesses and delineation of sites of diffuse or focal infection. Major
applications in nuclear hepatology include differentiation of hemangiomas from other
focal liver lesions with Tc-99m-labeled red blood cells and differentiation of abscess from
other cystic liver lesions with indium-111 oxine or Tc-99m-HMPAO labeled leucocytes.

Red Blood Cell Labeling with Tc-99m

Technetium-99m red blood cells (RBC) are used for blood pool imaging in the separation
ofvascular malformation (hemangiomas) from other non-vascular liver lesions. Radiolabeling
of RBCs with chromium-51 was first accomplished by Gray and Sterling in 1950 for the
main purpose of measuring their survival in the diagnosis of hemolytic anemias [1].
Technetium-99m-labeled RBCs are used primarily for blood pool imaging, and survival
studies cannot be carried out due to the short physical half life of Tc-99m of only 6 h [2].
Three methods of RBC labeling are available: the in vivo method, in vitro method and
combined in vivo and in vitro method. The in vivo method is technically simple, but results
in a slightly higher background radiation. The in vitro method, on the other hand, is techni-
cally more involved, but gives excellent lesion to non-lesion contrast because of low back-
ground radiation.

In Vitro Method (Ultratag Kit made by Mallincrodt, St. Louis, MO)

About 1 ml of patient blood is drawn into a heparinized syringe and added to the mixing
vial, which contains 50 pg stannous chloride, 3.7 mg sodium citrate, 5.5 mg dextrose and
0.11 mg sodium chloride. Stannous (2*) chloride readily crosses the red cell membrane and
attaches to the heme component of the hemoglobin molecule, ready to do its job of reduc-
ing valence of Tc-99m-pertechnetate from 7 to 4*. About 0.6 ml of 0.1% sodium hypochlo-
rite is added later as an oxidizing agent that converts all excess stannous chloride (2*) into
stannic (4") state in plasma, but not inside the red blood cell because of its inability to cross
the intact red cell membrane. About 20-30 mCi of 99m-TcO, (pertechnetate) is added to
the reaction vial. Tc-99m-pertechnetate readily crosses the red cell membrane and attaches
to the globin molecule after it gets reduced from 7* to 4" valence by the waiting stannous
(2%) chloride on the heme fraction of the hemoglobin molecule. Once Tc-99m is reduced
from the 7* to 4" valence state, it does not come out of the hemoglobin molecule. The entry
of Tc-99m through the red cell membrane thus becomes one-way traffic. After 15-20 min
of gentle incubation at room temperature, most of the Tc-99m is trapped inside the red
blood cell [2]. The in vitro method is a very efficient labeling technique and does not neces-
sitate blood centrifugation to remove plasma, because 97% of technetium-99m is associ-
ated with the red blood cell and less than 3% remains in plasma. Hemoglobin contains
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95% of the total red cell radioactivity, of which 77% is associated with globin and the rest
with the heme fraction of the hemoglobin molecule [3].

In Vivo Method

Stannous chloride (10-20 pg kg™!) from a commercial pyrophosphate kit is injected intrave-
nously. Tin (2%) enters the red cell membrane and attaches to hemoglobin to be ready to act as
a reducing agent when Tc-99m-pertechnetate enters the cell. About 30 min later, 2030 mCi
Tc-99m-pertechnetate in saline is injected intravenously. Tc-99m-pertechnetate crosses the
red cell membrane, gets reduced by stannous chloride and later binds firmly to hemoglobin.

Combined In Vivo and In Vitro Method

Pre-tinning is accomplished first by intravenous injection of cold stannous pyrophosphate made
for bone scanning. Fifteen to 20 min later, about 3—4 ml patient blood is drawn into a 50-ml-
volume syringe, and 20-30 mCi Tc-99m-pertechnetate is added to the syringe, shaken gently
for 10 min and re-injected through the same catheter. Because of the higher efficiency of label-
ing and lower background, the in vitro method may be preferred over the in vivo method in the
detection of hepatic hemangiomas (blood pool) and gastrointestinal bleeding [4, 5].

Leukocyte Labeling

Leukocytes labeled with either In-111 oxine or Te-99m-HMPAO are used in nuclear hepa-
tology for the diagnosis of liver abscess, empyema or acute cholecystitis [6, 7].

Indium-111 Oxine

About 50-60 ml of patient blood is drawn into a heparinized syringe, and 10 ml of 0.9%
sodium chloride containing 6% hetastarch is added to blood and mixed thoroughly [8]. The
mixture is allowed to form sediment for 40 min. After the sedimentation, leukocyte-rich
plasma is collected, diluted with saline in a ratio of 2:1 and centrifuged at 150 g for 10 min.
The leukocyte-rich pellet is washed twice with 10 ml saline and centrifuged each time for
10 min at 150 g after washing. Washed cells are then resuspended in 4.5 ml saline. About
0.3-0.5 ml of indium-111 oxine containing 0.4—0.5 mCi (14.8—18.5 MBq) In-111 is added
to the reaction vial and incubated gently for 15 min at room temperature. Indium-111 oxine
penetrates the leukocyte membrane, and once inside the cell, indium-111 and oxine dis-
sociate. Oxine diffuses out of the cell into the labeling medium, leaving indium-111 behind
trapped inside the cell [6]. The suspension is then centrifuged for 8 min at 90 g, and the
supernatant is discarded and the pellet containing labeled leukocytes is resuspended in
platelet-poor plasma. About 6 ml of the suspension containing 0.3-0.4 mCi of In-111 leu-
kocytes is injected intravenously. Indium-111-labeled leucocytes clear from blood with a
T,, of 6 h, which is very close to the value of 7 h for cells labeled with the gold standard
P-32, di-isopropylfluorophosphate. After labeling, each leukocyte receives approximately
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1,480 rad (14.8 Gy) radiation from Auger electrons of 0.6-25.4 keV energy from In-111.
This amount of radiation from its own source does not affect its function [8].

The major advantage of In-111 oxine-labeled leukocytes over Ga-67 citrate or Tc-99m-
HMPAO WBCs for imaging abscesses is that the entire abdomen, with the exception of the
liver and spleen, remains free of any secreted radioactivity into the bowel [9]. Abdominal
infection is diagnosed by taking early images at 2—10 min and repeat images within 30-60
min after injection. Delayed images at 24 h may be needed in some patients. In the case of
chest infection, the earliest images that will provide any useful information are taken at
3-4 h after injection. Due to usual margination of leucocytes in the lungs, early chest
images are usually not diagnostic [10].

Tc-99m-HMPAO

The blood separation step for leucocyte labeling with Tc-99m HMPAO remains identical to
that of labeling with In-111 oxine described above. After separation, leukocytes are resus-
pended in 20% plasma/ACD solution. About 20-25 mCi of Tc-99m-HMPAO is added to
the reaction vial and incubated gently for 10 min at room temperature, washed with plasma
and resuspended in plasma and reinjected. The labeling yield is between 50 and 60% with
80% activity bound to granulocytes [11]. The labeled leukocytes clear from blood with a
T ' of 4 h, which is slightly shorter than for In-111-labeled granulocytes. The main advan-
tage of Tc-99m HMPAO is that a much larger dose can be given, yet the total body and
organ radiation dose is much less. The agent is easily available at all times of need at a very
reasonable cost. The main disadvantage is that free Tc-99m-HMPAO, not bound to leuco-
cytes, is taken up by the hepatocytes and secreted into bile. Intestinal luminal activity inter-
feres with the diagnosis in images taken beyond 30 min after injection. A negative scan
rules out abdominal infection. Increasing numbers of studies in recent years have been
being done with Tc-99m-HMPHO [11]. Interference from secreted bile radioactivity is
avoided by taking abdominal images early, within 10—-20 min after injection. The absorbed
radiation dose from labeled red blood cells and leucocytes is shown in Table 3.2.1.

Table 3.2.1 Radiation absorbed dose from Tc-99m-labeled RBC and WBC and indium-111-
labeled WBC

Tc-99-m-RBC Tc-99m-WBC (HMPAO) In-111 WBC
rad mCi' (Gy/37 MBq) rad mCi™' (Gy/37 MBq) rads mCi (Gy/37 MBq)

Liver 0.07 0.15 5.0

Spleen 0.05 0.22 40.0

Lungs 0.06 - -

Kidneys 0.05 - -

Ovaries - 0.03 0.4

Testes - 0.19 0.02

Bone marrow 0.03 0.16 4.0

Whole body  0.02 0.03 -
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3.3
Gallium-67 Citrate

The tumor detection capability of gallium-67 citrate was described first by Edwards and
Hays in 1969 [1]. Very soon it was recognized that in addition to the detection of varieties of
tumors (lymphomas, hepatomas, malignant melanoma and squamous cell carcinomas),
Ga-67 was also taken up in high concentration by infectious lesions and abscesses. Benign
conditions, such as pseudonodules of cirrhosis and other non-specific inflammations, do not
concentrate the agent [2]. This differential uptake by benign versus malignant lesions and the
ability to detect infection led to widespread clinical application of Ga-67 citrate imaging in
the 1970s and 1980s, before CT and ultrasound became popular imaging techniques for
detection of focal hepatic lesions. Gallium-67 imaging is reemerging primarily for determining
therapeutic response to various chemotherapeutic agents in various malignancies.
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Table3.3.1 Radiation absorbed dose from gallium-67 citrate

Organ mGy/37 MBQ rads mCi™!
Marrow 18 1.8

Lower colon 8.4 0.84
Spleen 7.0 0.70

Liver 6.3 0.63
Upper colon 5.5 0.55
Kidneys 5.4 0.54
Ovaries 3.0 0.30

Testes 2.5 0.25
Whole body 2.6 0.26

Modified from MIRD pamphlet no. 11, 1975

Pharmacokinetics

Gallium-67 is produced in an accelerator by bombarding zinc target with protons as repre-
sented by the equation [*Zn (p, n) ’Ga]. It has a physical half life of 78.3 h and decays by
electron capture to stable zinc. It has three principle gamma photons with the mean energy
of 93.7 keV (36%), 185 keV (20%) and 300 keV (16.0%). Upon intravenous injection,
Ga-67 citrate is transported in blood bound to plasma proteins, mainly transferrin, and to a
minor extent to lactoferrin and ferritin. Two different mechanisms are involved with refer-
ence to cellular uptake: normal soft tissues concentrate Ga-67 bound to transferrin, whereas
tumors concentrate the fraction that is either free or bound loosely to other proteins [3]. In
the hepatocytes, Ga-67 uptake is seen mostly in association with lysosomes and mitochon-
dria and to a lesser extent in the cytosol. The nucleus concentrates less than 10% of the
total hepatocyte uptake. The exchange of Ga-67 takes place between the lysosomes and the
cytosol. After intravenous injection, blood pool activity remains high for up to 24 h [4].
Beyond 48 h, most of Ga-67 is cell bound. About 10% of injected activity is excreted in
stool during the first week.

Increased capillary permeability facilitates Ga-67 entry into the site of acute inflamma-
tion, abscess or tumor. In the case of an abscess, Ga-67 is found in association with the
leukocytes, siderophores and bacteria. Staphyllococcus aurius, E. coli and other microor-
ganisms are shown to ingest Ga-67, accounting for high uptake by the abscess [5, 6]

Because of normal uptake by bone, and slow excretion by mucosa into the colon, the
bone and lower large bowel receive the largest radiation dose from Ga-67: 18 mGy/37 MBq
to bone marrow and 8.4 mGy/37 MBQ to the lower large bowel (Table 3.3.1). Currently,
Ga-67 citrate imaging has re-emerged in the evaluation of chemotherapy for lymphomas.
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34
Somatostatin Receptor Imaging Agent

Somatostatin is a small peptide found in many normal tissues and in benign and malignant
tumors. It was originally thought to regulate primarily the release of growth hormone [1].
Now it is evident that in addition to influencing growth hormone release, somatostatin
regulates the release of cyclic neuropeptides and inhibits release of thyrotropin, insulin,
glucagon, gastrin, secretin and cholecystokinin [2]. The somatostatin receptors are present
in the brain, thyroid, lung, gastrointestinal tract, liver, gallbladder, pancreas, adrenals and
activated leukocytes [3]. Two molecular forms of somatostatin have been identified: one
consists of 14 (Fig. 3.4.1) and the other 28 amino acids in the molecule. The longer one
with 28 amino acids is a dimer formed by the union of two shorter molecules. The serum

Human Somatostatin Octreotide

Receptor /Receptor

Site

Site

Fig.3.4.1 Molecular structure of somatostatin and its radiolabeled analogues. Somatostatin consists
of 14 amino acids. The receptor-binding sites are located on four sequentially arranged amino
acids. In labeled octreotide, radioiodine, I-123, attaches directly to tyrosine (7yr), whereas
indium-111 requires DTPA as chelate for its attachment
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halflife of somatostatin is less than 3 min. Five subtypes of somatostatin receptors (SSTR 1-5)
are recognized in the body. Both somatostatin 14 and 28 attach to all five subtypes with
equal affinity. Octreotide is an analog of somatostatin with eight amino acids (octa-
peptide). It binds mainly to somatostatin receptor subtypes 2, 3 and 5, but not to subtypes
1and 4 [3, 4].

Indium-111 Pentetreotide (OctreoScan)

Radiolabeled octreotide binds to somastostatin receptors on the surface of tumors, enabling
their detection [5]. Radiolabeling is achieved with either iodine I-123 or indium-111. When
[-123 is chosen, the amino acid tyrosine, a normal component of the molecule, is radiola-
beled [6]. In the case of indium-111, a bifunctional chelate, diethylenetriaminepentaacetic
acid (DTPA), is required for radiolabeling (Fig. 3.4.1). As a bifunctional chelate, DTPA
attaches to indium-111 (radiotracer) with one arm and to the amino acid, b-phenylalanine
of somatostatin analogue (ligand), with the other arm. Four amino acids (phenylalanine,
tryptophan, lysine and threonine) arranged in a sequence provide the binding site for the
radiolabeled analogue [7]. It binds with high affinity to SSTR2 and with lower affinity to
SSTR3/5.

Following intravenous administration, In-111 pentetreotide clears from blood rapidly.
About 33% of the administered dose remains in circulation at the end of 10 min. Kidneys
are the major route of excretion. About 50% of the injected dose is excreted in urine in 6 h,
85% in 24 h and 90% in 48 h. Less than 2% of the dose is excreted in feces in 3 days. Stool
radioactivity mostly represents biliary excretion. Kidneys are the target organs for radia-
tion. About 7% of the dose accumulates in the kidneys by 4 h [8]. The recommended dose
for scanning is 3 mCi for planar and 6 mCi for SPECT study. Clinical studies usually
require a SPECT study necessitating a 6-mCi (222 MBq) dose [9]. Radiation to various
organs from a diagnostic dose depends both upon the age and dose. The kidneys, spleen
and urinary bladder receive the most radiation [10].

Technetium-99m Depreotide

Tc-99m depreotide is a somatostatin analogue with a molecular formula of C_ H, N, O, S,
and structure of R-Tyr-(D-Trp)-Lys-Val-R-(-Dap)Lys-amide [11]. This agent is not superior
to In-111 octreoscan, but due to its higher affinity for SSTR3 may be useful in those patients
who show less or no uptake of In-111 octreoscan. In one study, 8 of 25 (32%) patients with

negative In-111 octreoscan showed positive uptake with Tc-99m depreotide [12].
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3.5
Fluorine18, 2-Flouro-2-deoxy-p-glucose ("*F-FDG)

Glucose is the primary source of energy for most living cells in the body, especially for the
neurons of the central nervous system. Carbohydrates in the diet are the main source of
glucose. Each glucose molecule has 6 carbon (hexose), 6 oxygen and 12 hydrogen atoms
and can be shown in the form of either a stick or ring diagram (Fig. 3.5.1). After intrave-
nous administration, glucose diffuses readily out of the intravascular space through the
capillary membrane and enters the interstitial space from where it enters cells either
through active or passive diffusion. Its uptake is controlled by many transporter proteins
on the plasma membrane and uses both sodium-dependent glucose transporter (SGLT) and
facilitative sodium-independent glucose transporter pathways [1]. Once inside the cell,
glucose is subjected to a ten-step metabolic process (glycolysis) that yields the end product
(Fig. 3.5.2). Glucose is converted first into glucose-6-phosphate (G-6-P) by adding a phos-
phate group to the sixth carbon atom mediated by the enzyme glucokinase (hexokinase).
Isomarase enzyme converts it into fructose-6-phosphate, which in turn is converted into
fructose 1-6-diphosphate by the addition of another phosphate group at the carbon 1 position.
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Fig.3.5.1 Structure. Molecular structure of glucose is shown in stick and ring forms

Through the interaction with other enzymes, pyruvate is released, which may enter into the
citric acid cycle or be converted into lactic acid. The final products are water and carbon
dioxide. Most of these reactions take place rapidly within the cell. By reversing the meta-
bolic process, glucose is re-synthesized (gluconeogenesis). In the reverse process, G-6-P
is converted into glucose by the enzyme glucose-6-phosphatase (G-6-Ptase).

Structure

Removal of one oxygen atom of the hydroxyl group at the second carbon position converts
glucose into 2-deoxyglucose (2DG), a glucose analogue (Fig. 3.5.3), which goes through
an initial metabolic process similar to that of glucose. By replacing hydrogen with the fluo-
rine (F-18) atom at the second carbon position of 2DG, a new compound, 2-fluoro-2-deox-
yglucose (F-18 FDQG), is created that behaves quite differently from glucose while going
through the rest of the metabolic process [2]. The first metabolic step, however, remains
intact, with 2-fluoro-2-deoxyglucose behaving like glucose with the conversion into
2DG-6-P (Fig. 3.5.4). Labeling with fluorine-18 enables the new compound (F18-FDG)
for use in positron emission tomography (PET).

Biodistribution

Immediately after intravenous injection, F-18 FDG distributes throughout the body and
readily crosses the blood-brain barrier. It diffuses out of the intravascular space into the
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Fig. 3.5.2 Glycolysis. Glucose breaks down into carbon dioxide and water through various
intermediary steps (modified from [3])

interstitial space rapidly and enters the cell. Initial entry is directly proportional to organ
blood flow. Many glucose transporter proteins on the plasma membrane control its entrance.
Sodium-dependent glucose transporter (SGLT) proteins use the Na + K + ATPase pump.
The sodium-independent pathway uses facilitative transporter (GLUT) proteins. Of the
13 known GLUT proteins, liver cells have four: GLUT2, GLUT7, GLUT9 and GLUT10
[3, 4]. Although initial uptake reflects organ blood flow, retention depends upon a subsequent
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Fig. 3.5.3 Glucose analogues. Removal of oxygen atom from C-2 position of glucose creates
2-deoxyglucose (2DG), which enables labeling with fluorine-18 relatively simple at the C-2
position, resulting in 2-fluoro-2-deoxyglucose (F-18 FDG)
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Fig.3.5.4 Mechanism of glucose and F-18 FDG transfer across the cell. Both leave the intravascular
space readily and enter the cell. Through the enzyme hexokinase, both get converted into their
respective 6-phosphate form. Unlike glucose, F-18 FDG does not undergo any further metabolic
process enabling imaging. Glucose is converted into either glycogen or CO, + H,O, depending
upon the body’s needs
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metabolic pathway used by each organ. Organs with high hexokinase content show much
higher F-18 FDG uptake than those with low hexokinase activity. The hexokinase content
of organs is as follows: brain > heart > kidney > lung > liver [1]. The brain concentrates
6.9%, liver 4.4% and heart 3.3% of the injected dose (Fig. 3.5.5). Organs with high glu-
cose-6-phosphatase enzyme activity show more rapid clearance than those with low
enzyme activity. Brain and heart with high hexokinase content show increasing uptake
during the first hour, whereas other organs with high G-6-Ptase show declining activity [5].
Increasing uptake by brain and heart is due to rapid conversion of F-18 FDG into F-18
DG-6-P mediated by the enzyme glucokinase (hexokinase). Compared to brain and heart,
liver has much less hexokinase activity and more G-6-Ptase activity; both acting together
contribute to rapid clearance of F-18 FDG from the liver. In the liver cell, G-6-Ptase con-
verts F-18 FDG-6-P back into F-18 FDG, which diffuses back into blood [1]. Neither F18-
FDG nor F-18 FDG-6-P enters the bile. This is evident from the fact that bile ducts and
gallbladder are not seen in whole body PET study.

In humans, the brain shows the highest uptake of F-18 FDG, followed by the liver,
heart, red bone marrow, etc., as shown in Table 3.5.1. Kidneys excrete 20% of the injected
dose in urine in 1 h and 21% in 2 h [5]. The initial uptake continues to increase in the brain
and heart during the first hour, whereas it begins to decrease in the liver, kidney, spleen,
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Fig.3.5.5 Uptake and retention of F-18 FDG by various organs. Brain and heart show continuous
uptake for 1 h, whereas other organs begin to show rapid clearance
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Table3.5.1 Organ uptake and radiation dose from F-18 FDG in human organs

Uptake [5] Radiation dose [4]
(% Injected dose) (mGy/185 MBq) (rad 5SmCi’)

Brain 6.9 4.81 0.48
Liver 44 222 0.22
Heart 3.3 12.03 1.20
Red marrow 1.7 2.04 0.20
Kidneys 1.3 3.88 0.39
Lungs 0.9 2.04 0.20
Spleen 0.4 2.22 0.22
Pancreas 0.3 2.22 0.22
Testes 0.04 2.78 0.28
Ovary 0.01 2.78 0.28
Bladder wall 6.3 31.45 3.15
Rest of the body 74.4 -
Total body 99.95 =

From Mejia [5]

pancreas and lung (Fig. 3.5.5). Continued uptake by the brain and heart reflects their high
hexokinase activity relative to other organs, which begin to show a decrease. Once F-18
FDG is converted into 2DG-6-P, it is trapped inside the cell without much clearance by the
heart and brain. The trapping rate is much less in the liver, kidney, spleen, pancreas and
lung. Most of the radiotracer cleared from these organs is excreted in urine in its original
form as F-18-FDG. Normally, glucose filtered by glomeruli is completely reabsorbed by
the tubules. This shows that replacement of one hydroxyl group at the C-2 position in the
glucose molecule by one atom of F-18 in FDG changes the biological behavior of the
radiotracer to a great extent.

Radiation Dose

On a per organ basis, the urinary bladder wall receives the largest dose (0.091mGy/MBq),
followed by the heart, brain, kidneys, liver and other organs, as shown in Table 3.5.1. Dose
to the bladder depends upon its initial volume prior to F-18 FDG injection. A completely
filled bladder receives much less than an empty bladder [6]. Although a full bladder may
receive much less radiation, patients are encouraged to empty prior to imaging to facilitate
better visualization of other pelvic organs, especially the ovaries, uterus and pelvic floor
lymph nodes.
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Imaging of Liver and Spleen Morphology 4

In most nuclear medicine departments throughout the world, gamma cameras have com-
pletely replaced rectilinear scanners. A large field of view gamma camera with a single or
dual head, fitted with a low-energy, parallel hole, all-purpose collimator, is generally cho-
sen for most planar studies using technetium-99m-labeled agents. The main advantage of
the dual-head gamma camera is patient convenience, where the data collection time is
reduced by one-half as it allows simultaneous anterior and posterior image acquisition.
The reduction in imaging time often improves the spatial resolution because of less patient
movement during data collection. A triple-head gamma camera, when available, is pre-
ferred for SPECT images. The gamma camera image acquisition parameters are identical
for both the liver and spleen.

4.1
Imaging with Radiocolloid

Patient Preparation

In general, there is no special patient preparation required for morphology imaging with
radiocolloids. This is a distinct advantage over functional imaging with Tc-99m HIDA
where the patient preparation requirements are quite stringent. The morphology imaging
studies obtained immediately after a full meal may cause image artifacts and obscure the
spleen in the anterior view because of photon attenuation by the gastric contents. The pos-
terior and left lateral view images usually clarify this situation.

Radiocolloid imaging introduced in the early 1950s with the use of rectilinear scanners
marked the birth of nuclear hepatology. Morphology imaging with radiocolloids remained
very popular until the early 1980s, when it was overtaken by CT and ultrasound. Diagnosis
of various diseases is made from assessing the changes in image pattern of the organ mor-
phology. A thorough knowledge of normal morphology of the liver and spleen and normal
variant patterns is critical to be able to detect disease. This section deals mainly with liver
and spleen morphology as seen on a radiocolloid image (Table 4.1.1).
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Table4.1.1 Data acquisition with Tc-99m-sulfur colloid

Single, dual, or a triple head, large field of view

Instrument gamma camera

Collimator Low-energy, parallel hole, all purpose
collimator

Agent Technetium-99m-sulfur colloid or Tc-99m-
albumin colloid

Dose Adults, 2-4 mCi for planar images, 4-10 mCi

for perfusion or SPECT images. Children,
30-50 pCi Kg!' (minimum 300 pCi)

Spectrometer setting 140 keV photo peak at 15-20% window
Perfusion images At 1 or 2 s/frame seconds for 60 s
Planar image data collection 500,000—100,000 counts for each of anterior,

posterior, and two lateral views. Additional
views are obtained as needed. A 5- or
10-cm-long lead marker is placed along the
right costal margin to facilitate
measurement of liver size and position. The
same marker is used for measurement of
spleen size using the posterior image

SPECT data collection

Matrix 64 x 64 word or 128 x 128 word mode.
Rotation, clockwise 360°, angle 3—6° for
each stop. (360/64 = 6°)

Filters Depends upon the computer and gamma

Views Transaxial, coronal, and sagittal

Perfusion images are obtained immediately after the injection of the radiotracer at 1 or 2 s per
frame for 60 s using the setup for the planer mode described above and reformatted at 4-8 s/image
for clinical interpretation. The planar and SPECT image data are collected 15-30 min after intra-
venous injection when all of the radiocolloid particles from blood are extracted by the RE cells

Normal Liver
Perfusion

Liver and spleen perfusion images are obtained either in the anterior or posterior view
using Tc-99m in any form. The aorta is the first abdominal organ to be seen, followed by
the spleen, kidneys, and liver (Fig. 4.1.1). Aorta to spleen transit time is 2—4 s, and aorta to
kidney transit time is 3—6 s. Despite the fact that both the hepatic artery and the splenic
artery arise from a common celiac artery, there is an apparent delay in the appearance of
liver perfusion due to dilution of hepatic artery radioactivity by the cold portal venous
blood, as the portal vein receives its radioactivity much later than the splenic artery. The
delay in arrival of the portal vein radioactivity is due to a delay in intestinal capillary phase.
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Fig.4.1.1 Liver perfusion. Anterior perfusion image shows abdominal aorta (frame no. 6), followed
by spleen and kidneys (no. 7). Liver appears faintly in the beginning (no. 8), representing hepatic
artery perfusion, and becomes clear in late (no. 9) images due to arrival of portal venous blood flow

The liver receives 25% of its blood supply through the hepatic artery and 75% through the
portal vein. The liver portal perfusion is clearly seen 10-14 s after the appearance of the
abdominal aorta [1].

Shape, Surface, and Borders

There are wide variations in the shape of a normal liver, and most of the variations occur
along the superior and inferior margins [2, 3]. The most common shape of a normal liver
is that of an approximate triangle consisting of a superior, inferior, and a right lateral bor-
der (Fig. 4.1.2). Superior and right lateral borders form a smooth rounded contour at the
right upper quadrant. The superior and inferior borders meet at an acute angle at the left tip
of the left hepatic lobe. The inferior and right lateral borders meet at various angles. Often
the inferior tip of the right hepatic lobe is elongated, forming a Riedel’s lobe. The superior
border of the liver is “S” shaped, and the contour is influenced by the size of the heart, exit
of the hepatic vein, and the elevation of the dome of the right hemi-diaphragm. The shape,
which looks like a gendarme’s hat, is primarily due to the elevation of the right hemi-
diaphragm.

The contour of the inferior border is affected by the fossa for the gallbladder and the
entrance of the structures at the porta hepatis. The gallbladder fossa is usually located
at the junction of the lateral 1/3 with the medial 2/3 of the inferior border (Fig. 4.1.3).
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Fig.4.1.3 Planar image. The liver (L) is seen clearly, and the spleen (s) faintly in an anterior (ANT)
view. The spleen may project anterior to the liver in the right lateral (RL) view. In the left lateral (LL)
view, the spleen appears clearly with the left lobe of the liver (L) projecting faintly anterior to it
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The position of the gallbladder can be located during physical examination by drawing a
straight line between the left anterior superior iliac spine and the umbilicus and extending it
superiorly to meet the right costal margin. The fundus of the gallbladder corresponds to the
point where this line meets the right costal margin. The gallbladder can be located anywhere
along the inferior border and may even be intrahepatic. The intrahepatic gallbladder causes
a filling defect in a radiocolloid scan and looks like a focal hot spot in a Tc-99m-HIDA
study. Alteration in liver shape is usually due to the effect of extrinsic compression. The
anterior and right lateral surfaces are smooth in outline, whereas the inferior surface has
grooves and fissures for the entrance and exit of vessels and ducts, respectively.

Lobes

The liver is divided into the right and left lobe on the basis of either morphology or physi-
ology. The line of attachment of the falsiform ligament marks the boundary between the
morphologic right and left lobe. The division of the liver into physiologic right and left
lobes is based on the embryologic development of the bile ducts, hepatic artery, and portal
vein. The line of physiological division runs between the fossa for the gallbladder in the
front and the deep fissure for the inferior vena cava in the back. The point of entrance of
the porta hepatis also indicates the boundary between the physiologic right and left lobes.
The line of physiological division (porta hepatis) is situated on the right side of the ana-
tomic line of division (falsiform ligament). Therefore, the physiologic left lobe is much
larger than the morphologic left lobe. In the anterior view, the line of attachment of the
falciform ligament is shown by a slight decrease in counts because of photon attenuation.

The anterior view usually shows the entire liver and inferior part of the spleen. In the pos-
terior view, the liver appears triangular in shape with a rounded supero-lateral corner. The
posterior border in the right lateral view often shows a concave impression because of the right
kidney. A wide vertical photopenic area between the right and left lobes is due to absorption
of photons by the dense thoracic vertebrae (Fig. 4.1.3). Normally, the uptake of the radiocol-
loid by the reticulo-endothelial (RE) cells of the vertebral body is seen very faintly. The cau-
date lobe is situated posteriorly along the superior border, but is not usually seen in the planar
posterior image, mainly because of absorption of photons by the vertebrae.

Dimensions of the Normal Liver and Spleen

The size of the liver is usually measured with an anterior view image and the size of the
spleen with a posterior view (Fig. 4.1.4). A calibrated radioactive marker placed along the
costal margin during data acquisition enables measurement of the organ size. The position
of the liver is assessed with reference to the right costal margin. A normal liver is situated
above the right costal margin and the normal spleen above the left costal margin. The right
lobe of the liver measures 10.0-17.5 cm in the right mid-clavicular line. The maximum
vertical height from the superior to inferior border of the right lobe is 10-20 cm The hori-
zontal length from the right lateral border to the tip of the left lobe is 14-24 cm [4, 5].
Because of wide variations in shape at the tips, dimensions that include the tips tend to be
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A — Maximum vertical height at midclavicular line. Normal value 10.0 — 15.5 cm.

B — Maximum horizontal length from right lateral border to tip of the left lobe.
Normal value 14.0 — 24.0 cm.

C — Maximum vertical height of the right lobe from the superior border to its lower tip.
Normal value 10.0 — 20.0 cm.

D — Spleen length from superior to inferior pole.

Fig.4.1.4 Dimensions of the normal liver and spleen. In the anterior view, the right lobe measures
10.0-15.5 cm in the midclavicular line (a) and 10.0-20.0 cm from the dome to the inferior tip (c).
The horizontal length from right lateral border to the tip of the left lobe ranges from 14.0 to 24.0
cm (b). In the posterior view, the upper limit of the normal spleen is 10.5 cm along the posterior
oblique axis

less reliable as a measure of overall liver size. The measurement along the right
mid-clavicular line serves as a better reference point for estimating true liver size than
measurements along other lines. For accurate measurement of spleen size, an oblique line
is drawn from the superior to inferior tip using a posterior view image. The upper limit
of the normal spleen is about 10.5 cm along this oblique axis [6].

Pattern of Radiocolloid Uptake

A normal liver weighs 1,500—1,800 g and the spleen 150—200 g. The bone marrow is
estimated to weigh about 1,500 g [7]. The liver takes up about 90% of radiogold colloid
(Au-198) and 85% of Tc-99m-sulfur colloid. The spleen concentrates 3% of Au-198 col-
loid and 7% of Tc-99m-sulfur colloid. Bone marrow takes up about 7% of Au-198 colloid
and 5% of Tc-99m-sulfur colloid (Table 3.1.4). The difference in radiocolloid uptake
among these three organs is a function of their overall size and the physico-chemical nature
of the radiocolloid particles [8]. The smallest of the particles are preferentially taken up by
the bone marrow, medium-size particles by the liver, and the largest particles by the spleen.
As the liver disease progresses, there is a shift in radiocolloid uptake from the liver to the
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spleen and bone marrow. In moderate severity cirrhosis, radiocolloid uptake by the liver
decreases (65-70%), and the uptake by the spleen and bone marrow increases. There is
also uptake by lungs and other organs. In advanced cirrhosis, liver uptake may be as low
as 30-35%. The spleen and bone marrow continue to show an increase in uptake of radio-
colloid up to as high as 25-30% of the dose by each organ. The remaining 10-12% of the
injected radiocolloid dose is taken up by activated RE cells in lungs and other organs.

Spleen and Bone Marrow Uptake
In the posterior view, the intensity of radiocolloid uptake by a normal spleen is usually

equal to that of the normal liver [9]. In cirrhosis, the intensity of splenic uptake increases
in direct proportion to the degree of portal hypertension (Fig. 4.1.5). In advanced cirrhosis,

ANT, ANT.

RL POST.

Fig.4.1.5 Situs inversus. In the anterior (ANT) view, the spleen is located on the right and liver on
the left side of the body. In the right lateral (RL) view, the spleen is superimposed at the postero-
inferior part of the liver. Posterior (POST) view shows liver on the left and spleen on the right,
separated by a photon-deficient column because of absorption by the vertebral bodies
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the intensity of spleen and bone marrow uptake often exceeds that of the liver. Often, the
intensity of thoracic and lumbar vertebral body radiocolloid uptake by the RE cells may
match that of Tc-99m-MDP uptake by the bone mineral matrix. Decreased radiocolloid
uptake by the spleen is also abnormal and often is noticed in patients with Hodgkin’s dis-
ease, reticulum cell sarcoma, poorly differentiated lymphocytic lymphoma, mucosis fun-
goidis, or other types of lymphomas. In polycythemia rubra vera, the normal spleen/liver
ratio is maintained despite an enormous increase in the size of the spleen.

The liver moves 1-3 cm up and down with each respiration. The size of the liver, there-
fore, may falsely appear large if the patient takes deep breaths during scanning. When the
liver enlarges and extends below the right costal margin, the radiocolloid uptake in the
liver tissue extending below the right costal margin may appear greater than the tissue
uptake behind the costal margin. This apparent effect is due to attenuation of photons by
the ribs, and the right breast exaggerates the difference in women. The effect of extrinsic
compression on the liver is ascertained by taking one image during deep inspiration and
another during deep expiration. An intrinsic liver defect will not change its position,
whereas a defect due to extrinsic compression moves with respiration [10]. Decreased
radiocolloid uptake by the liver and increased uptake by the spleen, lungs, and other soft
tissues are indicators of poor prognosis [11, 12]. Fatty infiltration of the liver causes irregu-
lar uptake of radiocolloid and accumulation of xenon-133 during a V/Q study obtained for
the diagnosis of pulmonary embolism.

Appearance of the Normal Liver and Spleen on SPECT Images

Increased spatial resolution and high lesion to non-lesion contrast on single photon emis-
sion computed tomography (SPECT) show some of the normal structures much more
prominently than in a planar image. Often such normal structures are misinterpreted as
cold lesions in a radiocolloid scan or as hot lesions on a blood pool or Tc-99m-HIDA
study. The right and left branches of the portal vein, hepatic artery, and bile ducts pass
through the middle of the liver in the opposite direction, 180° apart (Fig. 4.1.6). The coro-
nal, sagittal, and transaxial slices passing through these structures may depict these normal
structures as cold or hot lesions depending on the radiotracer used for the study. A cold
lesion on a radiocolloid scan that fills in with Te-99m RBC suggests a vessel or a heman-
gioma. A cold lesion that fills in with Tc-99m-HIDA suggests a biliary origin (choledochal
cyst). In the sagittal slice passing through the middle of the right lobe, the right portal vein
may appear as a curvilinear defect in the radiocolloid scan. Sagittal slices over the lateral
aspect of the right lobe show a linear defect that is usually due to the posterior branch of
the right portal vein. The anterior branch of the right portal vein is slightly smaller and is
not always evident on sagittal slices. These anatomical variants may not be evident in the
planar images due to overlying or underlying liver tissue. The right and left portal veins
and the right posterior segmental vein are 1.5-2 cm in diameter, large enough to be seen
on the SPECT images as defects (Fig. 4.1.6). The medial and lateral segmental veins of the
left lobe are too small to cause a defect [13]. Two or three of the most anterior coronal
slices may show only the left lobe, confirming its more anterior location. Lower transaxial slices
show the gallbladder fossa as a pear-shaped defect along the anterior margin.
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Fig.4.1.6 Portal vein. Transaxial CT with contrast shows division of the portal vein in the middle
of the liver into right portal vein (RPV) and left portal vein (LPV). LPV divides into medial (M)
and lateral (L), and RPV into anterior (4) and posterior (P) segmental branches

Abnormal Liver
Hepatomegaly

A general response of the liver to any injury is one of diffuse enlargement. Hepatomegaly
usually disappears when the offending agent is removed. Metabolic diseases in children
are generally associated with hepatomegaly (Table 4.1.2). Most normal-size livers do
not extend below the right costal margin. In patients with chronic obstructive lung dis-
ease, the liver may be pushed downwards to be palpable below the right costal margin.
It is important to establish if a clinically palpable liver is due to displacement or
enlargement.

The space-occupying lesions of the liver can be divided into four categories: (1) mar-
ginal lesions, (2) intrahepatic solitary focal lesions, (3) intrahepatic multiple focal lesions,
and (4) intrahepatic diffuse lesions (Table 4.1.3).

Marginal Lesions

Most marginal lesions are caused by compression of the liver margin by adjoining normal
organs or lesions arising from them. A normal right kidney placed high in the posterior
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Table4.1.2 Causes of hepatomegaly

Common causes Uncommon causes Rare causes

(1) Hepatitis (1) Hepatoma (1) Glycogen storage disease
(2) Fatty infiltration (2) Hemochromatosis (2) Gaucher’s disease

(3) Cirrhosis (3) Granuloma (3) Cystic fibrosis

(4) Metastatic tumors (4) Drug-induced hepatitis (4) Galactosemia

(5) Congestive heart failure (5) Wilson’s disease (5) Kwashiorkor

(6) Leukemia (6) Infections (6) Budd-Chiari syndrome
(7) Lymphoma (7) Hemangioendothelioma (7) Amyloidosis

(8) Abscess (8) Polycystic disease (8) Gangliosidosis

(9) Biliary obstruction (9) Cholangiocarcinoma

Table4.1.3 Space-occupying lesions of the liver

Marginal lesions Intraparenchymal lesions
Compression by adjacent organs Single focal Multiple focal Diffuse
Right kidney (hypernephroma) Hepatoma Metastasis Hepeatitis
Enlarged gallbladder Abscess Polycystic disease  Cirrhosis
Pancreatic Ca, Pseudocyst Adenoma Fatty infiltration Fatty infiltration
Intracapsular hematoma Hemangioma  Hemangioma Wilson’s disease
Choledochal cyst FNH Lymphoma
Colon mass in hepatic flexure Metastasis Multiple mets Chemotoxins
Right costal margin Simple cyst Multicystic disease Hemochromatosis
Prominent portahepatis Hydatid cyst Hydatid cyst Sclerosing
cholangitis
Ascites Infarction Amoebic abscess  Biliary cirrhosis
Right breast Intrahepatic GB — -
Enlarged heart Pseudo tumor  — -

Bile leak into GB fossa - =

FNH = Focal nodular hyperplasia

abdomen or a mass arising from it (hypernephroma) may cause a defect along the posterior
border of the right lobe of the liver. Such lesions are seen as a focal defect in the posterior
planar view or as a concave posterior border in the planar right lateral view. In a SPECT
image, it may appear as a round defect in the posterior slices of the coronal view and in the
mid and lower slices of the transaxial views. A fully filled gallbladder may cause a cold
defect in a radiocolloid scan along the inferior border in the anterior planar image. The
gallbladder fossa appears as a pear-shaped defect along the anterior border in the right
lateral planar image. A large choledochal cyst arising from the common bile duct may
compress the middle of the inferior liver margin, causing a cold defect near the porta hepa-
tis in a radiocolloid scan.

A normal stomach after a full meal or a mass arising from the stomach or pancreas
(pseudocyst, cancer) may cause a defect along the inferior border of the left lobe. Depressed
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right lateral ribs or a hematoma following an auto accident may cause a defect along the
lateral surface of the right lobe. A lesion arising from the hepatic flexure of the colon may
cause compression along the inferior liver margin of the right lobe. Post-traumatic subcap-
sular hematomas cause defects along any surface depending upon the point of impact, but
most tend to occur along the right lateral or the anterior surface [14]. A large pendulous
right breast or breast prosthesis causes a concave defect along the superior border that may
be misinterpreted as a filling defect or as hypoconcentration of radiocolloid. Breast artifact
is corrected by taking a repeat image after lifting the pendulous breast or removing the
prosthesis (Fig. 4.1.7). An enlarged heart because of congestive heart failure or cardio-
myopathy causes an impression along the superior margin at the junction of the right and
left lobes.

Marginal lesions of the spleen are seen mostly along the medial (hilum) or the lateral
surface. Lateral surface lesions are mostly hematomas secondary to trauma due to auto
accidents. Medial surface lesions are due to a large pancreatic pseudocyst, choledochal
cyst, or a postprandial fluid-filled stomach. Most post-traumatic hematomas along the lateral
surface resolve in 3—4 weeks [14].

Intrahepatic Solitary Focal Lesions

These are the most common type of liver lesions seen when scintigraphy is obtained early
in the course of liver disease. They tend to be associated with normal or mildly abnormal
liver function tests. Most focal liver lesions appear to be round. Infarction appears wedge
shaped, and radiation necrosis causes a characteristic appearance (quadrangular) depend-
ing upon radiation port. A thorough knowledge of the mode of clinical presentation, clini-
cal findings, and changes in liver function tests are necessary to arrive at an etiological
diagnosis. This is true for all types of liver imaging procedures, including radiocolloid

Fig.4.1.7 Liver artifact. A large defect over the superior part of the right lobe caused by a breast
prosthesis (a) disappears in the repeat image after its removal (b)
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scan, computerized tomography, ultrasound, and magnetic resonance imaging. No single
imaging test or even a combination of imaging tests is capable of making an etiological
diagnosis all of the time [15-18].

Intrahepatic Multiple Focal Lesions

Multiple metastases, polycystic or multicystic liver disease, and fatty infiltration are exam-
ples of multiple intrahepatic focal lesions. Multiple metastatic lesions are the most com-
mon (Fig. 4.1.8). In a patient with a known primary cancer elsewhere, multiple liver lesions
are considered secondary until proven otherwise. Polycystic liver disease is associated
with cysts in the kidney, spleen, and other organs and has an autosomal dominance pattern
of inheritance. Fatty infiltration may cause focal or diffuse defects. On ultrasound, fatty
infiltration appears as a hypoechoic mass with angulation and interdigitating margins. [19].
Liver with fatty infiltration shows xenon-133 retention after a lung ventilation study
obtained to rule out pulmonary embolism. Xenon-133 retention by the liver is specific for
fatty infiltration [20].
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Fig. 4.1.8 Multiple metastatic liver disease. Transaxial, coronal, and sagittal SPECT images with
radiocolloid show multiple intrahepatic metastasis from colon cancer (courtesy of Dr. Kumaresan,
Hyderabad)
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Intrahepatic Multiple Diffuse Lesions

Alcoholic hepatitis, viral hepatitis, and cirrhosis are the most common causes followed by
other rare diseases, such as hemochromatosis, Wilson’s disease, primary biliary cirrhosis,
primary sclerosing cholangitis, and drugs (chemotherapy) or toxin-induced hepatitis.
Many of these diseases are associated with a changing image pattern, depending upon the
phase of parenchymal liver disease. Viral and alcoholic hepatitis often heal completely
when the offending agent is removed completely. Defects due to chemotherapy usually
disappear after the completion of the course. The role of radiocolloid imaging in the detec-
tion of liver lesions has diminished recently and has been replaced by CT and ultrasound,
which have better spatial resolution and provide additional information about structural
changes in organs around the liver [21]. Radiocolloid imaging is now requested mostly to
clarify an abnormality already seen with the CT or ultrasound study to confirm whether the
lesion is hepatic in origin. The posterior view image shows all three organs that take up
radiocolloid, the liver, spleen, and bone marrow, in the thoracic and lumbar vertebral bod-
ies and provides information related to their relative function. Bone marrow replacement
by a tumor causes a “cold” defect in the vertebra in a radiocolloid image and a “hot” lesion
in a Tc-99m MDP at the corresponding site (Fig. 4.1.9).

Relative Merits of the Diagnostic Tests
The accuracy of positive predictive and negative predictive values is similar for CT,

ultrasound, and radiocolloid scan. The sensitivity of CT and radiocolloid scan is similar,
but slightly low for ultrasound (Table 4.1.4). Any one of the three imaging modalities is

A F ¥,

Fig. 4.1.9 Discordant Tc-99m colloid and Tc-99m MDP uptake by a vertebra. A metastatic tumor
in T-12 vertebra causes a “cold” defect (D) on the radiocolloid image (a) and a “hot” lesion on
Tc-99m MDP bone scan (b)
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Table 4.1.4 Sensitivity, specificity, accuracy, positive predictive and negative predictive value of
radiocolloid scan (RN), CT, and ultrasound (US) studies in the detection of space-occupying
lesions of the liver

No. of  Sensitivity Specificity + Predictive — Predictive Ref.
patients value value

RN CT RN RN CT RN CT
1,438 86 75 75 79 91 82 8 9 81 8 77 76 [15]
122 86 93 82 83 88 8 83 8 76 8 86 78 [16]
80 79 76 61 81 89 94 74 83 87 84 84 77 [17]

1,640 84 81 73 81 89 87 80 8 81 84 82 77

capable of detecting a solitary liver lesion, but the choice of one over another depends
upon local expertise, availability, reproducibility, and cost [22]. Because CT and ultra-
sound studies provide additional information about nearby organs, they have become clini-
cally popular and have almost completely replaced radiocolloid scans for liver imaging
today. Once a lesion is detected by one imaging modality, incremental information from
the second or third imaging test is not substantial enough to justify obtaining more than
one morphologic imaging procedure. This factor is observed more critically by insurance
companies and other third party payers than by physicians and patients. The information
obtained from a combination of one morphological and one physiological imaging may be
better for patient management than the information gathered from a combination of two or
more morphological imaging procedures.

Biochemical tests specific for a disease may offer clues in arriving at an etiological diag-
nosis from an imaging procedure. Most hepatomas are associated with a rise in serum alpha-
fetoprotein, and the tumor size correlates with serum levels [23]. However, a slight rise in
serum alpha-fetoproteins levels is often seen in viral hepatitis, post-necrotic cirrhosis, chronic
active hepatitis, drugs, and a variety of other liver diseases. Hepatomas may cause diffuse
irregular radiocolloid uptake or present as a solitary or multiple focal liver lesion [24].
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4.2

Adenoma and Focal Nodular Hyperplasia

Adenoma and focal nodular hyperplasia (FNH) are relatively rare solitary tumors of

women in their reproductive years and show a close association with the use of oral con-

traceptives [1]. The tumors remain mostly asymptomatic (Fig. 4.2.1). They are discovered

incidentally during abdominal CT and ultrasound examinations obtained for some other

medical indication. These tumors may suddenly become symptomatic and present with



100 4 Imaging of Liver and Spleen Morphology

Hepatic vein
Fibrous septum  Stellate central scar Portal triad

P
& éﬁ\ﬁb > o
Q&/ 0 |Zoe=p | =

Nodule Adenoma Normal liver

Focal nodular hyperplasia Liver celladenoma

‘ 3
Y - o® Yo,
", > T S ., ‘ -
- -
.y My o Sk . ’ - v
- w, . - p »
b o 4 i » 4 S ( . .
J BT e T | YTyl il B 3
)-8 e . »
e - - . .
Sy o X
. ® o i LR ® gy >
- - -
. .
P A e
- CLTP .
~ , RPN Ly -
b . R, )
- . . .
R7TH . -
- "o . .’u
. ¥ iy ~ - .
- e e . .
. < . . "

Fig. 4.2.1 A schematic diagram (top) of focal nodular hyperplasia and liver cell adenoma. Focal
nodular hyperplasia consists of radiating dense fibrous tissue with all types of liver cells, but without
any capsule. Histology (bottom, lefi) shows the hepatocytes, Kupffer cells, and fibrous tissue with
formation of small nodules. Adenoma (bottom, right) consists of a capsule with monotonous sheets
of hepatocytes without any Kupffer cells or fibrous tissue (courtesy of Dr. Ted Pinkert)

acute onset of abdominal pain, hemorrhage, and hypotension [2]. Adenoma bleeds more
frequently than focal nodular hyperplasia. One study reported bleeding incidence at presen-
tation of 4 in 27 patients with adenoma and none of 23 patients with focal nodular hyperpla-
sia [3]. They may extend beyond the liver border in some patients and become clinically
palpable on routine examination. Liver function tests are usually normal in both tumors.

Both tumors appear as non-specific space-occupying lesions in a radiocolloid scan,
ultrasound, MRI, or CT examination. Arteriography, contrast CT, or blood pool imaging
may show hypervascularity in FNH. Adenoma, on the contrary, usually shows no hyper-
vascularity. But these morphologic and arteriographic characteristics are not distinct
enough to separate FNH reliably from adenoma (Table 4.2.1) or from other space-occupy-
ing lesions of the liver listed in Table 4.1.2.



4.2 Adenoma and Focal Nodular Hyperplasia 101

Adenoma

Adenoma is a well-encapsulated, round, solitary lesion, varying in size from 8 to 15 cm. It
consists of sheets of hepatocytes without any bile ducts or fibrous septa (Fig. 4.2.1).
Kupffer cells are either completely absent or markedly decreased in number. Few of
those Kupffer cells that are present lack phagocytic capacity and hence the nodule appears
as “cold” in a radiocolloid scan [4]. The hepatocytes are able to concentrate Tc-99m-
HIDA, but cannot secrete into bile because of the lack of bile ducts [5]. About 80% of
adenomas show mixed echogenecity on the ultrasound examination, and about 86% appear
as a hypodense mass on non-contrast CT examination [4]. The most consistent pattern of
hepatic adenoma on a multimodality imaging is one of a well-circumscribed solitary mass
lesion on CT or US with no uptake on a radiocolloid scintigraphy. Atypical forms with
functioning Kupffer cells are rare [6]. Some adenomas may show a nodule-in-nodule pat-
tern on CT and MRI and are indistinguishable from hepatocellular carcinoma. Adenomas
may be separated from carcinomas by depicting its functional characteristics. Lack of
Ga-67 citrate uptake (in contrast to hepatocellular carcinoma) and no radiocolloid uptake,
as well as late uptake with no excretion of Tc-99m HIDA, may distinguish adenoma from
hepatoma and FNH and other types of focal liver tumors [7].

Focal Nodular Hyperplasia

In contrast to hepatic adenoma, which consists mostly of sheets of hepatocytes, focal
nodular hyperplasia (FNH) usually contains almost all of the cellular components of a
normal liver, including the hepatocytes, Kupffer cells, bile ducts, and other supporting cells.
There is a central area of fibrosis with radiating fibrous connective tissue that divides the
nodule into several smaller sections of varying size, mimicking the pattern seen with
pseudonodules of cirrhosis [8]. A capsule is absent, a clear distinction from adenoma

Table 4.2.1 Characteristic features of hepatic adenoma and focal nodular hyperplasia

Parameter Adenoma Focal nodular
hyperplasia

Age 3040 years 3040 years

Female:male ratio 30:0 10:1

Oral contraceptive association AHHF =

Well-defined capsule Present Absent

Bile ducts Absent Decreased and narrowed

Fibrosis Absent Present

Hypervascularity A Sy

Hepatocyte number (in lesion)

Normal or increase

Normal or decrease

Kupffer cells Absent or decrease Normal or decrease
Radiocolloid uptake Absent Normal or decrease
Tc-99m-HIDA uptake Increase or normal Normal
Tc-99m-HIDA excretion Absent Slow

Tc-99m-NGA receptors

not known

Increase or normal

HIDA = Hepatic iminodiacetic acid, NGA = galactosyl neoglyco-albumin
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(Fig. 4.2.1). Bile ducts show proliferation with narrow lumens impeding bile flow through
them. The hepatocytes show a clear to dark cytoplasm with sparse bile canaliculi [2]. Most
FNHs are found just beneath the liver surface, and some are pedunculated. The size of the
lesions varies from 1 to 15 cm. Malignant transformation is uncommon. About 90% of
FNH are hypervascular, and the rest are hypovascular on the angiogram. On the ultrasound
examination, 50% are hyperechoic, 40% hypoechoic, and 10% show a mixed pattern [9,
10].

Scintigraphic Features

Both focal nodular hyperplasia and a regenerating nodule of cirrhosis contain Kupffer
cells. Most of the other focal liver lesions (adenoma, hemangioma, primary and metastatic
liver lesions) do not contain any Kupffer cells, or those few Kupffer cells that are present
lack phagocytic function. A normal radiocolloid uptake pattern is seen in 64% of FNH, and
the remaining 34% show decreased uptake [11]. A characteristic scintigraphic feature of
FNH includes a hypervascularity seen on contrast CT (Fig. 4.2.2a). About 76% of them
showed hypervascularity in a perfusion study with Tc-99m-HIDA (Fig. 4.2.2b). Early
phase functional images (within 10 min) show Tc-99m-HIDA uptake by the nodule equal
to that of the adjoining normal liver (Fig. 4.2.2¢). Late phase images (after 45 min) show
slow clearance by the nodule and a normal clearance from adjoining normal liver. At 60
min, the radioactivity retained by FNH is about twice as much as the normal liver and
hence appears as “a hot nodule” on the late image (Fig. 4.2.2 d and e). Mean excretion half
time of 18 min for the normal liver increases to 40 min for FNH, explaining the reason for
the appearance of a hot lesion [11]. The slow excretion is due to narrowing of the cholangi-
oles draining the FNH. The time of appearance of the hot nodule is a function of both how
rapidly the radiotracer is cleared from the normal liver and how slowly it is cleared from
the nodule. The nodule is usually seen clearly between 18 and 60 min after injection of
Tc-99m-HIDA. Routine inclusion of the perfusion phase as an integral part of hepatobil-
iary imaging enhances the nodule detectability by showing its hypervascularity. The radio-
colloid image depicts the lesion as “cold” (Fig. 4.2.2f). The overall detectability of FNH is
92% with Tc-99m-mebrofenin cholescintigraphy, 84% with CT, and 84% with MRI [10]
(Fig. 4.2.3).

Surface Receptors

The hepatocytes of FNH show an increase in the number of surface receptors for Tc-99m-
galactosyl-human serum albumin much more intensely than the adjoining normal liver
parenchyma. In a study comprising 12 patients with focal nodular hyperplasia, 9 with
hepatocellular carcinoma, and 3 patients with metastatic liver cancer, the authors were able
to distinguish FNH from primary and metastatic liver lesions by calculating a nodule/
normal liver ratio obtained with Tc-99m- neoglycoalbumin. Eight of 12 patients with FNH
showed an increase in ratio, and the remaining 4 showed an uptake equal to that of the
adjoining normal liver tissue. The nodule/normal liver mean ratio was 1.7 + 0.3 in patients
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Fig. 4.2.2 Functional characteristics of focal nodular hyperplasia. It is hypervascular as seen on a
contrast CT (a) and perfusion study with Tc-99m-HIDA (b). Early images show normal uptake (c),
and late images at 45 min (d) and 60 min (e) show retention of Tc-99m HIDA (e). The lesion appears
as “cold” on a radiocolloid image (f). (Reproduced with permission from the publisher, [11])

with FNH and 0.4 + 0.2 in patients with primary and metastatic cancer, enabling clear
separation of benign from malignant liver lesions [12]. Multimodality imaging with tumor-
seeking agents like Ga-67 citrate and T1-201 chloride, combined with Tc-99m phytate
(colloid) and a hepatobiliary agent (Tc-99m-pyridoxyl-5-methyl tryptophan), often aids in
separating benign from malignant hepatic lesions [13, 14].

Treatment

A flexible treatment approach is recommended, and asymptomatic patients are managed
conservatively [15]. Some nodules regress spontaneously on discontinuation of oral
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Fig. 4.2.3 (a—c) Blood pool features. A large focal nodular hyperplasia in the posterior right lobe
appears as hypodense on a CT scan without contrast (a) and as non-uniform hyperdense lesion
with the contrast agent (b). Blood pool imaging with autologous Tc-99m RBCs shows a non-filling
center (c¢)
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contraceptives [16]. Surgical resection is preferred when the nodule grows rapidly in size
or becomes acutely symptomatic. Because both hepatic adenoma and FNH occur more
frequently in young women during their child-bearing years and are often detected seren-
dipitously on US or CT, done for unrelated reasons, proper management requires clear
differentiation of adenoma from FNH before deciding on a specific form of therapy [17,
18]. Biopsy is not mandatory.

Adenomatosis (multiple small adenomas) is a distinct entity and behaves much differ-
ently from adenoma and focal nodular hyperplasia in terms of its clinical presentation.
Adenomatosis occurs in both sexes, shows no association with oral contraceptives, and is
associated with elevation of serum alkaline phosphatase and gamma glutamyl transpepti-
dase. Hemorrhage is uncommon, and it requires no specific form of therapy [19].
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43
Hemangioma

Hemangiomas are the most common liver lesions, accounting for nearly 5-7% of all benign
tumors [1]. They are congenital vascular malformations at birth that increase in size with
the growth of the liver. Hemangiomas affect both sexes and occur at all ages, but manifest
clinical symptoms usually in the 3rd—5th decades of life. They are relatively more common
in women than in men, with a ratio of 4:1-6:1 [2]. They are more frequent in multiparous
women and increase in size during pregnancy and after administration of estrogens [3].

Histopathology

Cavernous hemangioma is usually a solitary lesion consisting of multiple vascular chan-
nels, lined by a single layer of flat endothelial cells, and supported by an intervening fibrous
tissue. They vary in size from few millimeters to several centimeters, some as large as
20-30 cm in size. Hemangiomas larger than 4 cm are referred to as giant cavernous heman-
giomas. Most are sessile without a capsule and are located deep inside the superior part of
the liver. Occasionally, a pedunculated lesion may be seen well separated from the main
liver mass. Hemangiomas consist of a large blood pool, but show a decreased blood flow (ml
gm’ min") through the lesion when compared to the adjoining normal liver tissue [4].

Clinical Presentation

Most hemangiomas are asymptomatic. In the past they were usually discovered at autopsy
[2]. Today hemangiomas are discovered serendipitously while performing an ultrasound or
CT scan of the abdomen, often when these imaging studies are obtained for assessment of
other abdominal organs [5]. Large hemangiomas may cause abdominal pain because of
compression of the adjoining organs or thrombosis within the lesion. Acute onset of severe
abdominal pain may indicate hemorrhage.
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Diagnosis

Most hemangiomas are discovered today during their asymptomatic phase with the
ultrasound or CT as space-occupying lesions of the liver. The real challenge, therefore,
is not one of discovery, but that of differentiation from other types of liver lesions, such
as adenoma, focal nodular hyperplasia, primary or metastatic tumors. Blood pool imag-
ing with Tc-99m RBC, contrast CT, MRI, and contrast angiography have been used for
diagnosis [6-9]. Imaging with Tc-99m-labeled autologous red blood cells carries the
highest specificity and is considered the diagnostic modality of choice for confirmation
of hemangiomas [10].

Blood Pool Scintigraphy

Patient red blood cells are labeled with Tc-99m using an in-vitro method as described in
detail in Chap 3.2. A rapid sequence perfusion study is obtained after injecting 15-30
mCi of autologous Tc-99m RBC (or Tc-99m pertechnetate for in vivo method) by col-
lecting data at one frame/2 s for 60 s. Planar blood pool images in the anterior, posterior,
and two lateral views are obtained after the perfusion study. Delayed images are obtained
at 30 or 60 min by collecting at least 1 million counts per image. When not seen clearly
in planar images by 60 min, SPECT imaging study is obtained between 1 and 2 h. The
SPECT data are collected over a 360° rotation by obtaining 64 frames at 30 s/frame
using a 64 x 64 x § matrix. After appropriate correction for camera nonuniformity and
center of rotation deviation, the projections are reconstructed with the vendor-specific
filtered back-projection algorithm. Transaxial, coronal, and sagittal slices are obtained
with known pixel size to be able to measure size accurately. Images are recorded on 8 x
10-inch X-ray film.

Scintigraphic Features

A normal study (Fig. 4.3.1) clearly shows a blood pool in the abdominal aorta, inferior
vena cava, two kidneys, liver, and spleen. Generally, the inferior vena cava is seen much
more prominently than the aorta. The heart is the hottest organ in the chest, and the spleen
is the brightest organ in the abdomen in the posterior view.

Hemangiomas typically show a decreased perfusion followed by delayed filling, reflect-
ing their basic pathophysiology. Despite an enormous increase in the blood pool, blood
flow (ml gm™! min) is generally reduced relative to surrounding normal liver tissue. Due to
reduction in blood flow, mixing of radiolabeled RBC with the unlabeled RBC within the
hemangioma occurs slowly over several minutes or hours, depending upon the size of
the hemangioma. Very large hemangiomas are often missed when sufficient time is not
allowed for complete mixing or equilibration, prior to acquisition of SPECT data. Giant
hemangiomas are delineated better in delayed SPECT images obtained 2—4 h after injection
of the labeled red blood cells.
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Fig.4.3.1 Normal abdominal blood pool. Anterior (ANT) and posterior (POST) planar images show
inferior vena cava (/), aorta (4), liver (L), spleen (S), and two kidneys (K). Liver appears faint in
the right lateral (RL) view and spleen appears bright in the left lateral (LL) view

Small hemangiomas at the peripheral part of the liver equilibrate early and are seen
faintly on planar blood pool images and become very clear on the SPECT images
(Fig. 4.3.2). Complete equilibration with unlabeled RBC takes a much longer time as the
size of the hemangioma increases. They manifest varied characteristics on the ultrasound
and CT image. Many appear as hypodense on CT without contrast and become isodense
(Fig. 4.3.3) or hyper-dense after the contrast. Some fill in only partially and others not at
all. These varied features make it difficult to distinguish hemangioma from other benign
and malignant liver lesions from a CT scan.

Giant hemangiomas often involve one complete segment or lobe of the liver (Fig. 4.3.4).
Rapid sequence perfusion study shows markedly decreased blood flow, followed by
delayed equilibration. Some may equilibrate only partially even at the end of 3—4 h and
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Fig.4.3.2 Solitary hemangioma. Planar images at 10, 20, and 40 min show blood pool at the tip of
the right lobe equal to that of the rest of the liver. Coronal SPECT image at 60 min clearly shows
increased blood pool at the tip, establishing hemangioma

may require images at 18-24 h. Biopsy of such large lesions is a high risk procedure and
should be avoided.

The sensitivity and accuracy of an imaging test depend very much on the size of
the hemangioma. For lesions larger than 2 cm, the sensitivity and accuracy of Tc-99m
RBC perfusion and SPECT blood pool imaging varies from 89 to 92% and 89 to 94%,
respectively. For similarly sized lesions, MRI sensitivity varies from 85 to 100% and
accuracy from 81 to 100% [10]. For lesions less than 2 cm, scintigraphic sensitivity
is 58% and accuracy 60%, and MRI carries a sensitivity of 83% and accuracy of 84%
(Table 4.3.1). As MRI often fails to differentiate hemangioma from hypervascular
neoplasm or focal nodular hyperplasia, blood pool imaging with SPECT is consid-
ered as the method of choice for confirmation of hemangioma [6, 10]. Angiography
is necessary only in those patients who do not show a blood pool pattern typical for
hemangioma. Needle biopsy is avoided in most patients unless the lesion is small and
the diagnosis is not confirmed from blood pool imaging. MRI with contrast may be
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Fig. 4.3.3 Variable pattern hemangioma. A CT without contrast (upper left) shows a hypodense
lesion in the right lobe that becomes isodense (upper right) after injection of the radiocontrast
agent. Immediate planar Tc-99m RBC blood pool scintigraphy shows hemangioma faintly, which
becomes much clearer at 5 and 15 min and in the right anterior oblique (R40) view

preferred over angiography and needle biopsy for small lesions not seen on the blood
pool study [10].

About 90% of hemangiomas are single, found in both hepatic lobes, and in the right lobe
nine times more frequently than the left (Table 4.3.2). Most are situated along the superior
margin of both lobes [11]. Multiple hemangiomas may involve both lobes at different loca-
tions (Fig. 4.3.5). The typical pattern of a “cold” lesion on blood flow and a delayed filling
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Fig. 4.3.4 Giant cavernous hemangioma. A perfusion scintigraphy (upper left) shows no blood
flow through a giant hemangioma involving the superior part of the right lobe and the medial left
lobe in a patient with breast cancer. Coronal view SPECT at 60 min shows hemangioma with a
small supero-lateral region not yet equilibrated (upper right). An anterior (ANT) and posterior
(POST) planar image at 2.5 h shows complete filling in of the hemangioma (middle left). A CT
with contrast (lower left) shows a variable blood pool within the hemangioma and an ultrasound
study (lower right) shows mixed hyper- and hypoechoic regions (courtesy of Dr. Ronald Hagelman,
Tucson, AZ)

(hot) on the blood pool image is found in 66% of the hemangiomas. Others show atypical
patterns of early incomplete and delayed complete filling. For lesions between 1 and 2 cm,
SPECT increases sensitivity by 11% over planar images. On ultrasound examination, 59%
appear as hyperechoic, 11% hypoechoic, and 30% show a mixed pattern.
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Treatment

No treatment is required for most patients without symptoms. Lobectomy or segmentec-
tomy is recommended for patients with recent onset of pain or with a rapidly expanding
lesion [12, 13].

Table 4.3.1 Comparison of Tc-99m red blood cell SPECT and MR imaging in the diagnosis of
hepatic hemangioma [10]

Hemangioma size in cm (n = 64)

1.0-1.9 (n=24) 2.0-29(n=13) 3.0-13.0 (n=27)

SPECT

No. positive (n = 50) 14 12 24
No. negative (n = 14) 10 1 3
Sensitivity (%) 58 92 89
Accuracy (%) 60 94 89
MR imaging

No. positive (n = 58) 20 11 27
No. negative (n = 6) 4 2 0
Sensitivity (%) 83 85 100
Accuracy (%) 84 81 100

Table4.3.2 Features of 130 hemangiomas [11]

Feature Number (%)
Distribution

Single 116 (89)
Multiple 14 (11)
Right lobe 118 (91)
Subdiaphragmatic 103 (87)
Left lobe 12 (9)
Superficial 109 (84)
Deep 21 (16)
Posterior 83 (64)
Anterior 47(36)
Scintigraphic features

Typical filling pattern 86 (66)
Atypical filling pattern 44 (34)
Ultrasound features

Hyperechoic 76 (59)
Hypoechoic 14 (11)

Mixed pattern 39 (30)
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Fig.4.3.5 Multiple hemangiomas. Anterior (ANT) and posterior (POST) view planar images (fop)
show three hemangiomas of variable sizes. Superior (S) and inferior (/) cut transverse SPECT
images (left bottom) show one hemangioma in the left lobe (0. /) and another in the posterior part
of the right lobe (no. 2). Anterior (4) and posterior (P) coronal slices confirm no. 1 lesion, and the
posterior slice shows an additional (no. 3) hemangioma. A CT with contrast agent shows three
hypodense lesions. Only lesion no. 1 shows slight enhancement at the periphery
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4.4
Somatostatin Receptor Scintigraphy

Somatostatin Source

Somatostatin belongs to a multigene family peptide and is synthesized, stored, and released
by many cells in the body [1]. Upon release from cells, somatostatin acts as an autocrine,
paracrine, and endocrine hormone. Two forms of somatostatin are identified: one with 14
(Chap. 3, Fig. 3.4.1) and the other with 28 amino acids. The larger form is a dimer formed
by the union of two shorter molecules, attached at the N-terminal end [2, 3]. The cells
secreting somatostatin are distributed throughout the body. High concentration of soma-
tostatin is found in the anterior pituitary, thyroid, lungs, liver, spleen, gastrointestinal tract,
pancreas, kidneys, adrenal medulla, and paraganglions of the nervous system. Somatostatin-
secreting cells were once called APUD (amine precursor uptake decarboxylation) cells
and now have been renamed neuroendocrine cells [4].

Action of Somatostatin

In contrast to most hormones, which generally have a stimulatory effect on their target
cells in the body, somatostatin has predominantly an inhibitory effect on its target cells. It is
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a short peptide with a serum half life of less than 3 min. It inhibits secretion of: (1) growth
hormone and thyrotropin from the anterior pituitary gland; (2) insulin, glucagon, and exo-
crine secretion from the pancreas; (3) gastrin, vasoactive intestinal polypeptide (VIP),
secretin, and cholecystokinin from the gastrointestinal tract, and (4) hormones secreted by
tumors arising from various organs (Table 4.4.1). By its ability to inhibit the production
and release of the hormone, somatostatin either reduces or totally abolishes the hormonal
effect on the target cells and often reduces the size of the primary and metastatic tumors.
Other physiological actions of somatostatin include reduction of hepatic blood flow, inhi-
bition of gallbladder contraction and bile emptying, and inhibition of gastrointestinal
motility. It increases absorption of water and electrolytes from the intestine [5].

Somatostatin Receptors

Five subtypes of somatostatin receptors have been recognized [5]. Each subtype has its
own chromosome location and manifests a different level of affinity for somatostatin
uptake (Table 4.4.2). Normal organs that are seen faintly on a indium-111 pentetreotide
(OctreoScan) scan include the lungs, anterior pituitary, and G-I tract, and the organs that
are seen intensely include the thyroid, liver, and spleen (Fig. 4.4.1). Neuroendocrine

Table4.4.1 Somatostatin receptor-positive tumors

Insulinoma Medullary thyroid cancer
Glucagonoma Pituitary adenoma

Small cell lung cancer Neuroblastoma

VIPoma Paraganglioma
Cholangiocarcinoma Meningioma
Pheochromacytoma Motilinoma

Table 4.4.2 Characteristics of human somatostatin receptor subtypes [5]

Character Subtype 1 Subtype 2 Subtype3 Subtype 4 Subtype 5
Chromosome no. 14 17 22 20 16
G protein binding ~ + 4 4 i A
Receptor affinity to:
Somatostatin-14 s s AHF A HEF
Octretide e A= HF + ++
Vapreotide 5= Sias 4 4 S
Lantreotide = 4 + +F AHHHE
Distribution in Brain, lungs, Brain, Brain, Brain, Brain, heart,
normal organs stomach, kidneys, pancreas lungs adrenals,
jejunum, bile pituitary,
kidneys, liver, ducts small-
pancreas intestine,
skeletal

muscle
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/ %ainoid

Fig.4.4.1 Two foci of carcinoid tumor seen with In-111 OctreoScan. Both lesions seen in the 4-h
image become much crisper in the 24-h image. Colon seen at 24 h represents bile and often makes
it difficult to separate from the tumor

tumors with the heaviest concentration of somatostatin receptors and visible on In-111 pen-
tetreotide (OctreoScan) scans are shown in Table 4.4.3.

Octreotide

Somatostatin with a serum half life of less than 3 min is unsuitable for diagnostic or thera-
peutic application. This problem is solved by making molecular substitution of its basic
structure and creating somatostatin analogues of longer serum half life. The first successful
synthetic compound was octreotide with eight amino acids. It behaves much like the parent
hormone with 14 or 28 amino acids in inhibiting somatostatin secretion by the tumor. The
serum half life of octreotide is about 2 h after a subcutaneous administration. In order to
accomplish both the task of binding to the receptors and at the same time carry its physi-
ological action, all somatostatin analogues must retain the basic loop structure and four
receptor-binding amino acids, phenylalanine (Phe), tryptophan (Trp), lysine (Lys), and
threonine (Thr). Octreotide differs from somatostatin in not only having only eight amino
acids, but also by carrying D-Phe in place of -Phe. Vapreotide (RC-160) and lanreotide
(BIM-23014) are newer synthetic analogues of somatostatin used in the treatment of soma-
tostatin receptor-positive tumors [5].
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Table4.4.3 Somatostatin receptor positivity by in-vivo scintigraphy and in-vitro autoradiog-
raphy [12]

Tumor type In-vivo In-vitro

scintigraphy (%) autoradiography (%)

Meningioma 100 98
Paraganglioma 100 92
Small cell lung cancer 100 57
Hodgkin’s disease 98 100
Carcinoid 95 88
Gastrinoma 93 100
Unclassified APUDoma 89 100
Neuroblastoma 89 65
Pheochromacytoma 87 73
Non-Hodgkin’s lymphoma 83 87
Non-functioning pituitary adenoma 75 55
Pituitary GH producing tumor 70 98
Medullary thyroid cancer 69 38
Breast cancer 68 46
Insulinoma 46 67
Sarcoidosis 100 100
Tuberculosis 100 100
Rheumatoid arthritis 100 86

Radiolabeling of Octreotide

Octreotide was radiolabeled first with radioiodine I-123. The loop structure and three of
the four receptor-binding amino acids were retained; the fourth receptor binding amino
acid, phenylalanine, was replaced by tyrosine to enable easy radioiodination [6, 7]. The
radiolabeling technique was cumbersome and the cost of production and delivery very
high due to the short physical half life of I-123 (13 h). Because of these drawbacks, imag-
ing did not become very popular clinically. Replacement of radioiodine I-123 with indium-
111 appeared logical and was readily accomplished (Chap. 3, Fig. 3.4.1).

Indium-111 Pentetreotide (OctreoScan)

A bifunctional chelate, diethylenetriaminepentaacetic acid (DTPA), attaches to the ligand
(octreotide) at one end and to the radiotracer indium-111 at the other end [8]. The loop
structure and the four receptor-binding amino acids, Phe, D-Trp (in place of Trp), Lys, and
Thr, are retained. To facilitate firm chelation with DTPA, Phe is replaced by D-Phe [9].
Following intravenous injection, In-111 pentetreotide (OctreoScan) distributes rapidly in
the extravascular space with only 33% of the dose remaining in the intravascular pool at
the end of 10 min and less than 1% at the end of 20 h. About 50% of the dose is excreted
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in urine in 6 h, 85% in 24 h, and more than 90% in 72 h. A very small amount is secreted
into bile, which is excreted in the stool, with about 2% of the dose in 72-h stool (Fig. 4.4.1).
The biokinetics of In-111 pentetreotide differ slightly from those of C-14 octreotide. In rats,
most of C-14 octreotide enters the liver to be excreted in bile [9], whereas most of In-111
pentetreotide enters the kidney to be excreted in urine [9, 10]. The usual scan dose of
In-111 pentetreotide is 3—6 mCi bound to 10 pgm of the peptide. The biological half time of
In-111 pentetreotide is about 6 h [9]. Soon after injection, most of In-111 is attached to the
receptors on the surface of the cell. After about 6 h, 50% of the cell radioactivity
gets internalized. Auto radiographic studies show that In-111 inside the cell remains with
the cytoplasm and the nucleus of cultured cells from carcinoid and glucagonoma [11].
This feature indicates a therapeutic potential for In-111 pentetreotide.

OctreoScan Imaging Protocol

For patient preparation, discontinue therapy with somatostatin analogues for 2448 h
before injection and throughout imaging. Hydrate the patient with 16-24 oz of liquids just
before and after the dose. For image acquisition, see Table 4.4.4.

Somatostatin Receptor-Positive Tumors

Successful detection of hepatic and extrahepatic somatostatin receptor positive tumors
with In-111 OctreoScan depends upon several factors, including tumor size, histology, loca-

tion, and receptor subtype within the tumor (Fig. 4.4.2). A clear distinction must be made
between tumor somatostatin receptor content versus tumor positivity with In-111 OctreoScan.

Table 4.4.4 OctreoScan imaging protocol

Agent In-11I pentetreotide
Dose 3 mCi for planar and 6 mCi for SPECT images
Route Intravenous

Imaging time

Bowel preparation

Image acquisition parameters
Gamma camera

Collimator

Spectrometer settings

Matrix
Counts per image
SPECT protocol

Matrix

Filter

4 and 24 h. Repeat at 48 or 72 h if necessary.
SPECT images are taken at 4 h
Laxatives (Bisacodyl, fleet enema) before scan

Large field of view camera

Medium energy parallel-hole collimator

One set over 172 keV and the other over
245 keV energy with 20% window

64 x 64 or 128 x 128 word matrix

300,000 for head and neck or 10-min image

Chest and abdomen, each 500,000 counts or 10
min per view

64 x 64 or 128 x 128 matrix, 360° rotation, with
4 or 6°, 6090 stops
Hemming or Wiener
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Anterior 4 hrs Posterior

Fig. 4.4.2 Somatostatin receptor-positive neuroendocrine tumor with liver metastasis. Metastatic
lesion in the liver is seen better in the posterior than in the anterior view. Note normal bowel
activity with focal collection in the cecum mimicking a carcinoid lesion. Normal uptake is seen in
the kidneys, liver, spleen, and genitalia

Tumors may have differing concentrations of receptor subtypes with varying affinity lev-
els for somatostatin-14 or somatostatin-28 vs. In-111 pentetreotide (Table 4.4.2). Octreotide
has a relatively higher affinity for receptor subtypes 2, 3, and 5 than for subtypes 1 and 4.
Since In-11l pentetreotide differs in structure slightly from that of octreotide, it could have
a slightly different affinity for tumor uptake than octreotide and may explain lower or
higher rate of scintigraphic tumor detection rate in clinical studies.

Overall detection and localization of somatostatin receptor-positive tumors with In-111
pentetreotide scintigraphy alone vary from 98 to 100% for Hodgkin’s disease, menin-
gioma, lung cancer, and paraganglioma, 90-95% for gastrinoma and carcinoid, and
80—-89% for pheochromacytoma and neuroblastoma [12]. The detection and localization
of metastatic gastrinoma in the liver are 92% by In-Ill pentetreotide scintigraphy alone
compared to a sensitivity of 83% by multimodality imaging with ultrasound, CT, MRI, and
contrast angiogram [13]. Overall, in-vivo scintigraphy shows an excellent correlation with
in-vitro autoradiography, but wide variations are seen in a few specific types of tumors
(Table 4.4.3). In vivo scintigraphy with In-11l pentetreotide often may show results much
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better than those predicted from in vitro autoradiographic studies, suggesting a role for
factors other than somatostatin receptor binding alone. Such findings are commonly seen
in the case of carcinoid, small cell lung cancer, paraganglioma, neuroblastoma, pheochro-
macytoma, and medullary thyroid cancer. In the case of insulinoma, growth hormone-
producing pituitary adenoma, and unclassified APUDomas, scintigraphy may detect
lesions less often than predicted from autoradiographic results. Both planar and SPECT
images are obtained early at 3—4 h when the likelihood of bowel activity due to bile is less
(Fig. 4.2.1). Segmented bowel activity can mimic focal tumor, and SPECT images taken
at a later time (beyond 4 h) may not be able to separate the two.

Several factors, both technical and physiological, contribute towards false-positive
results, which occur in one in ten patients with Zollinger-Ellison syndrome [14]. High
specificity of In-111 somatostatin receptor scintigraphy can be achieved by reducing false-
positive results through clear understanding of the disease and circumstances that cause
false-positive scans. An intrahepatic gallbladder may mimic hepatic metastasis by accu-
mulating the radiotracer secreted into bile. An improvement in specificity aids in the proper
management of patients. Planar images may identify only a few of the intrahepatic lesions,
whereas SPECT may identify many more intrahepatic lesions (Fig. 4.2.3).

Radiation Dosimetry

Following intravenous injection, In-111 OctreoScan is distributed diffusely throughout the
body. Good hydration and frequent urination reduce the radiation dose to the organs [15].
A dose of 3 mCi In-1ll pentetreotide is sufficient for planar imaging, and a dose of 6 mCi
is required for a SPECT study. SPECT imaging has now become a routine standard for
achieving the best sensitivity and specificity of the test. SPECT of the chest, abdomen, and
pelvis are obtained routinely. Kidneys are the critical organs receiving the largest dose,
followed by the spleen, urinary bladder, and liver [16]. The radiation to the kidneys from
a 6-mCi (222-MBq) dose is 11.4 rad (115.44 mGy). The effective dose equivalent is 2.28
rem 6 mCi (22.2 mSv 222! MBq). Internalization of In-11l into the cytoplasm and nucleus
of the cells from carcinoid and glucagonoma from In-111 pentetreotide raises the therapeu-
tic potential for In-111 [11].

Somatostatin receptor status of the tumor may have great impact on clinical diagnosis
and management, especially in the selection of the type of therapy. Documentation of
somatostatin receptor positivity can reduce the number and necessity of other diagnostic
imaging tests. It is suggested that somatostatin receptor scintigraphy be used as the imag-
ing modality of first choice in the case of gastrinoma because of its cost-effectiveness and
also for its impact on patient management [17, 18]. Somatostatin receptor-positive tumors
have been successfully treated medically with a combination of octreotide and prednisone
[19]. Although somatostatin has been labeled with technetium-99m, it has not gained
widespread clinical acceptance [20].
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Fig. 4.4.3 Metastatic gastrinoma. Planar images (fop) in the anterior and posterior view show
lesions in parapancreatic and paragastric lymph nodes. Normal activity is seen in the kidneys and
spleen. Coronal view SPECT images show (bottom) multiple intrahepatic lesions in the liver, not
shown by planar images (Post = posterior; Ant anterior slices)
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Imaging and Quantification of Hepatobiliary 5
Function

5.1
Hepatobiliary Imaging

The liver is one of the most frequently imaged organs in the body, using ultrasound, CT,
MRI, or scintigraphy. The first three imaging techniques depend upon morphological
changes to detect disease, whereas scintigraphy uses both morphological and physiological
changes to discover liver pathology. Since physiological changes usually precede morpho-
logical alterations by several weeks or months, there is great potential for early diagnosis
by scintigraphy, well before irreversible functional changes take place. Once very popular,
imaging with radiocolloids now has been almost completely replaced by quantitative
hepatobiliary functional imaging with Tc-99m HIDA [1].

Functional studies are obtained with the protocol outlined in Table 5.1.1, by using any one
of several Tc-99m-HIDA agents that delineates the entire hepatobiliary tree as it travels from
the hepatocyte to enter the duodenum (Chap. 3). Time of appearance of various normal
biliary structures depends upon many factors, of which the tonus of the sphincter of Oddi
plays the major role[2]. Following intravenous injection of Tc-99m-disofenin or Tc-99m-
mebrofenin, the liver peak uptake is reached within 10 min, and the common bile duct is seen
by 20 min. Both the gallbladder and small intestine are seen within 30 min in the great major-
ity of patients (Table 5.1.2). Some patients show a reciprocal relationship between the time
of appearance of the gallbladder and small intestine, with the intestine appearing late when
the gallbladder appears early and vice-versa. Normally about 50% of gallbladders are seen
within 15 min, 90% within 30 min, and 95% within 50 min. In the remaining 5%, gallblad-
ders appear between 50 and 60 min after injection of the radiotracer [3].

Identification of Lobes, Segments, and Areas from Tc-99m-HIDA Images

Physiologically, the liver is divided into three lobes (including the caudate lobe), four segments,
and eight areas (Fig. 5.1.1). The right lobe is divided into anterior and posterior segments, and
the left lobe into medial and lateral segments. The right and left branches of the portal vein
travel through the middle of the liver in opposite directions and divide the liver into superior
and inferior areas. The right and left lobe each consists of four areas. The caudate lobe is situated
along the superior margin of the posterior surface and is considered an independent lobe because
of'its unique blood supply. Its veins drain blood directly into the inferior vena cava.

G.T. Krishnamurthy and S. Krishnamurthy, Nuclear Hepatology, 125
DOI 10.1007/978-3-642-00648-7_5, © Springer-Verlag Berlin Heidelberg 2009
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Table5.1.1 Hepatobiliary imaging protocol

Patient preparation

Agent
Dose

Children
Position
Camera
Collimator
Window
Matrix
Computer data
acquisition
Hepatic phase

Gallbladder phase

Patient should fast overnight (6—10 h optimal), minimum 4 h and
maximum 24 h. Routine pre-emptying of the gallbladder with
cholecystokinin is unnecessary and should be avoided.
Pre-emptying may be needed only when the patient is fasting
for longer than 24 h or on parenteral nutrition. When a
pre-emptying protocol is used, one should wait for 60 min after
CCK-8 to begin hepatic phase imaging with Tc-99m-HIDA

Tc-99m-mebrofenin or Tc-99m-disofenin

2-4 mCi for serum bilirubin less than 2 mg%

5-8 mCi for serum bilirubin 3—10 mg%

10 mCi for serum bilirubin greater than 11 mg%

200 uCi kg (minimum 1 mCi)

Supine

Large field of view dual-head gamma camera

Low energy, all purpose, parallel hole

20% at 140 keV photopeak

128 x 128 x 16

Data acquisition is separated into two parts: (1) Hepatic phase and
(2) gallbladder phase

Obtain 1 frame 2 s™! for 30 frames (first minute) and 1 frame per
min for 59 min (total 60 min). Obtain a right lateral view when
gallbladder appearance is not certain at 60 min

1 frame per min for 30 min (61-90 min)

Beginning at 5 min, CCK-8 is infused at a dose rate of 3 ng kg!
min' for 10 min through an infusion pump

Table5.1.2 Time of appearance of normal common bile duct, gallbladder, and small intestine

Appearance of the common bile duct within 20 min 100%
Appearance of the gallbladder: ~ within 15 min 50%
within 30 min 90%
within 50 min 95%
within 60 min 100%
Appearance of the small intestine within 60 min 80%

Division of the liver into physiologic right and left lobes is currently preferred over
anatomic division because it serves as a useful boundary line during surgical resection
of the liver. The lobes, segments, and areas are identified on an anterior, right lateral, and
posterior view image, much like identifying the lobes and segments of a lung from a perfu-
sion scan. Obstruction of a segment or an area bile duct is seen as bile stasis over the
corresponding region, similar to identifying a lack of perfusion of a lobe or segment in a
lung scan due to pulmonary embolism. The numbers shown in Fig. 5.1.1 are adopted from
Table 1.1.1 of Chap. 1, as developed by different authors over the years. Healy and Schroy
suggested a directional nomenclature after careful dissection of nearly 100 cadaver livers [4].
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Fig. 5.1.1 Biliary anatomy. The bile ducts from the medial (nos. 4a, 4b) and lateral (nos. 2, 3)
segments of the left lobe unite to form the left hepatic duct (LHD) and are seen separately in an
anterior image. The ducts from the anterior (nos. 5, 8) and posterior (nos. 6, 7) segments of the
right lobe join to form the right hepatic duct (RHD), and a right lateral view is required to separate
them and their branches. RHD and LHD unite to form the common hepatic duct, which in turn
forms the common bile duct after joining with the cystic duct from the gallbladder. The caudate
lobe in the posterior view is usually obscured by photon attenuation by vertebral bodies
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The medial segment of the physiologic left lobe (4a, 4b) forms a part of the right lobe
when the liver is divided morphologically into right and left lobes on the basis of the
attachment of the falciform ligament. The caudate lobe (no. 1) is posterior in location, but
usually not seen on a posterior view image due to attenuation of photons by the vertebrae.
The inferior area of the medial segment of the physiologic left lobe (4b) is often referred
to as the quadrate lobe.

There are many variations in the manner in which the segmental ducts unite to form
lobar ducts. The right hepatic duct is formed by the union of its anterior and posterior
segmental ducts and the left hepatic duct by the union of its medial and lateral segmental
ducts in 72% of the patients. The posterior segmental duct from the right lobe joins the left
hepatic duct directly in 22% of patients. In the remaining 6%, the anterior segmental duct
from the right lobe joins with the left hepatic duct directly [4]. It is very rare for the bile
from either the medial or lateral segmental duct of the left lobe to drain directly into one of
the segmental ducts of the right lobe (Fig. 1.1.4, Chap. 1).

The distal 0.5-1.5 cm of the right and left hepatic ducts, and the entire common hepatic
and common bile ducts are outside of the liver parenchyma (extrahepatic), although they
may appear as intrahepatic in an anterior view Tc-99m-HIDA study. This apparent depic-
tion is due to extension of the inferior liver border in front of these ducts. The common
hepatic duct usually measures about 2-7 cm, and the common bile duct is about 7-17 cm in
length. The total length of the common duct (common hepatic plus common bile ducts)
from its origin at the union of the right and left hepatic ducts to its termination into the
duodenum varies from 10 to 20 cm. On a Tc-99m-HIDA image, however, total length of
the common duct measures about 6.6 £ 1.3 cm [3]. This foreshortening is caused by the
position of the gamma camera (placed anteriorly) and its relationship with the direction of
the common hepatic and common bile duct.

Duct Asymmetry

Asymmetry in appearance of the right and left hepatic duct is common on cholescintigraphy.
Normally, the left hepatic duct appears much more prominent than the right in 55% of the
subjects; the right hepatic duct is more prominent than the left in 13%, and both ducts appear
as equal in 10% of the subjects (Table 5.1.3). In the remaining 22% of the subjects, neither
duct is seen because of rapid bile flow through a lax sphincter of Oddi [3]. Several reasons
are offered for duct asymmetry, including: (1) a more anterior location of the left liver lobe
than the right, (2) a more anterior location of the left hepatic duct in comparison to the right

Table5.1.3 Variations in the appearance the normal right and left hepatic ducts

Left hepatic duct more prominent than right 55%
hepatic duct

Right hepatic duct more prominent than the left 13%
hepatic duct

Right hepatic duct = left hepatic duct 10%

Neither duct seen clearly 22%
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hepatic duct, (3) a variant bile flow pattern where either the posterior or the anterior segmen-
tal duct from the right lobe drains bile directly into the left hepatic duct, (4) an undivided
portion of the left hepatic duct is twice as long as the right duct and hence prone to tortuosity,
impeding bile flow through it, and (5) a short right hepatic duct that lies in direct line with the
common hepatic duct offers less impedance to bile flow through it. A slower bile flow allows
relatively more counts to accumulate in the image to manifest as an apparent prominence.
Hepatobiliary studies are usually carried out 4—10 h after the fast, which establishes the
basal state. Fasting less than 4 h or more than 24 h is avoided. Cholecystokinin reaches its
lowest serum level during fasting, promoting maximum increase in the tonus of the sphincter
of Oddi and maximum relaxation of the smooth muscle of the gallbladder wall. Acting
together, both of these factors promote rapid filling of the gallbladder to its normal volume
of 50 ml. The liver normally secretes about 600 ml bile per day (0.4 ml min™") continu-
ously, of which about 70% (0.3 ml min') enters the gallbladder, and the remaining 30%
(0.1 ml min™") enters the duodenum directly during fasting [5, 6]. A fully filled gallbladder
is still able to accommodate this constant inflow of hepatic bile (0.3 ml min™') by absorbing
an equal volume of water through the wall. The lateral intercellular spaces between the
columnar epithelial calls are kept widely open during fasting, allowing free passage of
water from the gallbladder lumen into the interstitium. Fasting for less than 4 h results in
either non-visualization or low Tc-99m-HIDA counts within the gallbladder because of the
preferential flow of bile directly into the duodenum through a lax sphincter of Oddi.

Effect of Food Intake on Uptake and Excretion of Tc-99m-HIDA

Physiological changes that take place soon after a meal affect some of the functional param-
eters obtained with Tc-99m-HIDA study and should be taken into account during data inter-
pretation. In the immediate postprandial state, time to peak hepatic uptake of Tc-99m-HIDA
decreases compared to studies performed after 6-10 h of fasting (Fig. 5.1.2). These changes
are attributed to an increase in postprandial liver blood flow and faster extraction of Tc-99m-
HIDA by the liver [7]. The radiotracer also clears from the liver parenchyma much more
rapidly in the immediate post-prandial state, which is attributed to an increase in ductal bile
flow induced by endogenous release of secretin, cholecystokinin, and other gastrointestinal
hormones. Faster uptake combined with rapid liver clearance shifts the peak of the hepatic
curve to an earlier time. The gallbladder does not fill in because of its contraction induced
by post prandial release of endogenous cholecystokinin. When the gallbladder is the organ
of interest for study, it is essential to maximize hepatic bile entry into it by fasting for at least
8-10 h, when both the absorption of water through the wall and the tonus of the sphincter of
Oddi are at their peak [8]. Longer duration of fasting provides much better counting statistics
because of preferential entry of Tc-99m HIDA mixed hepatic bile into the gallbladder [9].
Fasting longer than 24 h has an adverse effect on gallbladder filling because of the forma-
tion of bile sludge, which decreases water absorption through the wall.

Quantification of Liver Function

Besides providing an excellent morphology of the entire hepatobiliary system, imaging
with Tc-99m-HIDA enables simultaneous quantification of liver and gallbladder function
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Fig.5.1.2 Effect of feeding on the kinetics of Tc-99m-HIDA: In the fasting state (fop), increased
tonus of the sphincter of Oddi diverts more of the hepatic bile into the gallbladder than intestine.
There is residual radioactivity in the liver at 60 min. In the post-prandial state (bottom), there is

more rapid hepatic uptake and excretion, shifting the peak of the curve to an earlier time, and very
little residual radioactivity remains in the liver beyond 15 min. The gallbladder does not fill in

because of a lax sphincter

as an integral part of imaging. Traditionally, the liver function is monitored by obtaining the
serum level of various substances produced by the liver, including albumin, bilirubin, alka-
line phosphatase, and transaminase. Serum levels are indirect indicators of liver function and
are influenced by the status of the cardiac and renal function, and hence may not reflect
accurately the hepatocyte function in the presence of heart or kidney failure. Measurement
of radioactivity emitted from the liver serves as a direct indicator of the physiological
status of the hepatocyte, which is unaffected by renal function [10]. The biokinetic pathway
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of Tc-99m-HIDA involves several steps before its elimination from the liver into the small
intestine (Chap. 3.1). Quantification of function allows differentiation of hepatocyte from
biliary disease. New FDA-approved software called Krishnamurthy Hepato-Biliary
Software (KHBS) is now available for quantification of liver and gallbladder function and
can be loaded onto a PC. It has seven main components for analysis: Hep-function, HEP-
segments, HEP-static, GB-function, GB-segments, GB-static, and HPS (hepatopulmonary
syndrome). Setup block allows entering local parameters and the option to edit images.
GB-phase parameters are entered for CCK-8 and fatty meal stimulation (Fig. 5.1.3).
Hepatic extraction fraction and excretion half time are two of the functional parameters
measured routinely as an integral part of hepatobiliary imaging [1]. Hepatic extraction
fraction measures the integrity of the basolateral border, and excretion halftime reflects
intracellular transit from the basolateral border to the canalicular border, secretion into
canaliculi, and flow through the small and large bile ducts.
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Fig.5.1.3 Setup and GB-input data for KHBS. Activation of the setup block provides the option to
enter desired parameters pertaining to local need. User login, data location (or study location),
image size, color option, hospital details, font size, agents, and normals, etc., are entered into the
SetUp menu once for permanent storage. Images can be resized with magnification or minimizing
buttons. Annotation and move option are available for image editing for report or for power point
presentation. Gallbladder parameters are changed depending upon CCK-8 or fatty meal stimulus
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Hepatic Extraction Fraction (HEF)

Studies are acquired as the patient lies in the supine position underneath a large field of
view dual-head gamma camera, and the data are collected as described in Table 5.1.1. Both
Hep-phase and gallbladder-phase data are transferred from the gamma camera terminal to
the PC where KHBS is located. By activating the browse button, data location is identified,
and both phase image data of a patient are uploaded onto KHBS. Report block at the top
creates desired images for interpretation. The perfusion, HEP-phase, GB-phase, and
multiple image presentation formats are changed to meet local preference. The perfusion
part of the study is analyzed subjectively using 30 frames of the first minute data. HEP-
function block at the top of the screen is then activated. The software sums up the first
30-frame perfusion data, labels it as frame one, and uses the remaining 59 min frames
(total 89 frames) for assessment of the liver function. When interrupted data are acquired,
instead of continuous data, the HEP-static format is activated for image presentation.

After activating the HEF-function block at the top, seven regions of interest (ROI) are
drawn, one each over the heart, background (spleen), right lobe, left lobe, gallbladder,
stomach, and intestine, as shown at the bottom of the screen (Fig. 5.1.4). Each ROI
consists of at least 5075 pixels. Heart and background regions are usually drawn on the
first minute frame. The heart ROI may include one or both ventricles. Background is drawn
over the spleen. Raw data curve from each ROI is displayed instantly after completion of
the ROL. Often intestinal activity may overlay the spleen region in later images and give a
false background. Normally, the spleen curve parallels the heart curve when there is no
intestinal overlap. A different background region is chosen if there is intestinal overlap of
the spleen. The liver ROIs include only the parenchyma of the superior right lobe and left
lobe, and are usually drawn on the 10- to 20-min frames when ducts become visible. Care
is taken to avoid inclusion of heart or bile ducts with the liver ROI. Superior and right
lateral liver margins, and gallbladder, which move in and out of the ROI during deep inspi-
ration or upon coughing, are excluded from the liver ROIs. The spleen, which appears clearly
in the first minute summed frame, disappears in the later frames. Stomach, gallbladder, and
intestinal ROIs are usually drawn on the last (60-min) frame. After selecting all ROlIs, the
entire 60-min study is reviewed in cine mode to ensure separation of the regions of inter-
est. Regions of interest are altered if there is superimposition by other structures. After
checking all seven ROIs for accuracy, the HEP-function result block is activated to obtain
the result (Fig. 5.1.5).

The software first smoothes the liver curves and then subjects them to deconvolution.
The liver true response curve is deconvoluted from the input (heart) and output (liver)
curve using Fourier transformation. Since the hepatic curve represents the sum of counts
from the hepatocyte and hepatic blood pool, the deconvolution corrects for hepatic blood
pool [11]. A smoothed decreasing long tail in the shape of one-half of a cosine wave is
appended to the end of the input and output curves. This long tail avoids errors due to
abrupt data termination at 30 min. The append begins at the 30th frame and falls to
zero at the 128th added frame, giving approximately six times the duration of acquisi-
tion [12]. Duration of such a length is a minimum required to avoid artifacts in the
deconvolution process. The formula for the appended tail in frame i of the heart or
liver curve is given by:
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Tail = 0.5x AMP x(Cos[7 x (1—30)(128 —30)] +1)

where i = 30—128, and AMP is the heart or liver curve value (counts per pixel) at frame 30.
The hepatic extraction fraction (HEF) is the ratio of the Y intercept of the exponential
fit to the maximum data point in the liver response curve. The exponential fit is by linear
least square, working in reverse from 30 min to the first frame, which visually departs
significantly from the exponential fit. HEF is calculated by the following equation.

Y intercept exponential fit liver response curve

Hepatic Extraction Fraction (HEF): Y-MAX data value liver response curve

The deconvolutional technique separates hepatocyte counts from the hepatic blood pool
counts. A deconvoluted liver curve, therefore, represents a hypothetical true response as
though Tc-99m HIDA was injected directly into the hepatic artery or portal vein [11, 12].
The normal hepatic extraction fraction with Tc-99m-mebrofenin and Tc-99m-disofenin
varies from 92% to 100%. The extraction fraction decreases as the hepatocyte function
decreases. Functional changes show good correlation with Child’s classification (Table
5.1.4) of the severity of liver disease [13].

Hepatic Excretion Half Time

After the uptake, Tc-99m-HIDA is secreted by the hepatocytes in its native state into bile
canaliculi, where it mixes thoroughly with the canalicular bile. Secretion of radioactive
bile into canaliculi serves as the direct in vivo, non-invasive method of radiolabeling
hepatic bile, without altering basal liver physiology. After mixing with the canalicular bile,
Tc-99m- HIDA follows the path taken by the hepatic bile. Excretion half time is a measure
of how fast the radiotracer is secreted by the hepatocyte into bile canaliculi and how
rapidly it flows through the intrahepatic bile ducts to enter the common hepatic duct and
common bile duct before entering the gallbladder and duodenum. Measurement of excre-
tion half time uses the liver and spleen ROI (Fig. 5.1.4). Since both the liver and spleen
receive their arterial blood supply from a common source, the celiac artery, the spleen

Table5.1.4 Child’s classification of liver disease

Clinical and Child’s class

laboratory findings A B C

Ascites None Controlled Uncontrolled
Neurological Findings None Minimal Advanced
Nutrition Excellent Good Poor
Bilirubin (mg%) <2.0 2.0-3.0 >3.0

Albumin (gm%) >3.5 3.0-3.5 <3.0




136 5 Imaging and Quantification of Hepatobiliary Function

serves as the most appropriate organ for subtraction of the blood background. The back-
ground subtracted liver curve is modeled by an uptake and excretion compartment and is
given by the following equation [12].

L(t) — k(e—0,693t/TE _ e0.6931/TU) ,

where L(t) = background corrected liver counts/pixel at time ¢,

k = a constant of the model, 7E = excretion effective T Y4, and TU = uptake effective T'5.

Although the hepatic phase data are collected for 60 min, calculation of HEF uses
only the first 30-min data, whereas excretion 7', uses all 60-min data points. Patient
values are shown along with normal range (Fig. 5.1.5). Although in most patients with
normal liver function, both HEF and 7', excretion can be obtained by collecting total
data only for 45 min, in patients with moderate to severe liver disease (serum bilirubin
levels above 5 mg%), it is necessary to collect data for a minimum of 60 min to obtain
a reliable excretion half time [13]. Normal T ' excretion values obtained with KHBS
using Tc-99m mebrofenin range from 6 to 38 min for the right lobe and from 6 to 58
min for the left lobe (Fig. 5.1.5). A longer excretion T, , value of the left lobe is due to
influence of bile within the left hepatic duct, which is more superficial than the right
hepatic duct. Both HEF and 7', excretion values are highly reproducible, both within
and between institutions, and among different technologists [14]. HEF values remain
within a normal range in early biliary disease, but decrease in hepatocellular disease.
When the liver disease is severe and progressive, the HEF value begins to decrease, and
excretion half time increases in both hepatocyte and biliary disease [15]. Both parame-
ters provide a reliable measure of the severity of hepatobiliary diseases, irrespective of
the etiology (Fig. 5.1.6).

Effect of Bile Duct Obstruction on Liver Function

In the case of hyperacute or acute total obstruction of the common bile duct, HEF values
remain within a normal range for 4-5 days, as long as the serum bilirubin level remains
below 8 mg% (Fig. 5.1.6A). HEF begins to decrease when obstruction persists and the
serum bilirubin level rises above 8 mg% [16]. Excretion half time, on the other hand,
increases from the very beginning (Fig. 5.1.6B). Prolongation of the excretion half time in
biliary obstruction is due to bile stasis within the canaliculi and intrahepatic bile ducts. In
congenital biliary atresia, a condition resulting from extrahepatic bile duct obstruction,
HEF remains high for about 2 months after birth and then begins to decrease if the obstruc-
tion is not relieved [17, 18]. Excretion half time and HEF show an inverse relationship; as
the HEF decreases, excretion half time increases, and vice-versa (Fig. 5.1.6C). High serum
bilirubin levels decrease HEF by two mechanisms: first, it displaces Tc-99m-HIDA from
its carrier protein, albumin, and second, bilirubin competes with Tc-99m-HIDA for the
hepatocyte uptake by receptor mediated endocytosis.



5.1 Hepatobiliary Imaging 137

o= PATIENTS = 23
a= NORMALS = 18
© o r=0.50 (P<0.01)

=11.1-45X

80
HEF % g4
40+
20+
o
0 } } " 9 -2
0 5 10 15 20 25 30
SERUM BILIRUBIN (Mg%)
200
b o o= PATIENTS = 18
1801 ° a= NORMALS = 23
160+ r=0.85 (P<0.01)
1404 Y= 22.9 + 4.02X
T-1/2 1207
(min) 1001
80+
60+
40
A
20 ¥
()
0 !‘ ® + t + t t
0 5 10 15 20 25 30
SERUM BILIRUBIN (Mg %)
c 200
o
175+ °
150+ y= 106 — 66.5X
125+ o r= 0.44 (P < 0.05)
n= 24
T1/2 100

HEF (%)
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bilirubin value increases (b). HEF and excretion half times show an inverse relationship (c)



138 5 Imaging and Quantification of Hepatobiliary Function

Basal Differential Hepatic Bile Flow

This parameter is obtained as a part of HEP-phase data analysis as shown in Figs. 5.1.3 and
5.1.4. After leaving the liver, the hepatic bile in the basal state enters the gallbladder and
duodenum, with volume depending upon the tonus of the sphincter of Oddi. Normal gall-
bladders are usually visualized within 60 min, and 10-100% of the hepatic bile enters the
gallbladder. In about 20% of normal subjects, all of the hepatic bile enters the gallbladder
and none the intestine, so that intestinal bile entry at 60 min remains at 0%. Intestinal bile
entry, therefore, normally ranges from 0 to 100%. Longer duration of fasting increases
the sphincter tone and diverts more of the hepatic bile to enter the gallbladder than intestine.
Total bile produced during 60 min of hepatic phase imaging is obtained by adding gall-
bladder and intestinal counts at 60 min. Percent of the hepatic bile entering the gallbladder
is obtained by the following formula.

Gallbladder total counts at 60 min x 100

Gallbladder total counts at 60 min +
Intestinal total counts at 60 min

Hepatic bile flow into gallbladder (%) =

49,700 x 100

=————=49.7%.
49,700 + 50,300

) _ Intestinal total counts at 60 min x 100

Gallbladder total counts at 60 min +
Intestinal total counts at 60 min

Hepatic bile flow into Intestine (%

50,300 x100

=————=503%
49,700 + 50,300

Basal Duodeno-Gastric Bile Reflux (Basal-DGBR)

This parameter is obtained as a part of HEP-phase data analysis as shown in Figs. 5.1.4 and
5.1.5. Bile entering the duodenum during fasting flows forward to enter the jejunum.
Normally, there is no bile reflux into the stomach. The stomach ROI is selected carefully
by avoiding inclusion of the left lobe of the liver or duodenal loop in the stomach ROI,
both of which will result in a falsely high DGBR. Normal DGBR values up to 8% repre-
sent mostly background activity. The DGBR value should be ignored when there is no
visible bile entry into the intestine. A high DGBR value in such cases represents only the
background activity in the stomach and intestine. DGBR values are checked with the
images to confirm bile reflux. DGBR values higher than 8% are usually associated with
visible bile reflux into the stomach (Fig. 5.1.5)

The DGBR value is obtained by dividing total stomach counts at 60 min by the sum of
stomach and intestinal counts at 60 min.
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DGBR(%) = Stomach counts at 60 min x 100

Stomach counts + Intestinal counts at 60 min

Both differential hepatic bile flow and basal DGBR values are shown on the right side of the
Hep-function result along with normal values (Fig. 5.1.5). Three figures in the middle show
the ROIs for each region to enable the physician to check for accuracy. Since radiolabeled
bile has to enter the duodenum to have any reflux into the stomach, all DGBR values are
ignored when there is no bile entry into the intestine. Occasionally, DGBR may empty in the
middle of data acquisition; in such an instance, the peak reflux value is obtained by chang-
ing the frame number as shown in the option block at the bottom (Fig. 5.1.5).

Quantification of Gallbladder Function

A normal gallbladder measures about 50 ml in volume and requires 3—4 h to fill to its full
capacity after complete emptying. Since the gallbladder is already filled to its full capacity
after 4-6 h of fasting, two mechanisms are responsible for accommodating a constant inflow
of 0.3 ml min™! of the hepatic bile: (1) absorption of water through the gallbladder wall and (2)
an increase in tonus of the sphincter of Oddi. During fasting, the epithelium of the gallbladder
wall absorbs water from the lumen through widely opened lateral intercellular spaces between
the columnar cells of the mucosa. Bile salts, bile pigments, cholesterol, and other bile consti-
tuents are not absorbed. This process of selective absorption of water resulting in a higher
concentration of solutes is called the concentration function of the gallbladder [8]. After an
overnight fast, the mean pressure within the sphincter of Oddi is 15 mmHg, 12 mmHg in the
common bile duct, and 10 mmHg inside the gallbladder. Because of the pressure difference at
various levels, hepatic bile follows the path of the least resistance and enters the gallbladder.

Bile from the common hepatic duct enters the gallbladder in a step-wise fashion and
corresponds to the phasic waves passing through the sphincter of Oddi [19]. Radioactive
hepatic bile first enters the gallbladder along its central long axis and moves slowly later-
ally towards the wall [20]. After entering the central long axis, radiolabeled bile usually
takes at least 30 more minutes to reach the wall (Fig. 5.1.7). One should wait till the entire
gallbladder bile is radiolabeled before embarking on measurement of its emptying. For
example, when a gallbladder appears first at 45 min of the hepatic phase imaging, the
measurement of the ejection fraction should start at 75 min (45 + 30 = 75 min) to allow
sufficient time for radiolabeling of the entire gallbladder bile. After completion of 60 min
of HEP-phase data collection, in such an instance, the patient is made to wait for an addi-
tional 15 min before starting GB-phase imaging with cCK-8. The ejection fraction value
would be falsely high if partially radiolabeled gallbladder bile were measured.

Gallbladder Ejection Fraction

Measurement of gallbladder emptying is clinically popular primarily due to the availability of
a simple, non-invasive, and reliable quantitative diagnostic test. In the past, gallbladder emp-
tying was measured with oral cholecystogram by applying a technique called the sum of the
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GB - Bile Transit

Fig.5.1.7 Filling of the gallbladder: Gallbladder fills from inside out. Radiolabeled bile first enters
the gallbladder at 12 min along its central long axis and moves laterally to reach the wall at 48 min,
taking a total of 36 min. One must wait for all of the gallbladder bile to be radiolabeled before
embarking on study emptying. Partially radiolabeled gallbladder bile may result in overestimation
of its ejection fraction

cylinder method, which was introduced in 1949 by De Silva [21]. On the oral cholecystogram,
the gallbladder image is divided into series of small cylinders, and the volume of each cylinder
is computed by applying a mathematical formula for the volume of a cylinder. By summing
the volume of all cylinders, gallbladder total volume is obtained. A slightly modified version
of sum of the cylinder method has been adopted for measuring the gallbladder volume with
the ultrasound [22]. Both oral cholecystogram and ultrasound are geometric techniques and
are based on the assumption that the gallbladder is a cylinder before, during, and after contrac-
tion. It is frequently seen that the gallbladder is not a cylinder before contraction, and it often
changes its shape during and after contraction. A count-based, non-geometric technique over-
comes these shortcomings [23]. Cholescintigraphy with Tc-99m-HIDA is a non-geometric
method and enables precise measurement of both the ejection fraction and ejection rate. The
scintigraphic method uses Tc-99m HIDA counts to represent bile volume as there is a direct
linear relationship between bile volume and counts within the gallbladder (Fig. 5.1.8).

Data Collection

The gallbladder phase data are acquired using the protocol outlined in Table 5.1.1 at 1 frame per
minute for 30 min when CCK-8 is used as the stimulus for contraction. The data are collected
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Fig.5.1.7 Gallbladder bile volume and Tc-99m HIDA count relationship. A rubber balloon filled
with 50 ml water and Tc-99m representing the gallbladder is placed inside a container placed
underneath a gamma camera. One milliliter of water is removed at a time through the syringe, and
counts are taken with the gamma camera after each withdrawal (a). Counts show a linear
relationship with the bile volume (b). Ejection fraction measured by volume and Tc-99m-HIDA
count methods show a perfect linear (¢) relationship [23]
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for a minimum of 60 min, preferably 60—120 min, when a fatty meal is used as the stimulus
to induce gallbladder contraction. A magnification factor of 1.2-2.4 may be used during data
acquisition. The gamma camera angle is changed to a degree that maximally separates the
CBD from the gallbladder and the duodenum [9]. Infusion of CCK-8 is begun at 3 min at a
dose rate of 3 ng kg min™ and infused for 10 min through an infusion pump. The first 5 min
counts prior to CCK-8 infusion represent the basal volume of the gallbladder.

Dose Rate and Duration of Cholecystokinin Infusion

In the United States, a fragment of the hormone cholecystokinin is available for clinical
use as CCK-8 (Kinevac). In Europe and other countries, the entire molecule with 33 or 39
amino acids is made available. The hormone is prepared according to the manufacturer’s
instructions in the package insert (Kinevac, Sincalide, Bracco Diagnostics, Princeton NJ).
Volume is adjusted with saline to achieve the desired dose rate and duration of infusion.
Selection of a proper dose and dose rate within the physiologic range is critical for accurate
results. Duration of the infusion is a matter of personal preference. We routinely use a dose
rate of 3 ng kg! min! and infuse for a total duration of 10 min through an infusion pump.
Before the test begins, the patient is given instructions to raise the hand as soon as the
symptoms begin and to raise the hand again when symptoms abate. The patient is asked to
grade pain intensity as mild, moderate, or severe. The technologist notes down the time of
onset, total duration, and intensity of pain on a work sheet for interpretation.

Effect of Non-Physiologic Dose of Cholecystokinin

The package insert (Sincalide, Kinevac by Bracco Diagnostics, Princeton, NJ) suggests a
CCK-8 dose 0of 0.02 ug kg! (20 ng kg') infused over 30 or 60 s. This dose rate was origi-
nally developed in 1970s with the use of oral cholecystogram, and studies since have
demonstrated that this dose rate is too large for cholescintigraphy and often produces a
falsely low ejection fraction in 20-26% of normal subjects [24—28]. A change in dose rate
and/or duration of infusion produces different values for the gallbladder ejection fraction
(Table 5.1.5). Ideally, one should establish local values when the technique chosen is dif-
ferent from the published literature [29].

Table5.1.5 Effect of dose and duration of CCK-8 infusion on gallbladder ejection fraction
(mean = S.E)

CCK-8 dose rate (ref) Duration of CCK-8 infusion

0.5 ng kg! min! [27] - 79.3% + 6.9% 91.3% £ 5.3%
3.3 ngkg!' min"' [23] (10 ng 59.4% +4.0% - -

kg™ 3 min™)
5.0 ng kg! min"'[27] - 82.4% + 6.7% 94.0% + 5.1%
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Calculation of Gallbladder Ejection Fraction

After uploading the gallbladder phase data onto KHBS, the gallbladder function button at the
top is activated. Six ROIs are drawn: gallbladder, background, common hepatic duct (CHD),
common bile duct (CBD), stomach, and intestine (Fig. 5.1.8). The background ROI is drawn
over the liver, superior and lateral to the gallbladder. The CHD region includes both the right
hepatic duct and left hepatic ducts in the form of a letter 7 or Y. The gallbladder, background,
CHD, and CBD regions are drawn using the first frame. Stomach and intestinal ROIs are
drawn on the last frame. Net gallbladder counts are obtained after subtraction of the back-
ground counts and corrected for decay [9]. Region of interest over the CHD enables identifica-
tion of possible bile reflux in the presence of critical obstruction of the common bile duct.
The software also calculates post-CCK-8 duodeno-gasrtic bile reflux (Fig. 5.1.9).

GB Peak counts — First minimum
GB counts (B) x100

Gallbladder ejection fraction(GBEF) (%) =
GB Peak counts

GBEF=A—B><100

Latent period (LP) = Time from beginning of CCK — 8 infusion to beginning of gallbladder
emptying
Ejection period (EP) = Time from beginning of gallbladder emptying to the first minimum
counts
Normal values for 10 min infusion of 3ng / kg / min of CCK — 8
Ejection rate (ER) = % Ejection fraction / Ejection period
=% / minute
Normal values for 10 min infusion of 3ng / kg / min of CCK — 8
Latent period (LP)
Ejection period (EP) = 7-19 min
Ejection period (EF) = 50%
Ejection rate (ER) =2 3.5% / min

Post-CCK-8 duodeno-gastric bile reflux is calculated by dividing stomach counts by the
sum of stomach and intestinal counts. Normally cholecystokinin acts on the gallbladder,
promoting its contraction and emptying. It acts on the pylorus sphincter of the stomach and
prevents bile reflux. Occasionally, one may find a large amount of DGBR with CCK-8§ that
may explain a patient’s symptoms.

Ejection Fraction with Fatty Meal Stimulation

Fatty meal stimulates the release of endogenous cholecystokinin from the endocrine cells
lining the mucosa of the duodenum, jejunum, and upper ileum. It may take as long as 626 min
after a meal for the endogenous CCK level to rise above the serum threshold to initiate
gallbladder contraction and emptying. Once the gallbladder begins to empty, it continues
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ejection for 1-3 h post-meal. The duration of data collection with the fatty meal, therefore,
should be for a minimum of 60 min, preferably for 120 min. The data are collected at
1 frame per min for 60 or 120 min (Fig. 5.1.10). A standardized test meal (8 oz 70 kg™ body
weight) of known nutritional contents and caloric value is ingested at 5 min, such that a
baseline count prior to the meal represents basal gallbladder volume [30, 31]. Mean (+ SD)
ejection fraction for 1 h fatty meal stimulation study is 50% = 20%. Individual values can
be as low as 32%. In the same group of normal subjects, 10 min infusion of 3 ng kg!' min™!
of CCK-8 produces a mean EF of 70% = 17% [32]. In the USA, the nutritional value of
Half and Half (H & H) milk varies from city to city (Table 5.1.6). One must standardize
the technique and establish local normal values.

I LP | EP |

. 1OK 16 min. 34 min.
.E —..-f.‘b‘ .".J\
= ;".\..:".‘ -
Tal WYY TN
Y A A
3exf oM .

@ [t A
B : 8470-2 =73, i 5
E 4K+ EF% 4?331?0250 X 100 ER 5= 2.1%/min. “K-u%.
:l:l B = 13% 'L.‘._.‘M-H
S 2Kt i
= - 2,260
= 1 1 i 1 1 L ]

10 20 30 40 50 60

Time in Minutes

Fig.5.1.10 Gallbladder emptying with fatty meal stimulation: Meal is ingested at 10 min. There is
a latent period of 16 min before the gallbladder begins to empty. Ejection fraction is 73%, ejection
period of 34 min, and an ejection rate 2.1% per min [31]

Table5.1.6 Variations in nutritional contents and total calories of Half-and-Half milk in six US cities [33]

Nutrient Portland, New York, Jackson, Los Miami, FL.
content (0)2% NY (America Detroit, MI MS (Dairy Angeles, CA (McArthur
per 30 ml (Alpenrose) choice) (CFBerger) fresh) (Altadena) dairy)
Total fat (g) 3.0 3.0 3.0 3.5 3.0 3.0
Cholesterol ~ 10.0 15.0 10.0 15.0 15.0 15.0

(mg)
Carbohydrate 1.0 1.0 1.0 1.0 1.0 1.0

(®
Protein (g) 1.0 1.0 1.0 1.0 1.0 1.0
Sodium (mg) 10.0 20.0 10.0 20.0 15.0 15.0
Total calories 40.0 40.0 35.0 40.0 40.0 40.0

(30 ml)
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Data Analysis

Software is adapted for measurement of the ejection fraction with fatty meal. Two regions of
interest, one over the gallbladder and the other over the liver as background, are drawn. Due to
the slow rate of bile emptying, CBD and CHD are not well delineated with the fatty meal stimu-
lation. The value of the gallbladder ejection fraction with a fatty meal is reported with a reference
to its total duration of measurement, i.e., at 60 min or 120 min, post-meal. Both a 30-min con-
tinuous infusion of CCK-8 or a 60-min post fatty meal appear to produce a mean ejection frac-
tion of about 80% (Table 5.1.7). The latent period (the time from meal ingestion to beginning of
gallbladder emptying) is variable depending upon the time for release of endogenous CCK [28].
A delay in gastric emptying may also cause late release of cholecystokinin. Since there are no
CCK-secreting cells in the esophagus and stomach [33], hormone-induced gallbladder emptying
does not begin until food reaches the duodenum. The gallbladder ejection fraction is low in
patients with gallstones and diabetes [34]. Obese diabetics have a much more pronounced reduc-
tion in EF compared to non-obese diabetic patients [35]. A cephalic phase emptying because of
cholinergic nerve stimulation, independent of hormonal action may induce gallbladder emptying
[36]. A comparison of fatty meal stimulation with cholecystokinin in the same group of normal
subjects showed wide variation in the ejection fraction [32]. The fatty meal ejection fraction at
the end of 1 h ranges from 23 to 91% (mean 54%), whereas a 10-min infusion of CCK-8 in the
same group of normal subjects produces values ranging from 37 to 91% (mean 76%). ROI over
the stomach region enables calculation of duodeno-gastric bile reflux.

Gallbladder Segmentation

Often a septa or fold can divide the gallbladder chamber into two separate compartments,
proximal and distal (Fig. 5.1.11). Ultrasound studies usually show the length, thickness, and
position of the septa inside the gallbladder. Carefully done histopathological examination
(Fig. 5.1.12) confirms the folds. Recognition of such compartments is essential during hepatic
phase imaging as the two compartments may show a different degree of filling and emptying.
Radiolabeled hepatic bile enters the proximal compartment first, followed 5-10 min later by
entry into the distal compartment. Two compartments are easy to recognize with cholescintig-
raphy in the early images as the radiolabeled bile enters the gallbladder (Fig. 5.1.13). It
becomes much more difficult to recognize it in late images as bile radioactivity equilibrates in
both compartments. For calculation of the gallbladder segmental function, GB-Seg block at
the top is activated, and the patient data are loaded. One ROI is drawn around the entire gall-
bladder and another between the two compartments (Fig. 5.1.14). The program calculates the

Table 5.1.7 Effect of type of meal and duration of emptying on gallbladder ejection fraction (%)

Meal type Meal volume (Mean * SE)

Duration from meal ingestion

120 min

Half & Half [28] 80z 70 kg = 64.4+6.7% =
Lipomul [27] 15 ml 49.8+52% 71.7 +3.6% 77.8+2.0%




GEFrieck

Fig. 5.1.11 Gallbladder segmentation. CT scan shows a constriction near the neck dividing the
gallbladder into proximal (GB-neck) and distal (GB-body) compartments. Gallstones are layered
in the distal compartment

Fig. 5.1.12 Gallbladder fold or septa. A transverse fold divides the gallbladder into proximal and
distal compartments. This fold acts in vivo as a barrier between two segments and reduces bile
emptying from the distal segment
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total EF and EF for each compartment separately (Fig. 5.1.15). The distal compartment usu-
ally empties poorly because of septa acting as a one-way valve. Because these findings are
new and not well appreciated, ultrasonographers should mention the presence of the septa or
fold in their ultrasound report of the gallbladder to draw the attention of clinicians who may
then request a Tc-99m HIDA study for further evaluation of abdominal pain [37].
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5.2

Measurement of Hepatic Arterial vs. Portal Venous Blood Flow

The liver has a dual blood supply through the hepatic artery and portal vein. The hepatic
artery supplies about 400 ml of arterial blood per min at 100—-120 mmHg systolic blood pres-
sure. Thus, approximately 25% of the total liver blood supply comes via the hepatic artery
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and the remaining 75% through the portal vein. After injection into a peripheral vein, the
radiotracer arriving via the portal vein takes 7-10 s more to reach the liver than the
radiotracer arriving via the hepatic artery. This delay via the portal vein is primarily due to
the time taken for the radiotracer to traverse the intestinal veins and portal vein.

The hepatic arterial versus portal venous blood supply to the liver is measured using a first-
pass curve obtained with any radiotracer that passes through the liver [1]. Technetium-99m
pertechnetate, Tc-99m-DTPA, and Tc-99m-MDP have been used. These tracers that merely pass
through, but are not retained by the liver do not allow any additional liver imaging. The agents
that both pass through and are retained by the liver (Tc-99m S-colloid or Tc-99m HIDA) allow
follow-up imaging of the liver. Immediately upon an antecubital vein injection, the radiotracer
mixes thoroughly with blood in the ventricles before its arrival at the liver. The quantity of the
radiotracer reaching the liver is directly proportional to the volume of blood supplied to the liver.
The differential blood flow to the liver, via the hepatic artery versus portal vein, is calculated by
two methods. One method is based on analysis of the slope of the uptake and washout [2], and
the other method employs the area under the curve by deconvolutional analysis [3].

Data Collection

A fasting patient is positioned supine underneath a large field of view gamma camera fitted
with a low-energy, all-purpose, parallel-hole collimator. The position of the gamma camera
in either the anterior or posterior view is adjusted to make sure that it covers the lower part
of the lungs, entire liver, spleen, and kidneys. A simultaneous anterior and posterior perfu-
sion can be obtained with a dual-head gamma camera (Fig. 5.2.1A, B). About 10-15 mCi
(370-555 MBq) of Tc-99m-labeled agent is injected intravenously as a rapid bolus
followed by a 30-ml saline flush. Data are collected on 64-by-64 word mode matrix at 1 frame
per 0.5 s for 100 s [2]. Data acquisition is begun just before the injection of the radiotracer. The
first 30 frames are summed to form a composite image on which four regions of interest are
drawn: (1) liver (mid part of the right lobe excluding the right kidney and aorta), (2) lower
right lung, (3) spleen, and (4) cross talk region between the right lung and the liver (Fig. 5.2.2).
The left kidney is substituted for the spleen in patients with splenectomy.

Slope Method

Time-activity curves are generated over all four regions as outlined above (Fig. 5.2.3A).
The cross-talk curve from the region between the right lung and liver (Fig. 5.2.3B) is
scaled to the same height as the early part of the liver curve (before the arrival of the liver
arterial phase, usually between 0 and 20 s) and subtracted from the liver and spleen curve
to generate the corrected liver and spleen curves (Fig. 5.2.3C). Corrected liver and spleen
curves are displayed separately (Fig. 5.2.3D, E). Three time points are identified on the
corrected time-activity curve. The initial arrival of radioactivity at the liver is denoted by
Ta, which corresponds to the beginning of the hepatic arterial phase. Because the hepatic
and splenic arteries have a common origin from the celiac artery, the time of peak activity
on the spleen curve (Sp) is considered the end of the arterial phase and beginning of
the portal venous phase, and corresponds to time, Tp, on the liver curve (Fig. 5.2.3D).
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ANTERIOR PERFUSIONS 4

Fig.5.2.1 Liver perfusion study. Anterior (fop) and posterior (bottom) view liver perfusion study obtained
with 5 mCi Tc-99m-HIDA shows the passage of radiotracer serially through the right ventricle (RV), left
ventricle (LV), abdominal aorta (4), spleen (S), kidneys (K), and liver. Left lobe perfusion is seen better
in the anterior view, and the perfusion of the spleen and kidneys is seen better in the posterior view



156 5 Imaging and Quantification of Hepatobiliary Function

Lung ROI

Lung liver %
cross talk

Liver ROI %

Spleen ROI

9

Kidney ROI

Fig.5.2.2 Regions of interest. Regions of interest (RO/) are drawn over the middle of the liver,
right lower lung, spleen, left kidney, and cross-talk region between liver and right lung. ROIs
should exclude liver margins and aorta

Normally, there is 7 + 2-s delay between the arrival of the hepatic arterial and portal venous
blood supply to the liver. The slope of the arterial phase, La, is measured from Ta to Ta +
7 s, and the slope of the portal venous phase, Lp, is measured from Tp to Tp + 7 s. Total
counts are integrated, and percent arterial blood flow to the liver is measured using the
following formula from a linear fit to the curve [2].

Percent arterial liver blood flow = La / (La + LP) x 100
La = slope of the hepatic arterial phase; Lp = slope of portal venous phase.

To correct for the fraction of hepatic arterial component still present during the portal
venous phase in the liver curve, the slope of the splenic curve is used with the following
modification. The ratio of Sa/Sp of the splenic curve is assumed to represent the fraction
of the arterial flow present during the portal venous phase of the liver curve [2].

Correct portal slope (Lp correct) = Lp — La (Sp / Sa)

Percent arterial liver blood flow = La / [La + Lpcorrect] x 100
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Fig.5.2.3 Hepatic arterial vs. portal venous blood flow by the slope method. Time-activity curves are
generated over the liver (a) and cross-talk region between the lung and liver (b). Both curves are
scaled to the same height, and the corrected liver curve (¢) is obtained after subtracting the cross-talk
counts. The onset of the arterial (7z) and portal venous (7p) phases are noted on the corrected liver
curve (d). La and Lp represent the slope of the arterial and portal venous phases measured over 7 s
from 7z and Tp, respectively. Spleen curve (e) shows the onset of arterial (7z) and peak arterial flow
(Tp); Sa and Sp represent the slopes of the curve in a manner similar to La and Lp [2, 4]

Area Method

This method uses the deconvolutional analysis [2, 4]. Like the slope method, it is dependent
upon the temporal separation between the arrival of the hepatic arterial and portal venous
blood to the liver. It takes into account the role of recirculation of the injected radiotracer.
Data acquisition is identical to the slope method described above (Fig. 5.2.1). Using a large
of field of view gamma camera, computer data are collected on a 64 x 64 word matrix at
one frame per 0.5 s for 100 s. The data collection is started just before injection of 10—15
mCi (555-740 MBq) of the radiotracer. On the first 30-frame composite image, regions of
interest are drawn, and time/activity curves are generated over: (1) liver, mid right lobe
excluding the right kidney and aorta, (2) lower right lung, (3) spleen, and (4) cross-talk
region between the right lung and liver (Fig. 5.2.2). The cross-talk curve is scaled to the
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same height as the initial part of the liver curve (before the arrival of the radiotracer to the
liver) and subtracted from the liver and spleen curve to generate the corrected liver and
spleen curve (Fig. 5.2.4A). Liver and spleen curves are deconvoluted with the lung curve
using the modified Fourier transformation technique (Fig. 5.2.4B). The curve is expanded
from 200 to 1,024 data points by addition of an exponentially decreasing tail that elimi-
nates artifacts because of a sharp cutoff at the end of data termination. An assumption is
made that the spleen blood flow pattern is similar to that of the hepatic artery. The spleen
curve is used to approximate hepatic arterial blood flow. The spleen curve is multiplied by
a constant so that the up-slope superimposes over the early part of the liver curve (Fig.
5.2.4C). The liver and modified spleen curves are integrated to give the areas under the
curve, 4, and 4, respectively

Arterial liver blood flow (%Ha) = As / AL x 100
Portal venous blood (%) = 100 —%Ha

Both the slope and area methods are found clinically useful and have been validated in
experimental animals [5]. The slope method technically is much simpler, but carries wider
variability between studies. The area method using the deconvolutional analysis provides
the best separation between normal patients and those with increasing severity of liver
disease. The arterial-to-venous ratio increases as the severity of liver disease increases
from Child’s class A to C (Table 5.1.3). In cirrhosis, low pressure (7-10 mmHg) portal
venous blood flow is affected much earlier than high pressure (100—120 mmHg) hepatic
arterial blood flow. Portal venous blood flow decreases as the portal venous pressure raises
(Fig. 5.2.5). Measurement of the hepatic arterial vs. portal venous blood flow is found
useful in the diagnosis of hepatic vein thrombosis and also in following patients treated for
portal hypertension [4].
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Fig.5.2.4 Hepatic arterial vs. portal venous blood flow by the area method. Corrected spleen and
liver curves are obtained first (a) after subtracting the background counts from the lung to liver
cross-talk region and then subjected to deconvolutional analysis (b). Magnitude of the spleen
curve is modified so that its upslope matches with that of the liver (¢). 4_and 4, represent the area
under the modified spleen and liver curves, respectively
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Fig.5.2.5 Relationship between portal venous blood flow vs. portal venous pressure. There is an
inverse relationship between the two; as the portal venous pressure increases, the portal venous
blood flow decreases [7]

The final shape of the liver and spleen curve depends upon whether or not the chosen
agent is retained by these organs. Technetium-99m sulfur colloid, which is retained by
both organs, and Tc-99m-HIDA, which is retained only by the liver but not by the
spleen, produce curves whose shape is different from each other and also from those
agents (Tc-99m labeled MDP, albumin, or pertechnetate) not retained by either organ.
The choice of the agent does not usually affect the values of arterial vs. venous blood
flow, because the first-pass study is independent of the biokinetic behavior of the
radiotracer [5].

Normal median portal venous blood flow is 78% and the median hepatic artery flow
22%. The median portal venous blood flow decreased to 68% in mild liver disease and
remains below 49% in severe liver disease. The median portal venous blood flow falls
below 4% in patients with portal vein thrombosis. Scintigraphic technique is shown to be
90% sensitive and 100% specific in patients with portal vein thrombosis when portal blood
flow falls below 20% [4]. Perfusion changes and indices of hepatic arterial blood flow in
patients with cirrhosis can be measured by comparing them to the renal or splenic arterial
peak, thus avoiding the influence of portal venous reduction on the hepatic arterial peak
[6]. Calculation of the hepatic arterial-to-portal venous ratio provides a non-invasive
method to evaluate objectively the benefits of transjugular intrahepatic portosystemic
shunt (TIPS) therapy. In a study involving 28 patients, the mean (SD) portal venous pres-
sure of 25.5 + 4.6 mmHg before TIPS decreased to 18.5 + 3.9 mmHg after TIPS. The
portal venous blood flow of 29.2 + 11.1% before then increased to 38.2 + 13.4% after
TIPS, indicating its therapeutic benefits. Portal venous flow shows an inverse relationship
with the portal venous pressure; portal venous blood flow decreases as the portal venous
pressure increases. The relationship between portal venous flow and pressure tends to
normalize after a successful TIPS procedure [7, 8].
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53
Hepatopulmonary Syndrome

The functional relationship between the liver and lung originally recognized in 1935 is now
called hepatopulmonary syndrome (HPS). The syndrome consists of a triad of: (1) liver disease,
(2) increased alveolar-arterial oxygen gradient, and (3) intrapulmonary vasodilatation [1, 2].

Clinical Presentation

Patients usually present with a combination of symptoms indicative of both liver and lung
disease: esophageal varices, gastrointestinal bleeding, spider nevi, ascites, and splenomegaly,
indicative of liver disease, and dyspnea, clubbing, platypnea, and orthodeoxia, indicative
of lung disease [3, 4]. Platypnea is dyspnea in an upright position, which is relieved by
assuming a supine position [5]. Orthodeoxia is arterial deoxygenation, exaggerated in the
upright position and relieved by recumbency. Platypnea and orthodeoxia, which were
found only in a small percentage of patients with cirrhosis (5%), are much more frequent
and severe in intensity in patients with HPS, often reaching as high as 88—-100% [6]. Spider
nevi of the palms and around the umbilicus are considered the cutaneous markers of HPS [7].
As the liver reaches its end stage, the patients develop ascites, generalized edema, pleural
effusion, and interstitial fluid accumulation in the lungs. Chest X-ray changes consist of
either finely diffuse spidery infiltrates or focal arteriovenous malformations [8].
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Pathophysiology

Arterial deoxygenation due to an intrapulmonary shunt is the hallmark of HPS. Pulmonary
artery pressure remains normal or slightly low [6]. Severe hypoxemia (PaO, <60 mmHg),
in the absence of primary lung disease, in combination with liver disease clinically should
raise the suspicion of HPS. The pulmonary capillaries, which normally measure 8-15 pm,
dilate up to 100 um in diameter, often forming spider nevi on the pleural surface [9].
Radiolabeled macroaggregates of albumin (MAA) of 15-150 um in diameter normally get
trapped almost completely within the pulmonary capillary bed after intravenous injection.
These radiolabeled Tc-99m MAA particles readily pass through the dilated pulmonary
capillaries in patients with HPS and enter the systemic circulation to be trapped in normal
size capillaries of the brain, liver, kidney, and other organs, in proportion to their blood
supply [10, 11, 12]. Normally less than 6% of Tc-99m-MAA particles bypass the lung to
lodge in other organs [11, 13]. It is theorized that the liver in HPS either produces vasodila-
tors or is incapable of inactivating vasodilators produced elsewhere. Incriminated vasodi-
lators include prostaglandins, vasoactive intestinal polypeptide, calcitonin, glucagon, nitric
oxide, and atrial natriuretic factor, etc. [6].

Diagnosis

Arterial blood gases are obtained to document hypoxemia (Table 5.3.1). Contrast 2D echo-
cardiography (2D echo) with indocyanin green or agitated saline is the most preferred initial
diagnostic imaging procedure [ 14, 15]. Saline agitation creates microbubbles of 60-90-um
size, which opacify the right heart chambers within one to three cardiac cycles after injec-
tion into an antecubital vein. The left heart chambers are not opacified due to filtration
of all bubbles by the normal lung capillaries [16]. The bubbles pass through dilated intrapulmo-
nary capillaries in HPS to enter the pulmonary veins and left heart chambers. A confirmatory

Table 5.3.1 Diagnostic workup for hepatopulmonary syndrome (modified from [18])
Chest X-ray
Normal  Abnormal (treat, if hypoxemia persists)

Contrast echo (EC) and pulmonary function tests (PFTs)

(-) CE and normal PET (+) CE and normal (+) CE and abnormal
PFT’s PFT’s
y U U
No HPS HPS Tc-99m MAA Scan

Shunt >6%  Shunt <6%

1 !
HPS No HPS
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diagnosis of HPS requires documentation of arterial hypoxemia (PaO, less than 70 mmHg),
normal pulmonary function tests, typical chest X-ray findings, and opacification of left heart
chambers in the absence of a right-to-left cardiac shunt. Right-to-left cardiac shunt is sug-
gested on a 2D echo when both right and left ventricular chambers are opacified simultane-
ously, within one to three cardiac cycles after intravenous injection of agitated saline [17].

Scintigraphic Quantification

A mild form of HPS is found in as many as 4-17% of patients with varieties of chronic
liver diseases [18]. Despite being very sensitive, 2D echo lacks the specificity and ability
to quantify the degree of shunt. A perfusion scintigraphy supplements 2D echo by provid-
ing both quantification and specificity for a definitive diagnosis of HPS.

Procedure

The patient is made to sit upright for 5 min to maximize the degree of intrapulmonary shunt.
Macroaggregates of Tc-99m-albumin particles are prepared carefully as per instructions
provided in the package insert. A drop of the prepared material is fed into a hemocytometer
chamber and examined under the light microscope to ascertain that at least 90% of the
particles are in the 15-90-um size range. A radiochromatogram is obtained to confirm that
there is better than 90% radiolabeling. About 2—-3 mCi Tc-99m-MAA is injected into an
antecubital vein while the patient is seated. After injection, the patient is made to lay
supine. A large field of view dual-head gamma camera, fitted with a low-energy, all pur-
pose, parallel-hole collimator, is positioned laterally on each side, or in front and behind
the head. The spectrometer is set for 140-keV photon peak energy with a 20% symmetrical
window. The camera heads are positioned above the shoulders to avoid counts below the
neck. The counts are taken for a preset time of 5 min with each head and recorded on a
64 x 64 computer matrix. After taking 5-min head counts, the detectors are moved over to
the chest to the anterior and posterior position. Preset 5-min counts are taken again in the
anterior and posterior view simultaneously and recorded on a 64 x 64 computer matrix.

Data Analysis

On the lateral or anterior and posterior views of the head, regions of interest are drawn to
cover the entire brain, excluding the scalp and superior sagittal sinus when they are visible.
On the anterior and posterior view chest images, regions of interest are drawn to cover both
lungs. Care is taken to avoid the liver or kidneys in the lung ROI (Fig. 5.3.1). Geometric
mean counts are calculated using the following formula:

Geometric mean brain counts (GMBC)

= \/ right lateral or anterior view brain counts X left lateral or posterior view brain counts

=+/1022x1262 = 1,135
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Fig.5.3.1 Quantification of hepatopulmonary shunt: Regions of interest are drawn over the brain in
two lateral views of the head and over the lungs in the anterior and posterior views of the chest.
Total counts in 5 min are noted in each view. The geometric mean counts are obtained by using the
equation given in the text. Hepatopulmonary shunt ratio is obtained by dividing brain counts by the
sum of brain and lung counts

Geometric mean lung counts (GMBC)

= \/ anterior view lung counts X posterior view lungcounts.

= 4/637,417x970,115 =786,363

An assumption is made that about 13% of the cardiac output is delivered to the brain [19].
By applying this correction factor, the hepatopulmonary shunt is calculated by the follow-
ing equation:

GMBC (Brain)
0.13

7GMBOCl(]33rain) +GMLC (Lung)

_ 11357013
1,135/0.13+786,363
=8730/795,093 = 0.02 = 2%

Hepatopulmonary shunt (HPS)=

In normal subjects and in patients with intrinsic lung disease or with cirrhosis but without
shunt, the hepatopulmonary shunt ratio varies from 3 to 6% [11, 17]. A value higher than
6% is considered indicative of HPS [17, 18]. Patients with Child’s class A, B, or C liver
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Fig. 5.3.2 Hepatopulmonary shunt. An 8-year-old boy waiting for liver transplantation has 37%
right-to-left shunt due to intrapulmonary vasodilatation. In addition to brain, kidneys and liver are
seen in a Tc-99m MAA scan [20]

disease without HPS generally show values below 5%. The mean shunt value is 30 + 4%
in patients with hepatopulmonary syndrome. A shunt value of 37% was found in an 8-year-
old child (Fig. 5.3.2) waiting for liver transplantation [20].

Standardization

The technique of measuring hepatopulmonary shunt is very simple, and often there may be
room for complacency. It is necessary to check rigidly for Tc-99m-MAA particle size and
percent labeling. Greater than 90% of the particles should be between 15 and 90 um in
size, and labeling efficiency better than 90%. A preparation not meeting these two require-
ments is discarded. Injection of too many small particles (below 15 um) overestimates the
degree of the shunt, and the shunt is underestimated when too many particles are much
larger than 90 wm in size.
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Treatment

Treatment is medical in early liver failure and surgical for end-stage liver disease. Medically,
the patients are treated with indomethacin [21], almitrine bismesylate [22], octreotide, or
other drugs [6]. Surgical treatment involves liver transplantation for end-stage liver disease.
Liver transplantation, once listed as a clear contraindication, is now considered an optimal
therapy for HPS and is shown to improve both liver and pulmonary functions [23]. In the
Cleveland Clinic study, the mean ratio of 18.7% in HPS patients decreased to 4.5% after
liver transplantation with marked improvement of pulmonary blood gases [24].
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5.4
Duodenogastric Bile Reflux

Gastrointestinal peristalsis begins at the gastric pacemaker located near the gastro-esophageal
junction and travels antegrade towards the gastric fundus, body, and pylorus, and progresses
further along the small and large intestine. Peristaltic waves move the gastrointestinal
intraluminal contents in an antegrade fashion. Duodenal contents are thus prevented from
entering the stomach by the dual action of the antegrade peristalsis and contraction of
pyloric sphincter [1]. Patients with atrophic gastritis, gastric ulcer, and esophagitis are
often found to have bile in the stomach (duodeno-gastric bile reflux) raising an etiological
relationship between dyspepsia and bile reflux [2].

Detection of bile by chemical analysis in the gastric juice aspirated through a nasogastric
tube has been used over the years as a test for duodeno-gastric bile reflux. Chemical analysis
is not only cumbersome, but also the insertion of the naso-gastric tube itself may cause duode-
no-gastric bile reflux (DGBR). Counting or imaging of radiolabeled bile in the stomach makes
the test technically much simpler and avoids the necessity of chemical analysis and intubation
[3]. Gamma camera imaging makes the test readily acceptable, enables detection, provides
quantification of the degree of duodeno-gastric (D-G) bile reflux, and avoids the necessity of
gastric juice aspiration through the N-G tube in both children and adults [4].

Rationale

After its secretion by the liver, the hepatic bile enters the gallbladder or duodenum, or both.
During fasting, about 70% of the hepatic bile enters the gallbladder, and the remaining 30%
enters the duodenum directly [5]. Facilitated by the peristaltic waves, bile entering the
duodenum moves forward with the rest of the duodenal contents received from the stomach.
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Since only the amount of bile entering the duodenum is available for reflux into the stomach,
a technique that enables quantitative measurement of bile entry into the duodenum will be
ideal for measuring bile flow forward into the jejunum or backward into the stomach (D-G
reflux). Bile entering the gastrointestinal tract is quantified by selecting two regions of inter-
est: one over the stomach and another over intestinal tract (excluding liver, gallbladder, and
bile ducts). Duodeno-gastric bile reflux is calculated by dividing total stomach counts by
total counts in the stomach and intestine. The technique allows measurement of D-G bile
reflux both during fasting and after administration of cholecystokinin or after feeding.

Data Collection and Analysis

Hepatic phase imaging data are used for calculation of D-G bile reflux during fasting, and
gallbladder phase imaging data for calculation of post-cholecystokinin or post-prandial
D-G bile reflux. Data are collected as outlined in Table 5.1.1. By 60-min post-injection,
most of Tc-99m HIDA clears from the liver, leaving the nearby gastric region free of inter-
ference by cross-talk counts from the left lobe of the liver (Fig. 5.4.1). All 60-min data are

Table 5.4.1 Bile flow into stomach vs. small intestine in 20 normal subjects

No. Subject Total stomach Total intestinal % Stomach % Intestine
counts counts
1 HC 93,729 3,830,883 2.3 97.7
2 H 71,380 3,012,831 2.3 97.7
3 CcC 36,521 2,684,925 1.3 98.7
4 E 51,226 1,483,318 33 97.3
5 EJ 103,127 3,651,893 2.7 97,3
6 GE 43,555 1,091,999 3.8. 96.2
7 AP 67,967 2.661,020 2.5 97.5
8 B 42,169 1,309127 3.1 96.9
9 BB 85,603 2,063,219 3.9 96.1
10 WD 20,095 616,171 3.2 96.8
11 HR 40,526 1,169,047 33 96.4
12 LC 23,421 3,343,890 0.7 99.3
13 KD 19,204 731,084 2.5 97.5
14 KJ 15,746 2,107,383 0.7 99.3
15 KC 26,342 2,259,335 1.1 99.9
16 MV 16,093 459,163 3.4 96.6
17 MK 20,084 1,299,986 1.5 98.5
18 NL 27,480 680,653 3.8 96.2
19 (¢} 28,626 1,847,370 1.5 98.5
20 PJ 24,585 1,545,024 1.6 98.4
Mean + SD 2.4+1.05 97.6 £ 1.05

S.E 0.23 0.23

Note: No background subtraction was made from either the stomach or intestine
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Fig.5.4.1 Basal duodeno-gastric bile reflux. Duodeno-gastric bile reflux is rare in normal subjects.
Reflux in this patient occurs early (frame no. 7) and continues throughout. It is calculated as a part
of Hep-phase data analysis

carefully reviewed in a cine display for any overlap of intestinal radioactivity onto gastric
ROI [6]. A frame between 50 and 60 min (usually the 60-min frame) that does not contain
any superimposition of intestinal loops onto the gastric bed is chosen for selection of gas-
tric and intestinal ROIs. Gastric ROI includes the traditional gastric bed, below the left
lobe of liver and to the left side of the distal common bile duct, and extending laterally up
to the splenic bed. The intestinal ROI includes the rest of the upper abdomen, excluding
the liver, gallbladder, and common bile duct. The urinary bladder is excluded from intesti-
nal ROI (Fig. 5.4.2). Time/activity curves are generated from both ROIs. By 60-min post-
injection, most of radioactivity clears from the cardiac blood pool and kidneys. Sometimes
the D-G reflux may occur early and empty in the late hepatic phase imaging. In such cir-
cumstances the frame with the peak D-G reflux is chosen for ROI selection. The counts are
corrected for physical decay.

Duodeno-gastric bile reflux (%)
_ Total counts in gastric ROI x 100
~ Total counts in gastric ROI + Total counts in intestinal ROI
_ 54,173x100
54,173+ 74,066
=42%
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Fig.5.4.2 Post-CCK-8 duodeno-gastric bile reflux. It is calculated as an integral part of GB-phase
data analysis. The gastric ROI (S) is drawn below the left lobe of the liver, on the left side of the
distal common bile duct extending laterally to the splenic region. The intestinal ROI (/) encompasses
the rest of the abdomen. Basal D-G bile reflux of 42% (Fig. 5.4.1) increased to 58% with CCK-8

Bile reflux after CCK-8 is similarly calculated using data obtained during the gallbladder phase.
Cholecystokinin normally induces the contraction and emptying of the gallbladder, stimu-
lates contraction of the pyloric sphincter, and simultaneously increases small intestinal
peristalsis, facilitating rapid antegrade bile movement through the small bowel. Contraction
of the pyloric sphincter normally prevents D-G bile reflux. Post-CCK images are checked
in the cine display to ascertain that there is no movement of bile radioactivity beyond the
field of view of the gamma camera. If there is, then the gamma camera position is adjusted
to include all bile regions, and an additional view over the lower abdomen is taken. Cine
display of all frames is essential to ascertain that no intestinal loop is encroaching upon
the gastric region, and when found, such frames are excluded for ROI selection [7]. Often
there is no D-G bile reflux during fasting; rather, it occurs only after CCK-8 (Fig. 5.4.3).

Bile Reflux in Health and Disease

The data shown in Table 5.4.1 were collected in 22 patients without gallstones who were
referred for measurement of the gallbladder ejection fraction. They did not have any symp-
toms of gastric dyspepsia. Mean D-G reflux in these subjects was 2.4% (95% CI=0.4-4.4%).
D-G reflux during fasting or after CCK-8 administration is rare and usually does not exceed
5%. When significant reflux is found, it suggests bile gastritis may be responsible for
patient symptoms. Prokinetic agents are often prescribed for patients with large volume
D-G reflux.
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19-20 MI [ 27-28 MIN

Fig. 5.4.3 Duodeno-gastric bile reflux only after CCK-8. There is no basal D-G bile reflux (0-2
min). Bile reflux of 10% occurs after CCK-8 administration (G stomach)
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5.5
Imaging and Quantification of Hepatocyte Asialoglycoprotein Receptors
with Tc-99m Galactosyl Human Serum Albumin

Hepatocyte plasma membrane is rich in asialoglycoprotein (ASGP) receptors, which are
not found in any other cell in the body. The receptor is located along the basolateral and
lateral domain, but not along the canalicular domain [1]. Technetium-99m-DTPA-
galactosyl-human-serum albumin (Tc-99m GSA) binds to these receptors, and the amount
bound varies inversely with the severity of liver disease [2—4]. It is not taken up by the
spleen and like radiocolloid is not secreted into bile. ASGP receptor concentration on the
membrane reflects the functional integrity of the hepatocyte accurately, much like indo-
cyanin green, cholinesterase, serum albumin, and hepaplastin [3]. The quantity of Tc-99m
GSA uptake correlates well with blood clearance of indocyanin green (Fig. 5.5.1).
Technetium-99 GSA uptake decreases in patients with varieties of liver diseases including
chronic hepatitis, cirrhosis, cholangiocarcinoma, hepatocellular cancer, metastasis, fulmi-
nant hepatic failure, and space-occupying benign lesions of the liver [2—4].

Almost all of the injected radiotracer clears from the blood and is taken up exclusively
by the liver normally within 15 min. Several parameters have been developed to express
the hepatocyte function, the most common one being the extraction index at 15 min. It
represents the percentage of the integral of the cumulative counts in the liver for 1 min
between 15 and 16 min to the total dose [2].

Data Collection and Analysis

After 4-6 h of fasting, with the patient in supine position, a gamma camera (single, double,
or a triple head) fitted with a low-energy, high-resolution, parallel-hole collimator is posi-
tioned anterior to the liver. Sequential anterior planar images (128 x 128) at 1 frame per 30 s
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Fig. 5.5.1 Correlation between Tc-99m-GSA uptake (LUIS5, %) and indocyanin green blood

retention. There is a good inverse relationship between Tc-99m GSA uptake by the liver with
plasma clearance of indocyanin green at 15 min [2]
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for 20 min are obtained immediately after a bolus injection of 5 mCi Tc-99m GSA (185
MBgq) into the antecubital vein. Immediately after the planar images, SPECT data are
acquired on a 128 x 128 x 16-matrix computer for 64 stops at 10 s per stop at a 5.6° inter-
val [2]. The spectrometer is set for 140 keV at a 20% window. Liver uptake at 15 min is
calculated by using the following formula.

16
jC(t) dt x 100%

Liver uptake at 15min (LU15)=—1%————
Total injected dose

Whole liver counts and residual liver counts are obtained by measuring organ volume from
SPECT images. Whole organ volume is determined by detecting the edge for each slice and
then adding all of the slices. The volume of each lobe is obtained by selecting the gallbladder
fossa -inferior vena cava plane (plane of Sérégé-Cantele), which divides the liver into physio-
logic right and left lobes, or by referring to the CT or MRI references [2]. After obtaining
the volume, each lobe is divided into its physiologic segments: the right lobe into the anterior
and posterior segments, and the left lobe into the medial and lateral segments [2—4]. The
ratio of the counts in each lobe to the whole liver counts provides LU15 for the lobe.
Residual count ratio (RCR) is determined by the following formula.

RCR=RC/WC

where RC = residual liver count from SPECT images (counts from region of the liver left
not to be resected), and WC = whole liver count calculated from SPECT images.

Index of residual liver function (RLU15) = LUI5x RCR

Some authors express uptake as hepatic GSA clearance using the Patlak plot method and
generate functional images of clearance (Ku). This method is powerful, but some may raise
an issue with the chosen terminology “clearance” for an agent that does not clear from the
liver [3, 4]. The uptake shows an excellent correlation with indocyanin green plasma clear-
ance. Estimation of predicted postoperative residual function after resection of the liver for
hepatocellular carcinoma, cholangiocarcinoma, and metastatic liver tumors shows good
correlation with postoperative liver function (Fig. 5.5.2). This functional parameter may be
ideal for predicting end-stage liver disease and timing of liver transplantation.
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Gallbladder, Sphincter of 0ddi,
Cholecystokinin, and Opioid Relation

The bile, essential for digestion and absorption of nutrients, is secreted by the liver con-
tinuously, stored in the gallbladder during fasting, and discharged into the duodenum
intermittently after each meal. The bile salts, which are an important component of bile,
promote efficient digestion and absorption of essential nutrients from the intestine.
The gallbladder has a unique mechanism to sequester almost all of the bile salts during
fasting and release them into the duodenum after the arrival of food. Food stimulates the
release of endogenous cholecystokinin into circulation from the endocrine cells lining
the mucosa of the duodenum, jejunum, and upper ileum. Cholecystokinin (CCK) acts on
its receptors located in the smooth muscle and initiates the contraction and emptying of
concentrated bile from the gallbladder; it simultaneously relaxes the sphincter of Oddi
to allow smooth passage of bile into the duodenum. During the evolutionary process it
appears as though nature has placed these three organs very close to each other
anatomically to obtain the maximum efficiency of the biological system (Fig. 6.1.1).

6.1
Effect of Cholecystokinin on the Gallbladder and Sphincter of Oddi

Cholecystokinin

A hormone being responsible for contraction and emptying of the gallbladder was proposed
first by Ivy and Oldberg in 1928 [1]. A year later, Ivy and associates identified the hormone
and named it “cholecystokinin” (from the Greek: chole = bile, cysto = sac, kinin = move;
move the bile sac) because of its primary motor effect on gallbladder contraction [2].

Source

Cholecystokinin is found in various organs of the body, including the gastrointestinal,
endocrine, genitourinary, and nervous systems [3]. The highest concentration is found
in the upper intestinal tract, cerebral cortex, and anterior pituitary gland [4, 5]. In the
gastrointestinal tract, the cells secreting cholecystokinin are distributed primarily in the
mucosa of the duodenum, jejunum, and upper ileum (Fig. 6.1.2). There are about 40 million
(1.3 million cm™) CCK-secreting cells in the duodenum, 80 million (0.55 million cm™) in
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Fig. 6.1.1 The relationship among the sphincter of Oddi, gallbladder, and cholecystokinin. The
sphincter of Oddi consists of three components: choledochal sphincter, pancreatic sphincter, and
ampullary sphincter. Gallbladder wall contains mainly stimulatory (contraction) and the sphincter
of Oddi inhibitory (relaxation) receptors for cholecystokinin. CCK-secreting endocrine cells are
distributed densely in the mucosa of the duodenum [44]

Fig.6.1.2 Distribution of cholecystokinin and
fibroblast growth factor-secreting cells in the
alimentary canal. The cholecystokinin-secreting
cells are concentrated mainly in the duodenum,
jejunum, and proximal ileum. There are no
CCK-secreting cells in the esophagus, stomach,
and intestinal tract beyond the proximal ileum
[4]. Fibroblast growth factor stimulating cells
are distributed mainly in the terminal ileum
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Sjolung et al: Gastroenterology 1983; 85: 1120-30
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the jejunum, and about 5 million cells in the entire ileum [4]. There are no CCK-secreting cells
in the esophagus, stomach, distal ileum, colon, and rectum. The cerebellum and posterior
pituitary gland do not contain any CCK-secreting cells. Two types of hormone-secreting cells
are found in the intestinal mucosa: open endocrine cells and closed endocrine cells. Open
endocrine cells are tall and flask shaped with microvilli along the free border, which enable
direct contact with the digested nutrients passing through the intestinal lumen. Closed endo-
crine cells are basket shaped without any microvilli and do not reach the mucosal surface and
hence have no direct contact with the nutrients passing through the intestinal lumen [6].

Structure

At least five molecular forms of cholecystokinin have been identified. All five are linear-
chain polypeptides, each with a varying number of amino acids in its molecule [3, 7]. The
longer hormones with 33—58 amino acids can be cleaved at different locations to yield
hormones of shorter molecular length. The component that retains the carboxyl terminal
tetrapeptide exhibits most of the biological function of the parent molecule (Fig. 6.1.3).
Component I with more than 40 and component II with 33—39 amino acids in the molecule
are the most abundant forms. ComponentdIII contains 12, component I'V has eight (octa-
peptide or CCK-8), and component V consists of four amino acids. Component V with four
amino acids is the shortest biologically active form.

Structure of CCK

N ILE TYR
AL [GEVES

YS =1
ALA PRO SER GLY ARG VAL

SER

MET

; ILE
SER {
LEU GLN [LEU ASN  LYs

ASP
PRO

SER
HIS ARG [ ILE SER joo

ARG

MET TRP MET TYR ASP
Ns0;H
— CCK-4

|

Fig. 6.1.3 Molecular structure of cholecystokinin. It consists of 33—39 amino acids that can be
cleaved (scissors) at several locations to produce shorter fragments. Amino terminal tetrapeptide
(CCK-4) is necessary for biological actions of the fragments [44]




178 6  Gallbladder, Sphincter of 0ddi, Cholecystokinin, and Opioid Relation

Hormone CCK-8 has been synthesized and is available for clinical use as Sincalide
(Kinevac). The terminal amino acid, phenylalanine, is amidated, and the seventh amino
acid, tyrosine, is sulfated. Sulfation of the amino acid tyrosine is essential for retention of
the biological potency of the hormone. To be biologically active, each component must
possess the carboxy terminal tetrapeptide. When the amino acids are numbered serially
beginning at the carboxyl terminal (CO-NH,) end, the hormonal fragments are called
CCK-4, CCK-8, CCK-12, CCK-33, CCK-39, etc. The molecular weight of CCK-8 is
1,143. Because of its shorter length and lesser mass, CCK-8, on a molar basis, is four to
five times biologically more potent than CCK-33. All five components of CCK are found
in the small intestinal mucosa and the central nervous system. Currently, it is believed
that each component is secreted, in-vivo, by a specific group of CCK-secreting cells.
The concentration of larger components (CCK-33, CCK-39) is higher in the central nervous
system and the gastrointestinal tract, whereas the concentration of smaller components
(CCK-8) is higher in the anterior pituitary gland [5].

Cerulein

Other peptides with a carboxyl terminal tetrapeptide identical to that of CCK also possess a
cholecystokinetic effect. Gastrin and cerulein are two such peptides with an identical car-
boxy terminal tetrapeptide, and both exhibit a cholecystokinetic effect. Cerulein, isolated
first from the skin of an Australian frog, is not found in humans. It closely resembles the
CCK-8 structure and consists of ten amino acids (decapeptide), two more than CCK-8.
The seventh amino acid, tyrosine, is sulfated. The sixth amino acid is threonine in cerulein,
and methionine in CCK-8 (Fig. 6.1.4). Biologically, cerulein is ten times more potent than
CCK-33 on a molar basis, and 47 times more potent on the basis of its net weight. The
molecular weight is 1,352 [8].
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Fig.6.1.4 Structure of CCK-8 and cerulein. Both contain an identical N-terminal tetrapeptide. The
sixth amino acid is methionine in CCK-8 and threonin in cerulein. Both are sulfated on the seventh
amino acid, tyrosine. Cerulein has two amino acids (decapeptide) more than CCK-8. Molecular
weight of CCK-8 = 1,142 and cerulein = 1,352 [32]
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Release of CCK

Cholecystokinin is released into circulation soon after the arrival of food into the duodenum.
Fat is the most potent stimulant of all nutrients. Serum CCK level begins to rise 8~10 min
after a meal and reaches the peak level by 30-60 min [9, 10]. The serum level remains
above the basal level for 2—4 h post- meal, depending upon the nature of food ingested.
The serum half life of CCK is 2.5 min [11].

Receptors

Cholecystokinin acts through two types of receptors, CCK-A (CCK-1) and CCK-B (CCK-2).
CCK-A receptors are distributed predominantly in the smooth muscle of the gut and a few
areas of the brain, and CCK-B receptors are distributed mainly in the brain. The gallbladder
contains mostly CCK-A and the pancreas mostly CCK-B type receptors [12, 13]. These
receptors are located on the surface of the cell and provide easy access to cholecystokinin.
Cholecystokinin binds to CCK-A receptors in the gallbladder smooth muscle and initiates
its contraction and bile emptying immediately. By binding to CCK-B type receptors,
cholecystokinin stimulates pancreatic enzyme and bicarbonate secretion. CCK-B receptors
manifest an inhibitory effect on the motility of the distal colon and pylorus of the stomach,
acting via nitric oxide pathway [14]. Both cholecystokinin and leptin influence eating by
acting on the brain as inhibitory hormones [15]. In humans, plasma cholecystokinin levels
are associated with satiety [16]. Cholecystokinin antagonists (loxiglumide, devazepide,
and TP-680) either block or reverse its actions by competitively binding to CCK receptors.
These antagonists increase appetite, food intake, and weight gain in animals by blocking
CCK brain receptors [17, 18].

Actions of CCK

The stimulation of gallbladder contraction and subsequent bile emptying is one of the most
important and the best known actions of cholecystokinin. Cholecystokinin simultaneously
relaxes the sphincter of Oddi and facilitates smooth passage of bile through it into the duo-
denum [19]. Cholecystokinin also exhibits other biological actions listed in Table 6.1.1.
It increases both the volume and flow of hepatic bile by increasing water secretion by bile
canaliculi and bile ducts. For a short time, it was thought that a separate hormone (pancre-
ozymin), different from CCK, acted on the pancreas to increase its enzyme and bicarbonate
secretion [20]. It is now well recognized that a single hormone, cholecystokinin, is responsible
for both actions: induction of gallbladder contraction and stimulation of pancreatic enzyme
secretion [21]. In the pancreas, both cholecystokinin and secretin bind to the same receptor
and increase enzyme and bicarbonate secretion [22]. Cholecystokinin increases intestinal
peristalsis and promotes antegrade flow of bile and nutrients through the lumen. By inducing
contraction of the pyloric sphincter, CCK prevents duodeno-gastric bile reflux.
Cholecystokinin binds to stimulatory CCK-A receptors in the gallbladder smooth muscle
and initiates its contraction [13]. Simultaneously, it binds to inhibitory receptors in the
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Table 6.1.1 Actions of cholecystokinin

(1) Contracts and empties the gallbladder
(2) Increases pancreatic enzyme and bicarbonate secretion
(3) Relaxes the sphincter of Oddi and lower esophageal junction
(4) Increases secretion of insulin, glucagon, and somatostatin by Islet cells
(5) Contracts the pyloric sphincter, preventing duodeno-gastric bile reflux
(6) Increases hepatic bile secretion
(7) Increases intestinal peristalsis
(8) Increases intestinal blood flow
(9) Suppresses appetite
(10) Relaxation of lower esophageal sphincter.
(11) Protection of gastric mucosa through release of somatostatin
(12) Decreases systolic blood pressure

sphincter of Oddi smooth muscle and promotes its dilatation. These combined, but para-
doxical, actions promote smooth passage of bile from the gallbladder into the duodenum
[23]. CCK-A receptor-rich smooth muscle is distributed mostly in the fundus and body of
the gallbladder. Very few receptors are found in the smooth muscle of the neck and the
cystic duct. When serum CCK level rises above the threshold, the fundus contracts first,
followed by the body. The relaxation of the sphincter of Oddi occurs at the same time,
allowing smooth passage of bile through it [24, 25].

Cholecystokinin and cerulein both act on the same receptors [26—29]. The cystic duct
smooth muscle, which has only a few CCK receptors, does not usually contract, because
its threshold for contraction is set at a much higher level than the threshold for contraction
of the smooth muscle in the body and fundus. When a large bolus dose of CCK-8 is
injected, however, the cystic duct often contracts and prevents gallbladder emptying [30].
In chronic acalculous chronic cholecystitis (cystic duct syndrome), not only is there a
decrease in the total number of CCK receptors in the body and fundus, but also the cystic
duct smooth muscle threshold is lowered, allowing contraction of the body, fundus, and
cystic duct, all at the same time, resulting in non-emptying of the gallbladder [31].

Due to the low serum concentration of cholecystokinin during fasting, most CCK recep-
tors in the smooth muscle are free, facilitating maximum relaxation of the gallbladder wall
and a maximum increase in the tonus of the sphincter of Oddi. Both of these factors acting
together promote preferential hepatic bile entry into the gallbladder during fasting. Upon
CCK release post-meal, these receptors get saturated, initiating contraction of the gallbladder
(stimulatory receptors) with simultaneous relaxation (inhibitory receptors) of the sphincter
of Oddi. The degree of gallbladder bile emptying (ejection fraction) correlates directly
with the total number of CCK receptors in the gallbladder smooth muscle [32].

Dose Response

The degree of gallbladder emptying is dependent both upon the dose rate and duration of
infusion of cholecystokinin or cerulein [33]. The higher the dose is, the greater the degree
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Fig.6.1.5 Dose response curve. The gallbladder ejection fraction increases as the dose of ceruletide
(or CCK-8) increases [32]

of emptying, as long as the administered dose is within the physiological range (Fig. 6.1.5).
The threshold for the beginning of gallbladder contraction and emptying lies between 0.5
and 1.0 ng kg min' of CCK-8 or cerulein. Peak emptying is noted between 3 and 5 ng kg
min' dose [34, 35]. A further increase in CCK-8 dose actually decreases gallbladder
emptying. An infusion of 0.02 pg kg (20 ng kg™!) or 0.04 pug kg!' (40 ng kg™') over a 3-min
period results in an ejection fraction that is much lower than that obtained with 0.01pug kg™
over 3 min (Fig. 6.1.6). The CCK-8 doses listed in Table 6.1.2 are shown to be within the
physiological range and promote smooth contraction and emptying of the gallbladder.
For an identical dose, dose rate, and duration, it appears that ceruletide may be more potent
than CCK-8. For a 3-min infusion of 5 ng kg, the gallbladder mean ejection fraction is
61% with ceruletide and 38% with CCK-8 (Fig. 6.1.6).

Effect of a Large Dose of CCK-8

The dose required during quantitative cholescintigraphy, in general, is found to be much
lower than the hormonal dose recommended in the package insert (Kinevac) by the vendor.
The package insert dose originally was meant for oral cholecystogram or for stimulating
pancreatic enzyme secretion [33]. The recommended dose in the package insert (0.02 ug kg™
or 20 ng kg) often produces abdominal pain and low ejection fraction (Fig. 6.1.7) when
used in control subjects [34-35]. A low ejection fraction response obtained with a larger
dose of CCK-8 is attributed to reaching the cystic duct smooth muscle threshold for
contraction, with the resultant effect of non-emptying of the gallbladder [36-37].
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Fig.6.1.6 Effect of non-physiologic CCK-8 or ceruletide dose on gallbladder emptying. After the
peak response at 5 ng kg 3 min for ceruletide and 10 ng kg!' 3 min for CCK-8, the gallbladder
ejection fraction begins to decrease for any further increase in dose [31]

Table6.1.2 Cholecystokinin-33 (CCK-33), octa-peptide of cholecystokinin (CCK-8), and ceruletide
dose for measurement of gallbladder ejection fraction

Hormone (Ref) Route Dose rate Trade name Manufacturer GBEF (%)

CCK-33 (PI) v 1 IDU/kg/  CCK-33/ Pharmacia Laboratory,

min Kabi Piscataway, NJ
CCK-8 [31] v 10 ng kg! Kinevac Bracco Diagnostics, >35%
3 min Princeton, NJ
Ceruletide [32] IV 5 ng kg Tymtran Adria Laboratory, >40%
3 min Columbus, OH
Ceruletide (PI) IM 300 ngkg!' Tymtran Adria Laboratory -
Columbus, OH

IDU = Ivy dog unit, PI = package insert

Cholecystokinin dual action of antegrade intestinal peristalsis and simultaneous contraction
of the pyloric sphincter normally produces forward bile flow through the intestinal lumen
and prevents duodenal-gastric bile reflux [38—40].
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Fig. 6.1.7 Effect of sequential CCK-8 doses on gallbladder emptying. A 5 ng kg' 3 min CCK-8
dose given sequentially four times on a single occasion, with 30 min between doses, produces
similar ejection fractions. Note that a 20 ng kg 3-min CCK-8 dose given on a different day
produces a lower ejection fraction [38]

Sequential CCK Doses

The gallbladder ejection fraction remains constant for a fixed dose of cholecystokinin or
ceruletide, given on two separate occasions (Fig. 6.1.7). A second identical dose of CCK-8
or ceruletide given 20—30 min after the first dose produces an ejection fraction similar to
that of the first dose. There is neither a potentiation nor inhibition effect from the first dose
when a period of 20-30 min is allowed between doses. A short serum half life of 2.5 min
does not seem to leave any significant residual CCK activity from the first dose to influence
the effect of the second dose [41, 42]. This unique feature enables cholescintigraphy to
study the effect of various drugs on the sphincter of Oddi and the gallbladder after a single
dose of Tc-99 m-HIDA. The dose of CCK-8 (Kinevac, Bracco Laboratory, Princeton, NJ)
and ceruletide (Tymtran, Adria Lab, Columbus, OH) is measured in microgram units, and
cholecystokinin-33 (CCK™, Pharmacia Laboratory, Piscataway, NJ) in Ivy dog units. One
Ivy dog unit is defined as the amount of CCK-33, when injected intravenously over 10-15
s, that raises the pressure within the gallbladder by 1 cm of H,O [43].

Sphincter of 0ddi

Rugero Oddi in 1887 first proposed the sphincter mechanism at the distal end of the common
bile duct that today bears his name [44]. The existence of the sphincter remained controversial
for many years, when Boyden in 1937 put an end to the controversy by showing both macro-
scopic and microscopic details of the sphincter in both animals and humans [45, 46].
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Structure and Function

The human sphincter of Oddi is about 10-15 mm in length, situated within the muscular
layer of the media of the duodenum (Fig. 6.1.1). It consists of three distinct segments:
(1) sphincter choledochus, (2) sphincter pancreaticus, and (3) ampullary sphincter.
The choledochal sphincter covers the distal end of the intraduodenal part of the common
bile duct before it joins with the pancreatic duct (duct of Wirsung). The pancreatic sphinc-
ter is located at the distal end of the pancreatic duct. The ampullary sphincter covers the
distal end of both ducts after they unite to form a single common channel that opens into
the duodenal lumen at an elevation called the ampulla of Vater [46]. The term “sphincter
of Oddi” refers to all three sphincters.

The main function of the sphincter of Oddi is regulation of bile flow through it and
prevention of the reflux of duodenal contents into the common bile duct and pancreatic duct.
Internally, it prevents bile reflux into the pancreatic duct and reflux of pancreatic enzymes
into the common bile duct. In the majority of humans (86%), the distal common bile duct
and the distal pancreatic duct join together, forming a common channel of 10-12 mm length
that opens into the duodenum at the papilla of Vater. In 6% of patients, the two ducts
join together just before opening into the duodenum with a common channel. In the
remaining 8% of patients, the two ducts open separately into the duodenal lumen at the
ampulla of Vater [46]. The sphincter consists of a circular and a longitudinal layer of
muscle. In humans, the entire sphincter is located within the duodenal wall, and the
wall has to be cut opened to expose the sphincter of Oddi for clinical and experimental
studies. In American and the Australian opossums, however, the entire sphincter is situ-
ated outside of the duodenal wall, making it easy to study its function, without any need
to cut open the duodenal wall.

Sphincter Pressure

The basal pressure within the sphincter Oddi is 15-18 mmHg and rises with the arrival
of periodic phasic waves. Phasic waves occur at an average of 4 waves/min, and each
wave lasts for 10-15 s (Fig. 6.1.8). During the passage of a phasic wave, the pressure
within the sphincter of Oddi rises sharply, reaching a peak amplitude as high as 90-140
mmHg [47, 48]. Normally, 80% of phasic waves progress antegrade (towards the duo-
denum), 9% retrograde (towards the liver), and 13% occur simultaneously (Table 6.1.3)
at the proximal, middle, and distal segments of the sphincter. The wave normally
begins proximally and travels distally within the sphincter. The sphincter of Oddi basal
pressure, phasic wave frequency, and direction of propagation remain unchanged after
cholecystectomy. Wide variations in normal sphincter of Oddi pressures reported in the
literature are often due to technical differences among the studies and should be taken
into account when comparing results of one study with the other. Pressure changes
within the sphincter of Oddi remain constant between repeat studies when a standardized
technique is applied [49].
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Fig. 6.1.8 Manometric pressure changes in the common bile duct (CBD) and sphincter of Oddi.
Sphincter of Oddi basal pressure of 15 mmHg raises to as high as 100-150 mmHg at the peak of a
phasic wave. Pressure within common bile duct remains at 15-20 mmHg [46]

Table 6.1.3 Pressure and wave frequency, sequence, and amplitude changes
in a normal sphincter of Oddi [48]

Parameter Median Range
Basal pressure (mmHg) 15 5-35
Wave amplitude (mmHg) 135 95-195
Wave frequency (no/min) 4 2-6
Wave sequence (%):

Antegrade 80 12-100
Simultaneous 13 0-50
Retrograde 9 0-50

Action of Cholecystokinin on the Sphincter of 0ddi

Cholecystokinin acts on the sphincter of Oddi smooth muscle and immediately abolishes
the phasic wave activity (Fig. 6.1.9). The hormone reduces the sphincter of Oddi wave
amplitude and pressure from a peak 130-140 mmHg to less than 10 mmHg pressure and
reduces the wave frequency from four to less than one. Abolition of waves and reduction
in wave amplitude decrease the pressure inside and simultaneously promote dilatation of
the sphincter orifice [50, 51]. Reduction in wave amplitude and frequency reaches the
nadir within 2—4 min after a single bolus injection of CCK-8, and the basal state is reestab-
lished after 8-10 min, reflecting the effect of a short serum half life (2.5 min) of the
hormone [11]. The effect on the sphincter is maintained throughout the duration of infusion
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Effect of CCK-8 on Normal SO
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Fig.6.1.9 Action of CCK-8 on normal sphincter of Oddi. CCK-8 abolishes the phasic waves in the
sphincter of Oddi and increases the number of waves and pressure in the duodenum [46]

of the hormone. The sphincter remains open for 2-3 h post-meal because of the longer
duration of endogenous CCK release.

Gallbladder

The main function of the gallbladder is to store and concentrate (bile salts) bile during
fasting and discharge into the duodenum soon after the arrival of food from the stomach.
A normal gallbladder holds up to 50 ml and empties almost completely following a fatty
meal. Since bile salts are very essential for efficient digestion and absorption of nutrients,
the gallbladder sequesters almost all of them by selectively absorbing water and electro-
lytes through the wall during fasting. Absorption of water takes place through widely open
lateral intercellular spaces between columnar epithelial cells lining the mucosa. Although
several hormones, including cholecystokinin, are known to act on gallbladder contraction
and emptying, until recently not much was known about its filling. A new hormone called
fibroblast growth factor (FGF19) in the portal blood that facilitates gallbladder relaxation
and filling was identified recently [52]. After discharge into the duodenum, bile salts travel
through the jejunum and ileum, helping the digestion and absorption of nutrients. After
absorption in the terminal ileum, bile salts activate nuclear farnesoid X receptor (FXR),
which stimulates the production and release of FGF19 (Fig. 6.2.2). Acting through cyclic
adenosine monophosphate (cAMP), FGF19 promotes gallbladder relaxation, increases its
volume, and facilitates filling [53].

Reduction in gallbladder ejection fraction in patients with biliary dyskinesia is attri-
buted to either a decrease in the total number of receptors in the body and fundus or a
decrease in the threshold for contraction of the CCK receptors in the neck and cystic
duct or both [54, 55]. Because of this phenomenon, it is essential to keep the CCK-8 dose
within the physiological range during quantitative cholescintigraphy in the diagnosis of
biliary dyskinesia. Cholecystokinin antagonists like loxiglumide, devazepide, and TP-680
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decrease gallbladder emptying by competitively occupying the CCK-A receptor in the
gallbladder smooth muscle. Animals given CCK antagonists show a reduction in gallbladder
emptying and an increase in appetite and weight gain [14, 15]. Cholecystokinin protects
gastric mucosal integrity through the release of somatostatin, and it relaxes the lower
esophageal sphincter through activation of CCK-A receptors at the distal end of the esophagus
[56, 57]. Controversy about its action on the pancreas, whether acting on the pancreatic
acinar cells directly or acting indirectly through the vagus nerve (cholinergic), seems to
have been settled in recent studies by using freshly prepared normal human pancreatic
cells. At physiologic concentration, cholecystokinin in humans stimulates enzyme secretion
by pancreatic acinar cells directly through calcium signaling and mitochondrial activation.
Blockade by atropine and tetrodotoxin does not inhibit the direct action [58]. After a
century of trials, some feel that a judgment can now be made about the direct action of
cholecystokinin on the pancreatic acinar cells [59].
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6.2
Opioids

Opioids are the mainstay in the management of moderate to severe intensity pain of diverse
etiology. They are the drugs of first choice for the treatment of postoperative pain. Opioids
are often mixed with other pain medications, including many non-steroidal anti-inflamma-
tory drugs, such as aspirin acetaminophen, and neproxin. Opioids raise the pressure in the
sphincter of Oddi by acting on its smooth muscle and thus interfere with cholecystokinin-
or fatty meal-stimulated gallbladder ejection fractions. The action of many opioids on the
sphincter lasts much longer than their serum half-life would indicate, suggesting that the
metabolites may also possess a constrictive action on the sphincter of Oddi. The interaction
between the opioids and the sphincter of Oddi calls for their careful scrutiny during quan-
titative cholescintigraphy.

History of Opioids

“Opioid” is a generic name that refers to both natural and synthetic compounds with a
morphine-like action. They are derived from the opium plant, which in Greek means juice.
The juice comes from the capsule of the unripe seed of Papaver Somniferum. The milky
juice from the seed is dried and made into opium powder, which contains more than 20
alkaloids. Serturner first isolated a pure substance from this powder in 1806, which
produced somnolence first, followed by a dream state. He called it morphine after the
Greek god of dreams, Morpheus. Codeine was isolated from opium powder in 1832 and
papaverine in 1848 [1]. The analgesic action of all opioids is graded with reference to
morphine, which serves as the gold standard for pain control. Table 6.2.1 shows different
opioids available for pain control and their effect on the sphincter of Oddi.

Biokinetics of Morphine

Morphine consists of an OH group at positions 3 and 6 and a CH, group at 17 (Fig. 6.2.1).
Other opioids differ structurally from morphine by having different chemical substitutions
at positions 3, 6, and 17. Morphine is administered by oral, subcutaneous, intramuscular,
or intravenous routes. Many dermal patches are now available for long-term continuous
application. Intravenous injections are preferred for hospital patients, especially during the
immediate postoperative period. Upon intravenous injection, morphine distributes in an
initial volume of 71.8 1 kg and clears from plasma with biexponential components: com-
ponent I with a half time of 0.16 h and component II with a half time of 2.5 h (Table 6.2.2).
Morphine is metabolized in the liver and converted into morphine glucuronide, which
clears from plasma much more slowly than the parent molecule. About 60% of injected
morphine is excreted in urine in 24 h, and 73% in 3 days. The excretion rate does not
change in patients with cirrhosis of the liver [2].
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Table 6.2.1 Effect of opioids on the sphincter of Oddi. The drugs are grouped under
four major categories into marked, moderate, mild, or no effect based on the extent

of sphincter of Oddi pressure rise

Generic name Proprietary name

Marked rise in sphincter pressure
Morphine
Levorphanol
Meperidine (methadone)

Moderate rise in sphincter pressure
Dextromoramide
Diacetyl morphine
Codeine
Fentanyl
Butorphanol
Nalbuphine
Hydrocodone
Oxycodone
Propoxyphene
Bupremorphine

Mild rise in sphincter pressure
Dextropropoxyphene HCl1
Pentazocine
Phenazocine
Phenoperidine

No effect on the sphincter
Hydroxyzine

Morphine
Dromoran
Demerol

Palfium
Heroin
Codeine
Sublimaze
Stadol
Nubain
Hycodon
Roxicodone
Darvon
Buprenex

Doloxene
Talwin
Norphen
Peridine

Hydroxyzine

Fig.6.2.1 Structure of morphine. Note OH group at
positions 3 and 6 and CH, at position 17. The structure
of other opioids differs mainly in having different
chemical substitution at these positions

Dose

Morphine

A minimum of 0.04 mg kg' of intravenous morphine is recommended during Tc-99
m-HIDA cholescintigraphy [3]. Intravenous doses as large as 15 mg are well tolerated [4].
In adults, a total intravenous dose of 3—4 mg of morphine sulfate is usually adequate
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for confirmation of acute cholecystitis with cholescintigraphy. Liver extracts 60-80% of
morphine on first pass and converts rapidly into a glucuronide form. Because of high
extraction and rapid metabolism in the liver, oral morphine is not as effective as an intra-
venous dose.

Action of Morphine on the Sphincter of Oddi

Morphine acts on the sphincter of Oddi within 2—3 min after an intravenous injection, and
increases the sphincter basal wave frequency from 4 to 10—12 min™ and the wave ampli-
tude from 70 mmHg to 136 mmHg (Fig. 6.2.2). The common bile duct basal pressure
increases from 10 mmHg to 29 mmHg [4]. Low doses increase only the rate and ampli-
tude, whereas higher doses increase basal pressure as well [5]. During a Tc-99 m-HIDA
study, most gallbladders with a patent cystic duct are visualized within 5-15 min after an
intravenous dose of morphine. The effect of morphine on the sphincter of Oddi is mediated
by all types of opioid receptors. Naloxone and atropine slightly modify, but do not completely
abolish the effect of morphine on the sphincter.

Morphine is the most potent of all opioids. The effect of other opioids on the sphincter
of Oddi is a function of their structural configuration (Table 6.2.2). The effect of levorphonol,
dextromoramide, and meperidine on the sphincter of Oddi is equivalent to that of morphine
[6, 7]. Fentanyl, nolbuphine, hydrocodon, propoxyphene, and bupremorphine show a
moderate spasmodic effect on the sphincter. Pentazocine, phenozocine, and phenoperidine
show a mild effect, and hydroxyzine has no effect on the sphincter of Oddi [8].
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Fig. 6.2.2 Effect of morphine on the sphincter of Oddi. Morphine increases both the number and
the amplitude of wave pressure throughout the sphincter of Oddi and forces hepatic bile entry into
the gallbladder when the cystic duct is patent [4]
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Table 6.2.2 Pharmacokinetics of morphine [2]

Initial volume of distribution (1 kg™) 71.8+65.2
Clearance half time of the fast component (h) 0.16 £ 0.1
Clearance half time of the slow component (h) 25+1.5
Plasma protein binding (%) 19.8 £ 6.1
Urinary excretion in 72 h (% dose) 72.9+10.0

Screening for Opioid Intake

Quantitative cholescintigraphy is frequently used in the diagnosis of biliary dyskinesia,
which consists of two disease entities: cystic duct syndrome (CDS) or chronic acalculous
cholecystitis (CAC) and sphincter of Oddi spasm (SOS). The most consistent quantitative
functional abnormality in patients with biliary dyskinesia is a reduction in gallbladder
ejection fraction in the case of cystic duct syndrome and bile reflux into the hepatic duct
followed by a rapid refilling of the gallbladder in the case of sphincter of Oddi spasm [9].
Because of the spasmodic effect on the sphincter of Oddi, it is critical to ensure that the
patient is not on any opioids prior to performing a quantitative cholescintigraphy [10]. This
issue becomes even more complex in outpatients where many patients are unaware that a
non-steroidal anti-inflammatory drug they take for various indications (arthritis, headache,
peptic ulcer, or primary or metastatic cancer) may also contain an opioid. This problem is
relatively easy to recognize in hospitalized patients by careful review of charts for a list of
current medications.

As only about 60-75% of the administered dose of morphine is excreted in 24-72 h
urine, a safe rule is to allow a minimum of 24 h for inpatients and 48 h for outpatients to
be off of opioids before performing a quantitative cholescintigraphy for the diagnosis of
biliary dyskinesia [2]. If the ejection fraction is within normal range in a patient who has
received an opioid, then there is no need to repeat the test. The test should be repeated if
the ejection fraction is low and the patient has received an opioid within the last 48 h.
The ejection fraction measured after discontinuation of an opioid for longer than 48 h often
shows a dramatic increase in value when compared to the value before discontinuation
(Fig. 6.2.3).

Morphine or Cholecystokinin: One, Neither, or Both?

Varieties of protocols are used in the performance of a Tc-99 m HIDA study. The clinical
indication for a Tc-99 m-HIDA study is established first in order to determine when to
give or not to give morphine or cholecystokinin [11, 12]. In patients with suspected acute
cholecystitis, giving morphine before or during cholescintigraphy is appropriate. When the
gallbladder is not seen in the clinical setting of acute cholecystitis, giving morphine at 60
min reduces the total time required for final diagnosis. In a patient with suspected biliary
dyskinesia, however, it is inappropriate to give morphine or cholecystokinin prior to
cholescintigraphy. In suspected biliary dyskinesia, it is better to wait and take delayed
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Fig.6.2.3 Effect of CCK-8 on gallbladder ejection fraction with and without opioids. Note an ejection
fraction of 21.16% while on hydrocodone and a value of 41.88% while off of hydrocodone

images at 2—4 h than to give morphine at 60 min after injection of Tc-99 m-HIDA. If the
gallbladder fills late without morphine, then cholecystokinin is given to measure the gall-
bladder ejection fraction to rule out biliary dyskinesia. Poor emptying of the gallbladder is
a characteristic feature of biliary dyskinesia. The gallbladder also empties poorly in patients
given an opioid (Fig. 6.2.3). Questions often arise about whether one should measure the
ejection fraction with CCK when the gallbladder appears after morphine administration. In
some patients given morphine, the gallbladder empties normally with CCK and thus
excludes biliary dyskinesia [13]. Once the gallbladder ejection fraction reduces below the
normal value, it never regains its normal function unless the reduction was due to prior
opioid administration. Dual studies have confirmed that the ejection fraction is highly
reproducible in both normal subjects and patients with biliary dyskinesia [14].
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Intrahepatic Cholestasis

Cholestasis is retention of bile within the hepatobiliary system resulting in an accumulation
of bile products in the body fluids. It is divided into intrahepatic and extrahepatic types,
depending upon the location of the pathology. Intrahepatic cholestasis is defined traditionally
as bile retention within the hepatocytes, bile canaliculi, cholangioles, small or large bile
ducts down to and including the proximal two thirds of the right hepatic and left hepatic
ducts. Extrahepatic cholestasis is bile stasis due to a pathology located at the distal third of
the right hepatic and left hepatic ducts and beyond, down to and including the sphincter of
Oddi. The previous classification into obstructive and non-obstructive jaundice is no longer
popular clinically [1].

Bile secretion: Formation of bile is an osmotic pressure-dependent uptake and secretory
process that occurs along the basolateral and canalicular domains of the hepatocyte,
respectively. Of a total of approximately 600 ml of bile produced by the liver per day, 450
ml is secreted by the hepatocytes and the remaining 150 ml by cells lining the bile canaliculi
and bile ducts (Chap. 2, Fig. 1). About 50% of bile secreted by the hepatocytes (225 ml) is
bile acid dependent, and the remaining 50% (225 ml) is independent of bile acid secretion.
The uptake of bile acids, non-bile acid organic anions, cations, and other solutes by the hepa-
tocytes from blood in the space of Disse occurs along the basolateral border. Of the
several mechanisms utilized for the solute uptake, Na™-K* ATPase pump, Na"™-BS~ (bile
salt) co-transport, sodium-hydrogen exchange, Na-HCO," symporter, and organic anion
endocytosis play the major roles [2]. Bile salts (taurocholate) are the most important and
abundant solutes in bile. Transport of bile salts from blood into hepatocytes is mediated by
the sodium-taurocholate co-transporter (NTCP) system [3]. ATPase of the basolateral
border regulates the extracellular and intracellular ion concentration gradient [4].

7.1
Imaging with Tc-99m HIDA

Active transport of solutes across the canalicular membrane is the rate-limiting step in the
amount of bile produced per day. The tight junction between the two adjacent hepatocytes
is functionally leaky (a leaky tight junction) and allows passage of water and electrolytes
from blood into the canalicular lumen. The canalicular lumen situated between two adjacent
hepatocytes is about 0.75 um in diameter, and the wall contains microvilli of 500-1,000 nm
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Normal
Normal canaliculus Bile secretion Bile drainage from
into canaliculus canaliculus

Intrahepatic cholestasis

Normal canaliculus Loss of canalicular tone Canalicular dilatation
and bile stasis

Fig.7.1.1 Pathogenesis of intrahepatic cholestasis. Normal canaliculi and microvilli contract and
propel bile forwards. Infections, drugs, and other toxins cause bile stasis by inactivating contractile
function of the bile canaliculi and microvilli

in length and 100 nm in diameter. The canaliculi and their microvilli contract and propel
bile towards larger bile ducts. Secretion of large lipophilic cations (anticancer drugs,
calcium-channel blockers, cyclosporin A, and other drugs) is mediated by a transporter
protein called multidrug-resistance-1 P-glycoprotein (MDR1). Secretion of phosphatidyl-
choline is facilitated by another protein called multidrug-resistance-3 P-glycoprotein,
called MDR3. Transport of organic anions, including bromosulphalein, glucuronides, and
possibly Tc-99m HIDA, across the canalicular membrane is attributed to multidrug
resistance protein 2 (MRP2). Endotoxin lipopolysaccharide induces cholestasis by an
early retrieval followed by down-regulation of MRP2, which moves from the canalicular
membrane to the interior of the cell [5]. Inhibition of contraction of the canalicular wall
and microvilli results in atony and dilatation of the canaliculi, leading to intrahepatic
cholestasis (Fig. 7.1.1). Tc-99m-HIDA is secreted into canalicular bile in free form, without
undergoing any biotransformation during its intracellular transit. This free status can be
confirmed by reinjecting Tc-99m-HIDA-labeled gallbladder bile intravenously into the
same animal, reproducing the original biokinetic parameters [6]. Reduction in uptake and
slow transit through the hepatocytes, and collection in the dilated canaliculi produced a low
hepatic extraction fraction and prolongation of excretion half-time in a Tc-99m HIDA study.

Etiology of Intrahepatic Cholestasis

Three types of injury are recognized as being responsible for cholestasis: (1) direct injury,
(2) immunologic, and (3) cholestatic. These injuries are caused by microorganisms, poisons,
drugs, and metabolic, granulomatous, veno-occlusive, ischemic, and other diseases (Fig. 7.1.2).
The injury may involve the endoplasmic reticulum, lysosomes, mitochondria of the hepato-
cytes or the canalicular cells. In the case of drugs, the injury may be caused directly by the
offending agent or by one of its metabolic products [7].
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Intrahepatic cholestasis

Viral hepatitis ABCDE
Bacterial infection
Fungal infection
Poisons (mushroom)
Metabolic

Hamachromatosis
Wilson's disease
Galactosemia

Alcohol : . -
Cirrhosis o antitrypsin deficiency
TPN

Drugs Ischemia
Veno-occulsive disease Pregnancy
Hormones Radiation
BRIC

CHF

Extrahepatic cholestasis
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Gallstones

Strictures

Parasites

Sphintor of oddi dysfunction
Malignancy

Fig.7.1.2 Location of intrahepatic vs. extrahepatic cholestasis. Intrahepatic cholestasis occurs between
the hepatocyte and the proximal right hepatic and left hepatic ducts. Pathology of the extrahepatic
cholestasis lies between the proximal right hepatic and left hepatic ducts and the sphincter of Oddi

Viral Hepatitis

All types of viral hepatitis (A, B, C, D, E, and G) cause intrahepatic cholestasis, and all
produce an identical image pattern. The diagnosis is usually made by getting a detailed
clinical history and by obtaining a serum hepatitis profile. Bacterial and fungal infections
and toxins (mushroom poisoning) also cause intrahepatic cholestasis primarily by affect-
ing the hepatocytes and cholangioles. The bile secretion rate is reduced, hence bile ducts
and the gallbladder appear late in a Tc-99m HIDA study (Fig. 7.1.3).
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1 HOUR 18 HOUR

Fig.7.1.3 Hepatitis A. Diffuse radiotracer retention with no bile secretion for 1 h in a patient with
hepatitis A. Gallbladder is seen at 18 h, and the intestinal activity has moved away from the field
of view of the gamma camera

Drugs

Drugs are the most common cause of intrahepatic cholestasis, which is classified into two
major types [8]: (1) hypersensitive (exudative) and (2) canalicular. The hypersensitive type
is characterized by fever, anorexia, marked eosinophilia, and increased levels of serum
cholesterol and alkaline phosphatase. The canalicular type is characterized by intense
pruritus, associated with a normal eosinophil count and serum alkaline phosphatase level
[9]. Sulfonamides, quinidine, and allopurinol are incriminated in the hypersensitivity type
of intrahepatic cholestasis. Sex hormones, phenothiazines, antibiotics, (erythromycin),
and nitrofurantoin are common causes of the canalicular type of intrahepatic cholestasis.
The drug or one of its metabolite secreted into bile canaliculi interferes with canalicular
contraction, causing intrahepatic cholestasis [10].

It is estimated that about 2% of hospitalized patients in the USA suffer from some form of
intrahepatic cholestasis related to a prescription drug. Up to 1% of patients receiving chlorpro-
mazine develop intrahepatic cholestasis [9]. Various drugs that cause intrahepatic cholestasis
are listed in Table 7.1.1. Most of the drugs react with cytochrome p450 and undergo conjuga-
tion with glucuronic acid, sulfate, amino acids, or glutathione prior to elimination from the
body. The cytochrome p450 system is under genetic control and produces cytotoxic effects
mainly through formation of electrophiles and free radicals [11, 12]. A detailed drug history
aids in identifying the offending agent responsible for intrahepatic cholestasis. A cholescinti-
graphic image pattern remains non-specific in intrahepatic cholestasis [13].

Metabolic Causes

Hemochromatosis due to iron overload, Wilson’s disease due to copper overload, and fatty
infiltration and deficiency of several enzymes are known metabolic causes of intrahepatic
cholestasis [14, 15].
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Table7.1.1 Localization of drug-induced intrahepatic cholestasis [9]

Hepatocyte (A) Canaliculus (B) Hepatocyte and Ducts (C)
canaliculus (A + B)

Carbon tetrachloride Estrogens Phenytoin Benoxyprofen

Halothane Testosterone Quinidine Ascending
cholangitis

Chloroform Phenothiazine Allopurinol Floxuridine

Amiodarone Erythromycin Butazolidine -

Methyldopa Nitrofurantoin Thiobendozole -

Isoniazide Azathioprine Furasemide -

Ketoconazol Cyclosporin A Sulfonamide -

Acetaminophen Tranquillizers - -

Rifampin Antipsychotic agents - -

Indomethacin - - -

Tetracycline - - -

Valproic acid

Flexin

Novobiocin

Cocaine

Flutamide

Alcoholic Hepatitis

Alcohol is metabolized primarily in the liver and converted into acetaldehyde through
the enzyme alcohol dehydrogenase. Acetaldehyde in turn is converted into acetate by the
enzyme aldehyde dehydrogenase. Each gram of alcohol produces seven calories of energy.
Most of the liver injury from alcohol occurs primarily due to its metabolite, acetaldehyde,
whose accumulation exerts a toxic effect on the plasma membrane, tubulin, and other
cytoskeletons of the hepatocyte [16]. When alcohol intake continues for many years, other toxic
effects are manifested in the form of fatty infiltration, fibrosis, and ultimately cirrhosis of the
liver and portal hypertension.

Primary Biliary Cirrhosis (PBC)

It is a disease of unknown etiology and affects primarily the canaliculi, cholangioles, and
small bile ducts. Clinically, PBC presents with pruritus and malaise accompanied by elevation
of serum liver enzymes and lipoproteins. It is more common in middle-aged women than
men. Serum anti-mitochondrial antibody is found in almost 100% of the patients [17]. Both
planar and SPECT cholescintigraphy with Tc-99m-HIDA shows diffuse parenchymal
retention with uniform prolongation of excretion half time from all regions of the liver.
The extrahepatic biliary tree remains normal, a common feature for all intrahepatic cholestasis.
Cholescintigraphic features enable differentiation of PBC from primary sclerosing cholan-
gitis, where the parenchymal retention is non-uniform [18]. The gallbladder remains normal
in size, but shows a reduction of CCK-8 stimulated ejection fraction. In a middle-aged woman
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with a positive serum antimitochondrial antibody who clinically presents with pruritus and
malaise, a Tc-99m-HIDA study is confirmatory for PBC if it shows a diffuse prolongation
of excretion half time and no obstruction of the extrahepatic biliary tree. A normal extra-
hepatic biliary tree may even preclude the need for a contrast cholangiogram to exclude
primary sclerosing cholangitis, which PBC often clinically mimics [18]. Characteristic
cholescintigraphic features of primary sclerosing cholangitis and primary biliary cirrhosis
enable differentiation between two relatively rare conditions [18, 19].

Benign Recurrent Intrahepatic Cholestasis (BRIC)

BRIC is a rare disorder affecting patients in their 30s and is often found in several members
of the same family. Intense pruritus with elevation of liver enzymes, accompanied by spon-
taneous recovery, is its characteristic feature. The extrahepatic biliary tree is normal [20].
There are no identifiable serum markers for BRIC. The hepatocytes are unable to get rid of
bile acids and other organic anions from the body [21]. Uptake of Tc-99m-HIDA by the
hepatocyte is normal, but secretion into bile is delayed or absent, resulting in nondelineation
of the entire biliary system, often mimicking total acute common bile duct obstruction. The
image pattern appears much like a radiocolloid scan without the spleen.

Total Parenteral Nutrition (TPN)

The major liver enzyme abnormalities in patients with TPN are elevation of gamma
glutamyl transferase, ALT, and alkaline phosphatase. Peak enzyme elevation occurs 1-4
weeks after initiation of TPN. Early pathological changes include fatty infiltration in adults
and intrahepatic cholestasis in children. When TPN is continued for many years,
fibrosis and cirrhosis set in [22]. Uptake of Tc-99m-HIDA by the hepatocyte is maintained,
but secretion is markedly delayed or even absent, mimicking total CBD obstruction.
The gallbladder is often non-visualized [23].

Ischemic Hepatitis

This condition is often due to an acute reversible hypotension or cardiac failure. Following
the ischemic episode there is a rapid rise in aspartate amino transferase and lactic dehydro-
genase, and mild elevation of bilirubin and glucose. Liver enzyme abnormality returns to
normal, usually within 8-10 days [24]. Functional abnormalities tend to be much more
severe in intrahepatic cholestasis than in patients with early partial obstruction of the common
bile duct [25].

Acute Cholangitis

Acute cholangitis clinically presents as a Charcot triad, which consists of fever with
chills, jaundice, and abdominal pain, as described originally by Charcot in 1877 [26].
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Obstruction of the common bile duct first initiates the process and then sustains acute
cholangitis. Obstruction leads to bacterial overgrowth and reflux of infected bile from the
liver into the blood stream. Up to 90% of patients may remain asymptomatic when the
obstruction of the common bile duct is not critical or complete [27, 28]. Charcot triad sets
in mostly when the obstruction becomes complete. Both gram-positive and gram-nega-
tive organisms are found with equal frequency. Serum bilirubin rises above 5 mg% in
more than 50% of the patients. Leucocytosis is frequent (63%), and elevation of serum
amylase occurs in 30% of the patients [29]. Elevation of serum bilirubin above 5 mg% is
a common feature of acute cholangitis, but not of acute cholecystitis (Table 7.1.2).

In the past, choledocholithiasis and postoperative stricture were the most common causes
of acute cholangitis. In series reported prior to 1980, stone or postoperative stricture
accounted for almost 90% of acute cholangitis; now they account for only 26%. Instru-
mentation (ERCP) of the biliary tract is now the most common cause of acute cholangitis
(35%), indicating a shift in the etiology of acute cholangitis in more recent years [29].

Scintigraphic Features of Intrahepatic Cholestasis

Injury to the hepatocyte, bile canaliculi, and small bile ducts produces a nonspecific image
pattern in a Tc-99m-HIDA study. Location of the exact site of injury among these three
cannot be made from the images. An etiologic diagnosis, therefore, requires a thorough
knowledge of clinical presentation, liver function tests, and a serum viral profile for hepatitis.
The diseases that combine the features of both intrahepatic and extrahepatic cholestasis
(e.g., sclerosing cholangitis) have a very characteristic image presentation and often enable
an etiologic diagnosis [18, 19].

Table7.1.2 Clinical and laboratory findings in acute cholangitis vs. acute cholecystitis [29]

Parameter Acute cholangitis Acute cholecystitis
Clinical features:

Mean age (years) 60 50
Male:female 1:1 3:2
Fever (%) 90 90
Chills (%) 75 50
Jaundice (%) 95 30
RUQ pain (%) 80 95
RUQ tenderness (%) 80 95
Laboratory findings:

WBC >10,000 (%) 70 70
WBC >20,000 (%) 10 5
Bilirubin >1.5 mg (%) 95 30
Bilirubin >5.0 mg (%) 55 5
Elevation of alkaline phosphatase (%) 90 40
Increase in SGOT and SGPT (%) 95 50

Increase in serum amylase (%) 35 15
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The dose of Tc-99m-HIDA for imaging is increased to 5 and 10 mCi to compensate for
a decrease in hepatocyte uptake secondary to a high serum bilirubin, which competes with
Tc-99m-HIDA. The hepatic extraction fraction decreases and excretion half time increases
in direct proportion to an elevation of serum bilirubin (Fig. 7.1.4). Delayed images at 4 or
24 h are necessary to show intestinal activity, which establishes patency of the bile duct. In
a patient who presents clinically with a Charcot triad, nonvisualization of the gallbladder
with features of intrahepatic cholestasis in a TC-99m-HIDA study suggests acute cholan-
gitis (Fig. 7.1.5).

LIVER PHASE CONT-‘D
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Fig. 7.1.4 Cholescintigraphic features of intrahepatic cholestasis. Hepatocytes show decreased
extraction and delayed excretion of Tc-99m-HIDA. Images are shown between 20 and 36 min
(a). Hepatic extraction is only 28% (normal, 92-100%), and 7, excretion is 278 min (normal,
11-33 min) (b)
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4HR DELAY

16HR DELAY

Fig.7.1.5 Acute cholangitis secondary to acute cholecystitis. The gallbladder is non-visualized due
to obstruction of the cystic duct, and there is diffuse retention at 4 and 16 h. Common bile duct is
patent and allows bile entry into small intestine
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7.2
Imaging with Tc-99m Galactosyl Human Serum Albumin

Identification of unique asialoglycoprotein (ASGP) receptors on the plasma membrane of
the hepatocyte [1] and introduction of technetium-99m-DTPA-galactosyl-human-serum
albumin (Tc-99m GSA), which binds to it, allow non-invasive functional imaging and quan-
tification. Asialoglycoprotein receptor concentration on the plasma membrane is an indicator
of the functional integrity of the hepatocyte. The quantity of Tc-99m GSA uptake correlates
inversely with blood retention of indocyanin green [2]. Liver uptake of Tc-99 GSA decreases
in patients with chronic hepatitis, cirrhosis, cholangiocarcinoma, hepatocellular cancer,
metastasis, fulminant hepatic failure, and space-occupying benign lesions of the liver [2-5].

Data collection and analysis: Most of the clinical studies reported in the literature are
from Japan, and the agent is not available in most other countries, including the United
States. Functional imaging and quantification require standardization to keep the variables to
a minimum. Patient fasting, which is not necessary during imaging with Tc-99m-S-colloid,
is very essential for imaging with Tc-99m GSA, because the uptake may be variable due to
postprandial hyperperfusion of the GI tract. After 4-6 h of fasting, the patient is positioned
supine underneath a gamma camera (single, double, or a triple head) fitted with a low-energy,
high-resolution, parallel-hole collimator that is positioned anterior to the liver. Sequential
anterior planar images (128 x 128) at one frame per 30 s for 20 min are obtained immediately
afterabolus injection of 5 mCi Tc-99m GSA (185 MBq) into the antecubital vein. Immediately
after the planar images, SPECT data are acquired on a 128 x 128 x 16 computer matrix for
64 stops at 10 s per stop at 5.6° intervals [2]. The spectrometer is set for 140 keV at a 20%
window. The liver uptake index at 15 min is calculated as described in Chap. 5.

Some authors express uptake as hepatic GSA clearance using the Patlak plot method
and generate functional images of clearance [3, 4]. The receptor index decreases in patients
with chronic hepatitis and cirrhosis (Fig. 7.2.1). Since the cells other than the hepatocytes

Receptor index

0 0.2 0.4 0.6 0.8 1
Healthy S
Chronic —%
hepatitis )_|_|
Cirrhosis ‘

Fig.7.2.1 Relationship between Tc-99m GSA receptor index and liver disease. Normal hepatocytes
rich in ASGP receptors show high index. Reduction of Tc-99m GSA receptor index occurs in
patients with chronic hepatitis and cirrhosis of liver [4]. GSA galactosyl human serum albumin
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do not take up any Tc-99m GSA, preoperative imaging allows accurate measurement and
prediction of residual liver function postoperatively after resection of hepatocellular carci-
noma, cholangiocarcinoma, and metastatic liver tumors (Fig. 7.2.2). It is not known at this

Fig.7.2.2 Absence of Tc-99m GSA uptake by tumors. CT with contrast shows dilatation of bile
ducts in the left lobe (a, b, arrow) of a patient with cholangiocarcinoma. T2-weighted MR shows
hyper-intensity of left lobe bile ducts (¢, d, arrow). Liver SPECT shows no uptake of Tc-99m GSA
(e) by the left lobe of. GSA galactosyl human serum albumin [3]
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time if this functional parameter can serve as an ideal marker for end-stage liver disease
and timing of liver transplantation.
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Extrahepatic Cholestasis

Extrahepatic cholestasis is the retention of bile products within the body secondary to a
pathology located outside of the liver parenchyma, usually beyond the middle third of the
right and left hepatic ducts, including the common hepatic and common bile ducts. Causes of
extrahepatic cholestasis can be divided into four major categories depending upon the exact
site of location of the pathologic process: (1) intraluminal, (2) wall thickening, (3) extrinsic
compression, and (4) combined intrahepatic and extrahepatic causes (Table 8.1.1). The mode
of clinical presentation depends very much upon the duration, degree of obstruction, and
exact site of pathology.

Normally, the biliary structures appear in a sequential pattern on a Tc-99m HIDA study;
the right and left hepatic ducts appear first, followed by the common hepatic duct, gallbladder,
common bile duct, and duodenum. Quantitative parameters show the normal hepatic
extraction fraction and excretion half-time (Fig. 8.1.1). Ducts proximal to the right and left
hepatic ducts are not usually seen clearly. They become prominent only when there is
obstruction to bile flow distally.

8.1
Intraluminal Causes

Clinical Presentation

Intraluminal obstruction is usually caused by gallstones, inspissated bile, parasites, blood
clots, or pedunculated tumors arising from the wall (Table 8.1.1). The onset of signs and
symptoms depends upon the degree and duration of obstruction. A patient with acute com-
plete obstruction of the common bile duct usually presents with sudden onset of epigastric
or right upper quadrant pain, which often radiates to the chest, shoulder, or interscapular
region in the back. When complete obstruction persists for longer than 3 days, acute
cholangitis may set in with onset of clinical Charcot triad, which consists of fever with chills,
jaundice, and biliary colic. The time for the serum liver function tests to become abnormal
after the onset of obstruction depends upon the presence or absence of the gallbladder; in
the absence of the gallbladder, the liver function tests become abnormal within 4-6 h,
whereas they may take as long as 48—72 h with an intact gallbladder. In presence of the
gallbladder, the liver function tests become abnormal much earlier when the level of

G.T. Krishnamurthy and S. Krishnamurthy, Nuclear Hepatology, M
DOI 10.1007/978-3-642-00648-7_8, © Springer-Verlag Berlin Heidelberg 2009
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Table 8.1.1 Causes of extrahepatic cholestasis

(1) Intraluminal causes
(a) Gallstones (choledocholithiasis)
(b) Hemobilia (blood clots)
(c) Parasites (round worm)
(d) Inspissated bile or concretions
(e) Miscellaneous causes
Tumor emboli
Papilloma
Adenomyoma
Fibroma
Cystedenoma
(2) Wall thickening
(a) Benign (stricture)
(b) Malignant (cholangiocarcinoma)
(3) Combined intrahepatic and extrahepatic cholestasis
Sclerosing cholangitis
(4) Extrinsic compression

obstruction lies proximal to the junction of the cystic duct with the common hepatic duct
than when the obstruction lies distal to their junction. Patients with partial bile duct obstruc-
tion usually make a benign clinical presentation.

Choledocholithiasis

Formation of gallstones is initiated with secretion of lithogenic bile, which is the first
indication of a breakdown of normal mechanisms responsible for keeping bile solutes in
solution [1]. The majority of gallstones are composed of cholesterol, and few consist of
bile pigments. The stone may form de novo within the common bile duct (primary stone),
or it may originate in the gallbladder or liver and then move down into the common bile
duct (secondary stone). About 85-90% of all stones are secondary, and the rest are primary.
Secondary stones are more common in western China, Hong Kong, and other Asian countries.
In certain ethnic groups, as much as 50% of the CBD stones are primary [2].

Pathophysiology of Bile Duct Obstruction

The pathophysiologic changes that follow bile duct obstruction depend upon several factors,
of which the mode of onset (sudden vs. gradual) and severity (partial vs. complete) are
the most important. Much of our knowledge about post-obstructive pathophysiologic
changes is derived from ligation of the common bile duct in experimental animals.
Following complete ligation of the common bile duct in the rat, the serum alkaline
phosphatase and alanine aminotransferase (ALT) levels begin to rise rapidly within 5 h,
reach peak levels by 20 h, and later begin to decline to reach a steady state by 4 days.
Serum bilirubin begins to rise by 5 h, reaches peak levels by 4 days, and then begins to
decline to reach a new steady state level, which is often set at a much lower level than the
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Fig.8.1.1 Normal cholescintigraphy. Liver shows excellent uptake and excretion of Tc-99 HIDA.
The right hepatic duct and left hepatic ducts, common hepatic duct, and gallbladder are seen early
(top left), followed by the common bile duct and duodenum (top right). Hepatic extraction fraction
(HEF) and excretion values are normal (bottom)

peak. The serum alkaline phosphatase level begins to rise and reach peak levels much earlier
than the serum bilirubin level. The number of bile canaliculi doubles in 5 h and then begins
to decrease after 4 days. The hepatocytes shrink in size and reach a steady state by 2 days.
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Post-obstructive shrinkage of the hepatocytes and swelling of bile canaliculi together lead
to a bile leak into the blood stream [3]. Bile flow decreases to 65% of the basal value when
the pressure within the ducts exceeds 16—17 cm of water, and the bile secretion ceases
completely when the pressure rises above 20-30 cm of water [4, 5].

In piglets, the serum levels of aspartate aminotransferase (AST), ALT, alkaline phosphatase,
total bilirubin, and direct bilirubin more than double by 24 h after ligation of the common bile
duct. Elevation of bile duct pressure occurs much faster than the dilatation of the common
bile duct. Common bile duct pressure rises from a basal 7.2 cm H,O to 19.0 cm H,O, whereas
the duct diameter increases from a basal 5.6 mm to 9.8 mm, and the bile concentration of
ciprofloxacin reduces to one-seventh of the original concentration, emphasizing the impor-
tance of pressure changes on the rate of secretion of bile and bile components [6].

In dogs, liver function tests may remain normal for up to 3 h, but become abnormal by 24 h
following the complete ligation of the common bile duct. The hepatocyte uptake and secretion
into bile of Tc-99m-HIDA continue for up to 3 h post-ligation, enabling cholescintigraphic
delineation of the gallbladder and hepatobiliary tree, proximal to the site of obstruction.
The hepatobiliary tree often simulates features seen in a physiologically tight sphincter of
Oddi, where all of the hepatic bile may be diverted into the gallbladder, and none enters the
duodenum. By 24 h, the hepatocytes continue to concentrate Tc-99m-HIDA, but are unable
to secrete it into bile, which results in total non-visualization of the entire biliary tree [7].
Scintigraphy then appears much like a radiocolloid liver scan without the spleen.

Cholescintigraphic Features of Total Obstruction of the Common Bile Duct

The cholescintigraphic features merely reflect the pathophysiological changes that follow
obstruction of the common bile duct as described above. The normal mean secretory pressure
of the hepatocytes in humans is about 35 cm of water, the mean pressure within the gallbladder
is 10 cm, in the common bile duct (CBD) is 12 cm, and in the sphincter of Oddi is 15 cm
of water [8]. Bile secretion continues at a normal rate as long as all these normal pressure
differentials are maintained. Bile secretion begins to decrease when CBD pressure begins to
rise, and the secretion ceases completely when CBD pressure equals or exceeds the secretory
pressure of the hepatocytes [9]. Normally about 30% of the hepatic bile that enters the duo-
denum during fasting enables cholescintigraphic visualization of the small intestine within
60 min in about 80% of the subjects. In the remaining 20% of normal subjects, the duodenum
is not seen due to entry of all of the hepatic bile into the gallbladder [10—12]. The flow of the
entire hepatic bile into the gallbladder and none into the duodenum during fasting in normal
subjects is simply a reflection of an increase in the tonus of the sphincter of Oddi.

After 6-8 h of fasting, a normal gallbladder is usually filled to its full capacity of 50 ml,
and its ability to accommodate a constant inflow of hepatic bile (about 0.3 ml min™') is due
to absorption of an equal volume of water through the wall. When only the gallbladder is
seen by 60 min, but not the duodenum, the reasons for non-visualization may include a
physiologically tight sphincter of Oddi or a complete obstruction of the common bile duct.
After CCK-8 infusion, the gallbladder contracts and empties bile normally into the duode-
num in the case of a physiologically tight sphincter of Oddi [10], but no bile enters the
duodenum in the case of complete obstruction of the CBD [13, 14].
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Bile Duct Obstruction for Less than 48 Hours (Hyper Acute)

A gallstone dislodged from either the gallbladder or intrahepatic ducts or an acute edema-
tous acute pancreatitis is the most common cause of acute complete obstruction of the
CBD. A dislodged gallstone usually gets trapped just above or within the sphincter of
0ddi, the narrowest part of the CBD. The time interval between the onset of acute CBD
obstruction and cessation of hepatic bile secretion is variable, depending upon the level
(below or above the entrance of the cystic duct into the common hepatic duct), degree
(complete or partial), and presence or absence of the gallbladder. Following acute complete
obstruction of the CBD, the liver continues to secrete bile slowly for 24-48 h. The uptake
of Tc-99m-HIDA remains relatively high (Fig. 8.1.2a), but the secretion slows, resulting
in delayed visualization of biliary structures (Fig. 8.1.2b, ¢). The gallbladder and bile

ANT 62 MIN RT LAT 60

ANT 4.5 HR RT LAT 4.7 HR

Fig.8.1.2 Hyperacute CBD obstruction (less than 48 h). Obstruction of less than 48 h shows excellent
uptake of Te-99m-HIDA by the hepatocytes. Bile secretion is delayed (a). The gallbladder is seen at
4.5 h (b). Cholangiogram confirms obstruction due to stone at distal end of non-dilated CBD (c)
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Fig.8.1.3 Effect of acute complete duct obstruction on functional parameters. In acute obstruction,
hepatic extraction fraction (//EF) remains normal, but excretion half-time increases. Gallbladder
appears late and fills more after CCK-8. There no bile entry into the duodenum

ducts (proximal to the level of obstruction) are seen, but not the duodenum. Quantitative
parameters show a normal hepatic extraction fraction and prolongation of the excretion
half-time (Fig. 8.1.3). Administration of CCK-8 increases bile secretion and flow by the
intrahepatic bile ducts and forces the hepatic bile to enter the gallbladder; also, there is no
bile entry into the duodenum. Due to high pressure in the common bile duct, the gallbladder
fails to empty in response to CCK-8 infusion. Some patients show an immediate bile
flow into the gallbladder, while others may take a few more minutes after CCK-8
(Fig. 8.1.4). Filling of the gallbladder in response to CCK-8 is a physiological paradox and
confirmatory feature for acute total obstruction of the common bile duct. The only other
condition that shows a similar feature is spasm of the sphincter of Oddi (Chap. 10).

Obstruction for More than 48 Hours

Extraction of Tc-99m-HIDA by the hepatocytes is maintained at a relatively high level, but
the secretion into bile ceases completely. Cholescintigraphy obtained after 48 h of obstruc-
tion, therefore, shows good liver uptake without delineation of any of the biliary structures
(Fig. 8.1.5a). Hepatic extraction fraction values in the range of 50-85% are common
between 2 and 5 days, and the values fall below 50% when total obstruction persists for more
than 5 days (Fig. 8.1.5b). Cholescintigraphic images and quantitative parameters accurately
reflect histopathological changes of bile duct obstruction as described above in experimen-
tal animals. In the rat, for example, a mean HEF value of 97% before bile duct ligation
falls to 70% by 2 h and 16% by 48 h after complete ligation of the common bile duct.
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Fig. 8.1.4 Paradoxical filling of the gallbladder. Cholecystokinin administration in patients with
hyperacute complete CBD obstruction increases bile secretion by intrahepatic ducts and forces the
hepatic bile to enter the gallbladder, instead of eliciting its emptying. In patient no. 1, gallbladder
fills in immediately, and it takes few more minutes to fill in patient no. 2. Gallbladder size and
counts increase after CCK-8

Long-standing CBD obstruction ultimately compromises hepatocyte functioning and
results in a low HEF value [15-17].

Both bilirubin and Tc-99m-HIDA share a common organic anion receptor-mediated
endocytosis for uptake by the hepatocyte. When serum levels are high, bilirubin occupies
most of the available receptor sites and blocks the uptake of Tc-99m-HIDA by the hepato-
cytes and produces a low HEF value. Technetium-99m mebrofenin competes with bilirubin
for hepatocyte uptake much better than Tc-99m-labeled diisopropyl IDA (DISIDA),
diethyl IDA, para-isopropyl-IDA (PIPIDA), or para-butyl IDA. The reciprocal relationship
between Tc-99m-HIDA uptake and serum bilirubin level is well documented in both
animal and human studies [17, 18]. In a patient with acute onset of biliary pain, a HEF
value above 65% combined with cessation of bile secretion (non-visualization of the bile
ducts and gallbladder) is a reliable indicator of a pure biliary disease (complete CBD
obstruction), whereas an HEF value below 50% under similar circumstances indicates
accompanying severe hepatocellular damage [19, 20].
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Fig.8.1.5 Complete obstruction of the duct for more than 48 h. There is uptake by the hepatocytes,
but no secretion of the radiotracer into bile. The entire biliary tree and the small intestine are
nonvisualized for up tol8 h (fop). Hepatic extraction fraction (HEF) is reduced to 28% and
excretion half-time shows infinity (bottom)

Partial Obstruction

Patients with a partial bile duct obstruction usually present with mid-abdominal or right
upper quadrant pain. Elevation of serum alkaline phosphatase or gamma glutamyl trans-
ferase is the earliest biochemical abnormality. Cholescintigraphic features of partial CBD
obstruction include normal hepatic extraction fraction, bile stasis in ducts proximal
to obstruction, and prolongation of excretion half-time values (Fig. 8.1.6a). Intestinal acti-
vity may be seen within 60 min or delayed slightly in a few of the patients. Diagnosis of
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Fig. 8.1.6 Partial obstruction of the common bile duct. The uptake of the radiotracer remains
normal, but the excretion is slowed. Common bile duct is poorly visualized. There is bile pooling
in the intrahepatic ducts. The gallbladder and small intestine are seen (fop). Hepatic extraction
fraction (HEF) remains normal, but the excretion half-time increases to 237 min (bottom)

obstruction of the common bile duct can neither be excluded nor confirmed solely on the
basis of the appearance or non-appearance of the duodenum, respectively.

Quantitative parameters indicate the severity of the disease, and an etiological diagnosis
(biliary vs. hepatocellular) is usually made in combination with the image pattern. A mean
HEF value of 94% was obtained in 14 patients with isolated partial CBD obstruction
and a value of 96% in 13 patients with sclerosing cholangitis. In contrast, 14 patients with
cirrhosis had a mean HEF of 60%. Hepatic extraction values below 30% are more common
in patients with Child class C than class A and B cirrhosis [20]. Complete CBD obstruction
of longer than 5-day duration, however, compromises hepatocyte function and lowers HEF
values to levels seen in patients with cirrhosis [15]. Excretion half-time values begin to
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increase immediately after the onset of CBD obstruction and reach values as high as
200-300 min (Fig. 8.1.6b). Many patients with critical obstruction may show only an
up-slope to the curve with T1/2 value of infinity [15, 20]. Cholescintigraphic features of
partial CBD obstruction are non-specific, and an etiological diagnosis (stone vs. stricture)
can be made only in a few of the patients based solely on an image pattern. A gallstone
lodged in the CBD may cause a filling defect with a convex superior border enabling an
etiological diagnosis in a few of the patients [21].

Functional Recovery Pattern

The liver recovers its function rapidly after relief of CBD obstruction. Generally, serum
bilirubin values decline much more rapidly than serum alkaline phosphatase levels, a
feature that is the reverse of what takes place during the onset of obstruction [3]. Serum
bilirubin levels decline by 50% of the preoperative value within 2 days, reach 25% by
1 week, and 10% by 3 weeks (Fig. 8.1.7). By 10 days after the relief of obstruction, the
serum bilirubin level declines to 25%, whereas the alkaline phosphatase level may decline
to only 60% of the preoperative value [9].

Hemobilia

This is a unique name that combines both Greek (haima, meaning blood) and Latin (bilis,
meaning bile) to convey the exact meaning of the pathologic process: a mixture of blood
and bile. Blunt and penetrating liver trauma is the most common cause, followed by iatro-
genic factors secondary to instrumentation or surgery on or around the biliary tract. Liver
biopsy, endoscopic retrograde cholangiopancreatography (ERCP), or transhepatic cholan-
giography is the most common iatrogenic cause [22]. Gunshot injury is becoming a more
common cause in recent years because of the rapid rise in gun-related crimes. Penetrating
injury may rupture an artery or a vein and the accompanying bile duct, establishing a direct
communication between blood and bile.

Parasites

Obstruction of the common bile duct due to parasites is usually caused by migration of the
round worm (Ascaris Lumbricoids) through the sphincter of Oddi. A female round worm is
about 25-35 c¢m in length and 3—6 mm in diameter. A male worm is slightly smaller in size,
measuring 15-30 in length and 2-4 mm in diameter. The upper small intestine is the usual
habitat, and often live worms are passed in the stool. When the worm migrates into the common
bile duct, the usual symptoms of bile duct obstruction (right upper quadrant pain, vomiting,
fever, and jaundice) occur. A history of passing the parasites in the stool is the most helpful
diagnostic clue. Ova are found on the microscopic examination of the stool specimen [23].
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Fig. 8.1.7 Recovery of liver function. After relief of bile duct obstruction, bilirubin level
declines much more rapidly than serum alkaline phosphatase. Serum bilirubin declines to 50%
of preoperative value in 2 days, to 25% value by 1 week, and to less than 10% by 3 weeks.
Alkaline phosphatase level, however, remains above 50% of the preoperation value at the end
of 1 week [8]
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The appearance of a “bull’s eye” sign in an ultrasound study of the common bile duct
suggests a round worm, especially in countries with a high prevalence of ascariasis [24].

Miscellaneous Causes

Tumor emboli from cholangiocarcinoma (near the bifurcation), foreign bodies, inspissated
bile, papilloma, adenomyoma, fibroma, cystedenoma, and giant cell tumors are some of
the rare causes of intraluminal obstruction [25].

Segmental Biliary Obstruction

An intraluminal segmental or lobar bile duct obstruction produces a characteristic scinti-
graphic pattern. Obstruction due to a gallstone is more common in China, Hong Kong, and
other Far Eastern countries than in the western hemisphere [26]. The scintigraphic pattern
depends upon whether the obstruction is partial or complete. In the case of a partial
segmental bile duct obstruction, the uptake and excretion of Tc-99m-HIDA by the hepato-
cytes into hepatic bile continues manifesting a bile pool within the duct, proximal to the
level of obstruction [27]. A focal retention is seen over the involved segment, while the
rest of the normal liver clears most of its radioactivity in the images obtained between
45 and 60 min after injection [28]. In the right lobe, where the segmental ducts are positioned
anterior and posterior, a right lateral view is necessary to identify the obstructed duct. In
the case of the left lobe, where the segmental ducts are positioned medial and lateral, an
anterior view image alone will suffice to identify the obstructed duct. When the segmental or
area duct obstruction is complete and persists for a longer duration, uptake of Tc-99m-HIDA
decrease or ceases completely, resulting in a filling defect.

Measurement of Duct Size on Cholescintigraphy

Measurement of actual duct size from the cholescintigraphic images is prone to inaccuracy
due the effect of specific activity, scatter, and pooling of radiolabeled bile within the biliary
system. An in-vitro experiment (Fig. 8.1.8) clearly illustrates the effect of changing of the
dose or intensity of image settings on duct size. A 4-mm internal diameter tube is mea-
sured in different sizes when the dose and/or intensity settings are changed. High specific
activity hepatic bile in a normal subject or bile pooling within the duct in a patient with
distal bile obstruction increases the photon scatter, depicting the duct as though it is dilated
when in actuality it is not. Ultrasound is far superior for measurement of ductal dilatation.
Cholescintigraphy supplements contrast cholangiopancreatography (ERCP) when it fails
to identify the intrahepatic segmental duct obstruction primarily because of lack of retro-
grade flow of the contrast [26, 29]. Magnetic resonance cholangiopancreatography (MRCP)
is an emerging new technology that may eventually replace ERCP in some patients with
obstruction of the extrahepatic biliary tree. Magnetic resonance does not require any
contrast agent to visualize the bile ducts, but depends upon ductal dilatation to be able to
detect the level of obstruction [30, 31].
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Fig.8.1.8 Effect of bile pooling on duct size. Measurement of duct size from cholescintigraphy is
subject to error due to the effect of the scatter and image intensity (/). Numbers 1—4 denote increase
in radioactivity. A 4-mm internal diameter tube appears at various sizes depending upon activity
and intensity (/) settings
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8.2

Wall Thickening

Wall thickening occurs gradually over weeks or months before causing impediments to
bile flow because of narrowing of the lumen. Wall thickening may be caused by a benign
or malignant cause.
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Table 8.2.1 Causes of benign stricture of the bile duct

(1) Open cholecystectomy
(2) Laparoscopic cholecystectomy
(3) Migrating stones
(4) Ischemia
(5) Hepatic intra-arterial chemotherapy
(6) Radiation
(7) Infection
(8) Chronic pancreatitis
(9) Liver transplantation
(10) Blunt or penetrating trauma

Benign Causes
Stricture

Many conditions that cause benign stricture are listed in Table 8.2.1. Wall injury that leads
to benign stricture occurs more commonly following a diagnostic or therapeutic instrumen-
tation of the biliary tree. Most strictures occur at the middle of the common hepatic duct,
which lies directly across the point of ligation of the cystic duct during an open or laparo-
scopic cholecystectomy [1]. Laparoscopic cholecystectomy, which has almost replaced
open surgical cholecystectomy, is the most common cause of benign stricture [2]. Small
gallstones migrating from either the gallbladder or liver may temporarily lodge in the
common bile duct and cause constant irritation and subsequent stricture formation. Ischemia [3],
infusion of chemotherapy agents [4], infection, radiation [5], chronic pancreatitis [6], and
liver transplantation [7] are other well-established causes of benign stricture.

Pathophysiology

The pathophysiological changes that follow a benign stricture are quite different from
those that occur after an intraluminal obstruction. In contrast to an intraluminal obstruc-
tion, which occurs suddenly, stricture formation takes months or years after the initiating
injury. Post-transplant CBD stricture occurs at or just above the anastomotic site in 10-20%
of patients with liver transplantation. Duct ischemia prior to transplantation is responsible
for the stricture [7]. The cause of benign stricture in non-transplant patients often remains
unknown.

Clinical Features
The clinical presentation of benign stricture often remains vague for many weeks or

months because of its slow progression. Intermittent upper abdominal pain is the most
common presenting symptom. Elevation of serum alkaline phosphatase or transaminase is
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the earliest liver function abnormality, followed by elevation of serum bilirubin, especially
when the stricture becomes critical with dilatation of the bile duct.

Cholescintigraphic Diagnosis

Early in the course of benign stricture, the uptake (HEF) and excretion of Tc-99m-HIDA
by the hepatocytes are maintained within normal range, but the bile flow through the stricture
is reduced (Fig. 8.2.1a). The reduction in bile flow leads to bile stasis within the intra-
hepatic ducts with delineation of the segmental and area ducts (Fig. 8.2.1b). There is an
increase in excretion half-time, which serves as a quantitative measure of the degree of
obstruction (Fig. 8.2.1c). The delay in gallbladder filling may indicate an increase in its intra-
luminal pressure. The distal common bile duct initially shows a smooth tapering towards the
stricture, but this appearance changes when the duct above the stricture dilates (Fig 8.2.1d).

b
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Fig. 8.2.1 Early benign stricture. Liver shows excellent uptake, but slightly delayed secretion of
Tc-99m HIDA into bile (a). Later, there is intense bile pooling within the intrahepatic ducts (b, ¢).
Common bile duct and the gallbladder appear late, indicating high pressure within them. There is
smooth tapering of the CBD towards the stricture (d)



8.2 Wall Thickening 227

The stricture of the common bile duct diverts most of the hepatic bile to enter the gallblad-
der, and very little bile enters the duodenum [8]. The hepatic extraction fraction remains
high in early stricture, but begins to fall when the obstruction becomes severe and persists
for a longer duration [9].

Low extraction fraction with complete cessation of bile secretion occurs in critical
stenosis with serum bilirubin levels above 10 mg% (Fig. 8.2.2.).

4-5 min 60 min

4 hr

HEPATIC HEPATIC HEPATIC

EXTRACT. EXCRET. WUPTARKE

FRACTION T-1/2 T-1/2
NORMALS: (1@8@%)> (11-31) (1. 1-5. @)
RU LOBE 59. 2% 982  7MIN 2. 4MIN
RL LOBE 68. 2% 326. BMIN 4. @MIN
LT LOBE 61 1% 658. SMIN 3. IMIN

Fig.8.2.2 CBD critical stricture. Bile secretion ceases and the bile ducts, gallbladder, and intestine
are not seen even at 24 h (fop). The hepatic extraction decreases and excretion T1/2 increases
(bottom left). Cholangiogram confirms critical stenosis of the common bile duct (bottom right)
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Ultrasound is used frequently for the diagnosis, and its accuracy depends very much upon
the presence or absence of ductal dilatation [10]. A normal common bile duct usually mea-
sures up to 10 mm in diameter, and the ultrasound is unable to detect the stricture when the
dust size remains within the normal range (Fig. 8.2.3). Ultrasound accuracy, however, increases
when the diameter of the common bile duct exceeds 10 mm, serum bilirubin level raise above
10 mg%, and jaundice persists for longer than a week [11]. Dilatation of the extrahepatic ducts
occurs much earlier than dilatation of the intrahepatic ducts, as dictated by the law of Laplace,
which states that the stress is directly proportional to the internal diameter of the tubing [12].
Because of their larger internal diameter, the extrahepatic ducts sustain more stress and dilate
much earlier than the intrahepatic ducts, which are much smaller in size.

Stricture impedes bile flow and reduces gallbladder emptying in response to CCK-8
infusion. There may be prolongation of the latent period with a reduction in gallbladder
ejection fraction [8]. The bile emptied from the gallbladder may reflux into the common
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Fig. 8.2.3 Relationship of common bile duct size with serum bilirubin and duration of jaundice.
There is usually no dilatation of the common bile duct (CBD) with bilirubin levels below 5 mg%;
dilatation occurs when serum bilirubin rises above 10 mg%; dilatation is variable between 5 and
10 mg% (a). Diameter of the CBD increases (b) as the duration of jaundice increases [11]
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hepatic duct and right and left hepatic ducts, instead of flowing forward into the duode-
num. Bile reflux into the common hepatic and right and left hepatic duct is one of a reliable
signs of obstruction and is referred to as Krishnamurthy-Bobba sign [13, 14]. Refluxed bile
reenters the gallbladder immediately after cessation of CCK-8 infusion, and the gallbladder
curve often shows a rapid refilling. In patients with right upper quadrant pain, mild eleva-
tion of serum alkaline phosphatase, and normal bilirubin, cholescintigraphy maintains
a much higher sensitivity for the detection of obstruction than ultrasound. Ultrasound,
however, becomes a preferred modality for diagnosis in cases with high serum bilirubin
and dilatation of ducts [11, 15, 16].

In normal subjects, the mean time of appearance of the common bile duct is 16 min, of the
gallbladder 20 min, and of the duodenum 24 min. The gallbladder ejection fraction of 35% or
higher is obtained in response to a 3-min infusion of 10 ngm kg (3.3 ngm min™! for 3 min)
of CCK-8. The latent period is less than 3 min, and the ejection period is between 8 and 12 min.
The curve over the common bile duct may show a peak corresponding to the second half
of the gallbladder ejection period. The common hepatic duct curve usually does not show
any peak as the bile emptied from the gallbladder flows antegrade through the sphincter of
Oddi and enters the duodenum [17-19]. Because of forward bile entry into the duodenum,
there is no rapid refilling of the gallbladder.

During quantitative cholescintigraphy, patients with bile duct obstruction often experi-
ence a mild to moderate degree of abdominal pain because of either contraction of the
gallbladder or distension of the common bile duct. Pain is experienced mostly during the
gallbladder ejection period. Pain experienced after completion of the gallbladder ejection
is considered non-biliary in origin. Since cholecystokinin increases intestinal peristalsis,
late onset abdominal pain (after the gallbladder ejection period) is considered to indicate
pain of intestinal origin due to increased peristalsis. A precise documentation of the
temporal relationship between the onset of pain and the phase of gallbladder emptying is
essential for defining the exact origin of abdominal pain [20, 21].

Cholescintigraphic Accuracy of Biliary Obstruction

Of a total of 214 patients with well-documented biliary obstruction (Table 8.2.2), choles-
cintigraphy accurately detected obstruction in 200 patients, for a sensitivity of 93%
[12, 19, 22-28]. Differentiation between functional vs. anatomic obstruction is made by
using either amyl nitrite or a calcium channel blocker, nifedapine. These drugs, which
relieve functional but not anatomic obstruction, promote smooth passage of bile only in
case of a functional obstruction [29, 30]. The quantitative cholescintigraphic parameters
are technically simple to measure, reliable, and easily reproducible within and between indi-
viduals and among institutions [31, 32]. Simultaneous quantification provides an objective
parameter that may alter patient management strategy as to the timing of therapy and also
allows later testing for whether or not the chosen therapy has achieved its intended goals.
In most patients, nuclear hepatology studies supplement morphological imaging studies;
however, in patients where functional alterations precede morphological changes, one may
have to depend mostly on the findings of cholescintigraphy [33]. An etiological diagnosis
of biliary obstruction, whether it is intraluminal, wall thickening, or extrinsic compression,
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Table8.2.2 Sensitivity of Tc-99m-HIDA cholescintigraphy in the detection of biliary obstruction

Author (ref.) Number of patients with biliary Obstruction identified with
obstruction cholescintigraphy

Zeman [22] 60 59

Krishnamurthy [19] 14 13

Lecklitner [24] 25 23

Lieberman [26] 19 14

Darweesh [23] 15 10

Brown [12] 14 14

Juni [25] 10 10

Lieberman [27] 13 13

Lee [28] 44 44

Total 214 200 (93%)

often cannot be made from cholescintigraphy alone. An ultrasound, CT ERCP, or MRCP is
required for an etiological diagnosis. An ERCP may be ideal for confirmation of an intralu-
minal obstruction, ultrasound for wall thickening, and CT for an extrinsic compression.

Malignant Causes
Cholangiocarcinoma

Cholangiocarcinoma is the most common malignancy of the biliary system, causing wall
thickening and obstruction to bile flow. Incidence of cholangiocarcinoma appears to have
been rising in recent years, which is partly related to the higher frequency of its detection
by using more sophisticated diagnostic methods [34]. Cholangiocarcinoma occurs more
commonly in the 6th decade of life and affects men more frequently than women in the
ratio of 1.2:1. The proximal common hepatic duct or one or both of'its bifurcating branches
are the most common locations [35]. About 58% of cholangiocarcinomas occur in the
proximal third, 17% in the middle third, 18% in the distal third, and the remaining 7% are
distributed diffusely throughout the common hepatic and common bile duct (Fig. 8.2.4).
The site and frequency of occurrence of cholangiocarcinoma has changed in the more
recent reports, probably reflecting early diagnosis by non-invasive imaging methods and
early confirmation by cholangiopancreatography [36, 37].

(linical Presentation

Presenting symptoms and signs include weight loss, jaundice, and pruritus. Serum bilirubin
levels may fluctuate, but the general trend is one of sustained increase. Patients usually
seek medical attention late in the course of the disease, many after the onset of jaundice.
By this time there is dilatation of the bile duct proximal to the site of cancer, and it is readily
detected on ultrasound or CT examination [38]. Bismuth classifies cholangiocarcinoma
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— 58 % Upper 1/3

— 17% Middle 1/3

— 18% Lower 1/3

7% Diffuse

Fig.8.24 Location of cholangiocarcinoma. Most occur in the common hepatic duct at its bifurcation [37]

I I A B v
Fig.8.2.5 Staging of cholangiocarcinoma. In stage I, only the common duct is involved; both
the right hepatic duct (RHD) and left hepatic duct (LHD) are free of cancer. In stage 11, both the
proximal hepatic duct and distal RHD and LHD are involved. Stage III involves the common
hepatic duct along with either the right hepatic duct (///4) or the left hepatic duct (///B). In stage

1V, entire extrahepatic biliary tree is involved, including both the right and left hepatic ducts along
with their segmental branches

into four types based on its location and extent (Fig. 8.2.5). Type I involves the common
bile duct or the distal common hepatic duct. The proximal common hepatic duct and the
right hepatic and left hepatic ducts are free of cancer. In type 1I, the carcinoma extends up
to the level of the junction of the right and left hepatic ducts, but the proximal part of both
the right and left hepatic ducts are free of cancer. In type III, the cancer involves either the
right hepatic (I1la) or the left hepatic duct (IIIb). One of the lobar ducts is free of cancer.
Type IV extends to both the right and left hepatic ducts and their segmental branches, and
the cancer is unresectable [39].
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Carcinoma of the Ampulla of Vater

Of the 18% of the cholangiocarcinoma arising from the distal third of the common bile
duct (Fig. 8.2.5), 75% are less than 4 mm from the ampulla of Vater [36]. The clinical
presentation of the peri-ampullary cholangiocarcinoma is distinctly different from those
arising from the common hepatic duct and its bifurcation. Periampullary carcinoma pres-
ents more often as painless jaundice. Courvoisier first made the observation in 1890 that a
palpable, painless gallbladder in a patient with jaundice has either a periampullary or a
pancreatic cancer [40]. Periampullary cholangiocarcinoma accounts for less than 1-3% of
obstructive jaundice. The common age group is between 55 and 65 years, with equal prev-
alence between men and women. There is frequent association with primary sclerosing
cholangitis [41].

About 50% of patients with cholangiocarcinoma already have intra-abdominal and
intrahepatic metastases at the time of their first presentation to a clinician [42]. Obstruction
manifests as two types of image pattern on Tc-99m-HIDA study, depending upon the
degree (partial vs. complete obstruction) and duration of obstruction. Early segmental duct
partial obstruction may show a normal or slightly reduced Tc-99m-HIDA uptake with bile
stasis proximal to obstruction [43]. Complete obstruction, however, shows marked reduc-
tion or no uptake at all in the region affected by the tumor [44]. Involvement of the left
hepatic duct, for example, may show no uptake at all over the entire left lobe.

Most patients with cholangiocarcinoma present late, after the onset of jaundice, when
hyperbilirubinemia and ductal dilatation are evident. A typical pattern consists of bile
pooling in the duct proximal to the site of obstruction and increased liver to duodenal transit
time, often as long as 24 h. Multimodality imaging, including ultrasonography, cholescin-
tigraphy, CT, ERCP, and MRCP, are complementary imaging modalities [45]. Biopsy is
required prior to deciding on a definitive therapeutic strategy.

Stent Patency

Placement of a palliative endo-prosthesis to relieve bile duct obstruction due to malignancy
is now a standard treatment [46]. Endo-prosthesis relieves the obstruction promptly and
establishes bile flow immediately. The plastic stents tend to occlude prematurely or move
ferred, and they function much better and for a longer period of time than the plastic variety
[47, 48]. The stent patency is easily documented with Tc-99m-HIDA cholescintigraphy.

Surgery is recommended for early stages. Some prefer surgery even for tumors located
proximally at the bifurcation (Klatskin tumor). Pylorus-preserving partial pancreatoduo-
denectomy or the Kausch-Whipple resection is the preferred surgical procedure [49, 50].
Insertion of an endo-prosthesis is now a popular therapeutic option, especially in the terminal
stage. Migration, infection, and occlusion are frequent complications of the endo-prosthesis.
Recent progress in stent design and improvements in stent insertion techniques have
contributed towards longer duration of stent function, for up to 3—4 months. Occluded
stents are easily replaced, and it is currently not a one-time procedure [51].
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83
Combined Intrahepatic and Extrahepatic Cholestasis (Sclerosing Cholangitis)

By involving both intrahepatic and extrahepatic ducts sequentially, or simultaneously,
sclerosing cholangitis is a typical example of a disease that combines features of both
intrahepatic and extrahepatic cholestasis. Sclerosing cholangitis (SC) is a slowly pro-
gressive disease of unknown etiology characterized by chronic inflammation, fibrosis,
and narrowing of both intrahepatic and extrahepatic ducts at multiple levels [1]. Several
contributing factors have been identified (Table 8.3.1). Multiple strictures with normal
duct in between give the characteristic beaded appearance on the contrast cholangiogram.

Table 8.3.1 Cholescitigraphic features of primary sclerosing cholangitis, isolated common bile
duct obstruction, and primary biliary cirrhosis

Parameter Primary sclerosing Isolated common  Primary biliary
cholangitis bile duct cirrhosis
obstruction

Level of CBD Proximal Distal None
obstruction

Number of obstructions ~ Multiple Single None

Beading of the ducts Common Rare None

Bile pooling proximal to Uncommon Very common Uncommon
obstruction

Cystic duct obstruction ~ Common Rare Rare

Liver clearance half time Marked increase Moderate increase ~ marked increase

Regional variations in Wide variation from  Uniform increase Uniform increase

clearance half time region to region from all regions from all regions.
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The term “primary” is used when all other possible causes of cholangitis have been
excluded. Cholangitis associated with choledocholithiasis, biliary tract surgery, carci-
noma, chemotherapy, or acquired immunodeficiency syndrome (AIDS) is called secondary
sclerosing cholangitis. Only after exclusion of these secondary causes is the term
primary applied.

Primary Sclerosing Cholangitis

Primary sclerosing cholangitis usually affects patients in their 40s, and men more often
(75%) than women [2]. An association with inflammatory bowel disease is found in 75%
of the patients [3, 4]. The clinical onset is insidious, with fatigue, pruritus, and malaise.
Biochemical changes are characterized by moderate elevation of serum alkaline phos-
phatase and mild elevation of alanine amino transferase. Elevation of serum bilirubin is a
late event. Urinary copper excretion is increased [3]. Unlike primary biliary cirrhosis,
there is no specific serological marker for primary sclerosing cholangitis.

Pathophysiology

Histologically, four stages are identified. Stage I represents the initial degenerative changes
in the duct-lining epithelial cells and infiltration by lymphocytes and neutrophils. Stage 11
is characterized by peri-portal necrosis, stage I1I consists of portal to portal fibrous septa
and disappearance of bile ducts, and stage IV represents the end stage with cirrhosis and
onion skin appearance on biopsy, a characteristic histological finding. The cholangiogram
shows a typical beaded appearance of the extrahepatic ducts. Both intrahepatic and extra-
hepatic ducts are involved, but the contrast cholangiogram is often incapable of detecting
the involvement of the intrahepatic ducts [5]. In 100 patients with primary sclerosing
cholangitis, 87% had involvement of both intrahepatic and extrahepatic ducts, 11% had
involvement of only the intrahepatic ducts, and 2% had involvement of only the extrahe-
patic ducts [4].

The disease progresses slowly over 10-15 years before reaching the stage of cirrhosis,
portal hypertension, liver failure, and death. The median survival is 12 years [5]. The
course of the disease is reversible during stage I, may be reversible in stage 11, but is irre-
versible at stages III and IV. The following criteria are required for the diagnosis: (1)
alkaline phosphatase increased by more than 1.5 times the normal amount for at least 6
months and (2) multiple strictures or beading of the ducts on the cholangiogram.
Characteristic planar and SPECT images on Tc-99m-HIDA study may be included as one
of the required criteria [6].

Secondary Sclerosing Cholangitis

Secondary sclerosing cholangitis follows an identifiable cause, such as surgery on the bil-
iary tract, choledocholithiasis, intra-arterial infusions of chemotherapeutic agents [8],
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cholangiocarcinoma [9], acquired immunodeficiency syndrome [10], and congenital bil-
iary abnormalities. The diagnosis of primary sclerosing cholangitis is made only after
excluding all of the above causes. Inflammatory bowel disease (ulcerative colitis or
Crohn’s disease) is now considered an accompaniment of primary sclerosing cholangitis,
and when found either before or in association with cholangitis, the condition is still
labeled primary sclerosing cholangitis. The scintigraphic findings of secondary sclerosing
cholangitis have not been studied as thoroughly as primary sclerosing cholangitis. The ERCP
findings of secondary sclerosing cholangitis are indistinguishable from those of the primary
sclerosing cholangitis.

Cholescintigraphic Diagnosis

Cholescintigraphic planar images are obtained for 60 min with 3—5 mCi of Tc-99m-HIDA.
SPECT images are obtained between 60—90 min [6, 11]. Early planar images (within 10
min) show patchy uptake by the liver (Fig. 8.3.1). Late images show a typical pattern of
beading of the right hepatic, left hepatic, common hepatic, or common bile ducts, depend-
ing upon the extent of the disease (Fig. 8.3.1). The hepatic extraction fraction remains
within the normal range early in the course of the disease and begins to decrease in
advanced stages [6, 11]. The excretion half time increases from the very beginning. Due to
multiple duct involvement at various levels, the excretion half time varies widely from
region to region, often reaching values as high as six to seven times the normal value. The
gallbladder is often not visualized due to obstruction of the cystic duct (Table 8.3.1).

58-60
MIN

Fig. 8.3.1 Sclerosing cholangitis. Planar image shows beading of right hepatic, left hepatic duct,
common hepatic and common bile ducts. Gallbladder is not seen due to obstruction of the cystic duct
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SPECT images show characteristic features of varying parenchymal retention among
the different regions. Liver parenchyma with normal bile ducts shows rapid clearance,
while the parenchyma drained by obstructed bile ducts shows retention, giving the char-
acteristic scintigraphic images (Fig. 8.3.2). The involvement and extent of cholangitis as
indicated by cholescintigraphy may be more critical and much larger than the disease
shown on the contrast cholangiogram. This underestimation of severity and extent by the
cholangiogram is due to the inability of the contrast to enter most of the intrahepatic
ducts. Several features characteristic of primary sclerosing cholangitis that help to dif-
ferentiate it from primary biliary cirrhosis and isolated common bile duct obstruction are
shown in Table 8.3.1. Magnetic resonance cholangiopancreatography is an emerging new
technique that is capable of demonstrating involvement of both intrahepatic and extra-
hepatic ducts [12, 13].

Therapy

The medical therapy for primary sclerosing cholangitis includes such drugs as D-penicillamine,
cyclosporine, methotrexate, corticosteroids, azathioprine, colchicine, or cholesteramine.
Antibiotics are prescribed when there is superimposed infection [5]. Endoscopic stenting
is shown to be safe and effective, and it works for several years until end-stage liver disease
sets in [14]. Liver transplantation is recommended for end-stage liver disease when medical
therapy fails.

s . W

TRANSYERSE CORONAL

Fig.8.3.2 SPECT in sclerosing cholangitis. Transaxial (a) and coronal (b) slices, obtained between
60-90 min, show multiple areas of focal parenchymal retention over the involved ducts along with
regions of complete clearance from ducts not affected
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8.4

Extrinsic Compression

Extrinsic compression of the bile duct can occur at any point along their course from the
small intrahepatic duct to the termination of the common bile duct (Table 8.4.1).
Compression due to an enlarged lymph node occurs more frequently at the porta hepatis
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Table 8.4.1 Causes of bile duct obstruction due to extrinsic compression

(1) Peri-ductal lymph node enlargement
(2) Carcinoma of head of the pancreas
(3) Chronic pancreatitis

(4) Acute edematous pancreatitis

(5) Annular pancreas

(6) Duodenal diverticula

(7) Pseudocyst of the pancreas.

(8) Mirizzi syndrome

1 hr 2.25 hrs 24 Hours

Fig.8.4.1 Extrinsic compression. Common bile duct obstruction because of extrinsic compression
by cancer of the head of the pancreas. Uptake is excellent (/eff). Distal common bile duct ends
abruptly (middle), and the gallbladder is seen late (middle) and does not empty even at 24 h

(right)

where there are many lymph nodes. Lymphosarcoma, reticulum cell sarcoma, and
Hodgkin’s disease account for the majority of such obstructions [1]. Acute edematous
pancreatitis is a frequent cause. Carcinoma of the stomach, pancreas, and gallbladder may
invade the bile duct directly, whereas cancer of other distant organs spreads via a hematog-
enous route [2]. Chronic pancreatitis, which causes obstruction due to thickening of the
intraduodenal portion of the duct wall, may also cause obstruction by an extrinsic com-
pression due to fibrosis around the distal common bile duct [3]. Duodenal diverticulae are
found along the medial duodenal wall, very close to the ampulla of Vater, in about 2% of
patients undergoing barium meal examination [4]. On rare occasions, the ampulla of Vater
may be found within the diverticulum. Acute cholecystitis and acute pancreatitis often
co-exist and cause non-visualization of the gallbladder during a Tc-99m-HIDA study [5,
6]. Non-visualization of the gallbladder in a patient with a marked elevation of serum
lipase or amylase may indicate acute biliary pancreatitis. Elevation of serum lipase and
amylase aids in differentiating pancreatitis from acute cholecystitis. Cancer of the head of
the pancreas is a well-recognized cause of extrinsic compression (Fig 8.4.1).
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Mirizzi Syndrome

This is a rare type of common bile duct obstruction resulting from extrinsic compression
from a large gallstone impaction in the Hartmann’s pouch or at the neck of the gallbladder.
Patients with Mirizzi syndrome usually have a long cystic duct that runs parallel to the
common hepatic duct before joining it to form the common bile duct [7, 8]. Two types of
Mirizzi syndrome are described. Type I Mirizzi syndrome consists of extrinsic compres-
sion of the common hepatic duct by the stone in the gallbladder neck or in Hartmann’s
pouch. In type II Mirizzi syndrome, the stone erodes into the common hepatic duct form-
ing a cholecystocholedochal fistula. Recent studies have shown a role for non-invasive
diagnosis with MR imaging [9]. Laparoscopic cholecystectomy is the preferred initial
approach in uncomplicated cases, and open cholecystectomy is recommended when anom-
alies exist around the Callot triangle [10].
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Diseases of the Gallbladder

Liver and gallbladder diseases are two of the most common digestive system problems
around the world [1]. In the United States, there are about 20.5 million people with gall-
bladder disease, with an estimated annual cost for medical care of more than 6.4 billion
dollars [2]. Gallstones account for the majority of gallbladder problems. Women are affected
two to three times as frequently as men [3]. Race, heredity, gender, age, and obesity are
some of the important known risk factors for gallstones (Table 9.1.1). Between the ages 60
and 74, the prevalence of gallbladder disease is as high as 25.3% in men and 33.1%% in
women (Table 9.1.2), and it is relatively more common among the Mexican Americans
(Table 9.1.3). The highest rate among the Americans is found in the Pima Indians of
Arizona [4]. By the teenage years, as many as 10—13% of Pima Indian girls develop litho-
genic bile, and by 35-44 years, about 71% develop gallstones. Almost 90% of Pima Indian
women over the age of 65 develop gallbladder disease, and the prevalence is much higher
than in Pima Indian men. Such a high prevalence is also found in Mestizo Hispanics of
Chile and the high-altitude rural population of Peru [5, 6]. The incidence of gallbladder
disease varies from country to country; the Italians [7], British [8], Scottish [9], and Swedish
[10] people have a much higher rate than people from other parts of Europe.

Natural history of gallstones: Most gallstones initially remain asymptomatic. The frequency
of pain developing in an asymptomatic gallstone patient is 10 + 3% at end of 5 years,
15 + 4% at 10 years, and 18.4 + 4% at 15 years (Fig. 9.1.1), which remains unchanged at
20 years [11]. Asymptomatic gallstone patients develop biliary pain (become symptomatic)
at an average rate of 2% per year [12, 13]. The frequency of gallstone formation and onset
of biliary pain both increase during pregnancy because of elevation of serum estrogens,
which induce bile stasis, crystallization, and stone growth within the gallbladder. Gallstones
form seven times more frequently in obese women than in non-obese women of compa-
rable age [10]. Stones form more frequently in patients with increased body mass index
and less physical activity than in lean people who maintain vigorous physical activity [14].
Stones smaller than 10 mm in size tend to pass through the cystic duct and common bile
duct spontaneously during or after delivery [15].

Composition of gallstones: Gallstones are generally classified into two main types:
cholesterol and pigment stones [16—18]. The color of the mucosal surface of the gallbladder
depends on the nature of the gallstone composition (Fig. 9.1.2). Cholesterol stones are the
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Table 9.1.1 Risk factors for gallstones

(1) Heredity

(2) Obesity

(3) Gender

(4) Diabetes

(5) Age

(6) Low socioeconomic status

(7) Parity

(8) Pregnancy

(9) Drugs, e.g., somatostatin analogues (octreotide)

Table 9.1.2 Prevalence of gallstones and gallbladder disease in men and women in the United
States [2]

Gallstones Gallbladder disease
Age (years) Men (%) Women (%) Men (%) Women (%)
20-29 1.3 4.4 1.3 6.5
30-39 1.1 5.2 1.9 10.2
40-49 5.9 8.2 7.3 15.7
50-59 7.3 11.9 11.7 25.0
60-74 17.2 16.4 25.8 33.1
Mean 5.5 8.6 7.9 16.6

Table 9.1.3 Effect of gender and ethnicity on the prevalence of gallstones
and gallbladder disease in the United States [2]

Gender, ethnicity Gallstones Gallbladder disease
Men

Whites (non-Hispanics) 5.8 8.6

Blacks (non-Hispanics) 3.9 53

Mexican Americans 6.1 8.9

Women

Whites (non-Hispanics) 8.6 16.6

Blacks (non-Hispanics) 7.9 13.9

Mexican Americans 12.8 26.7

most common, are soft in consistency, and consist of layers of cholesterol alternating with
mucin and glycoproteins (Fig. 9.1.3). Although cholesterol is insoluble in water, it is kept
in solution in bile by the formation of micelles, which are composed of cholesterol, bile
salts, and phospholipids (lecithin). As the bile cholesterol concentration increases, a large
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Fig.9.1.1 Natural history of asymptomatic gallstones. Cumulative probability of onset of biliary
pain in patients with asymptomatic gallstones increases with time: 10 £ 3%, 15 + 4%, 18 + 4%, and
18 + 4%, at the end of 5,10, 15, and 20 years, respectively [11]

Fig. 9.1.2 Gallbladder color. Combination of light-colored cholesterol and dark-colored pigment
crystals and stones may cast different hues on the surface (/eff) and inside of a gallbladder (right)

number of multilayered vesicles and crystals are formed, which aggregate and grow into
large stones [19, 20]. Pigment stones are more common in patients with cirrhosis or chronic
hemolytic anemia. They are black or brown in color, hard in consistency, and contain bili-
rubin or calcium salts [21]. Stones formed within the common bile duct usually belong to
the pigment type. The great majority of gallstones (65-70%) seen on a plain abdominal
X-ray are pigment stones [22].
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Fig. 9.1.3 Gallstone color. Cholesterol stones (/eff) are yellowish and soft, and pigment stones
(right) are dark in color and hard in consistency. Pigment stones have multiple facets

9.1
Chronic Calculous Cholecystitis

Clinical Presentation

Patients with chronic calculous cholecystitis usually present with mild- to moderate-
intensity upper abdominal pain without fever or leucocytosis. They ignore pain in the
beginning and seek medical aid only when pain becomes intolerable. Pain usually
begins 15-30 min after a meal, and this time interval roughly corresponds to the time
taken for the serum endogenous cholecystokinin level to rise above the threshold to
induce gallbladder contraction and emptying. The site of origin and direction of propa-
gation of biliary pain are variable. The most common location is the epigastrium or the
right hypochondrium (Fig. 9.1.4). The pain beginning in the right lower quadrant may
mimic an acute appendicitis, or that beginning on the left side of the abdomen may
simulate gastritis or diverticulitis. The pain may radiate to the chest and shoulder, mim-
icking an anginal attack. The pain deep in the abdomen and radiating to the interscapu-
lar region may simulate an attack of acute pancreatitis [23]. The pain following dinner
usually reaches its peak intensity at midnight [24]. Biliary pain is attributed to distension
of the gallbladder or common bile duct wall when they contract against obstruction to
bile flow. Pain intensity correlates directly with the degree of wall distension [25].
Stones lying free within the gallbladder lumen do not cause pain. Pain is intermittent,
with weeks or months of pain-free intervals between attacks. In a given patient, however,
the pain frequency, duration, and intensity remain constant despite wide variations among
patients [26].
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Fig. 9.1.4 Location and propagation of biliary pain. Epigastrium is the most common location,
followed by the right hypochondrium. The pain may radiate to the chest and shoulder, mimicking
an anginal attack, or to the back, mimicking pancreatitis. Radiation to the lower quadrants of the
abdomen may mimic appendicitis or diverticulitis [22]

Biliary Pain Pathway

The liver and biliary tract receive both somatic and autonomic (sympathetic and parasym-
pathetic) nerve supply. The somatic supply is provided through the thoracic intercostal
nerves from spinal segments T8, 9, and 10, which supply the parietal peritoneum. The
phrenic nerve (cervical third and fourth segments) supplies the diaphragm and the underly-
ing parietal peritoneum and the gallbladder. Pain originating from the gallbladder, bile
ducts, and peritoneum is also carried centrally (afferent) through the branches of the right
phrenic nerve. The axons from the sympathetic preganglionic neurons located in thoracic
spinal segments T7 to T10 travel along the ventral root and the corresponding sympathetic
ganglion to reach the celiac ganglion via the greater and lesser splanchnic nerves.
Postganglionic sympathetic fibers from the celiac ganglion supply the liver and the biliary
tree (Fig.1.1.7, Chap. 1). Biliary tract pain is carried centrally through these afferent sym-
pathetic fibers. Afferent nerve fibers originating from the corresponding somatotomes and
dermatomes join the liver and biliary tract afferent fibers in the spinal cord and serve as a
common channel for referred pain. Afferent fibers cross the midline to enter the opposite
spino-thalamic tract before reaching the thalamus where pain is processed and sent to
higher centers in the cortex.

The parasympathetic nerve supply is via the right and left vagal nerves, which originate
in the medulla. After entering the abdomen, vagal fibers pass through the posterior and
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anterior hepatic plexus before entering the liver, bile ducts, and gallbladder. The parasym-
pathetic branches to the gallbladder and intrahepatic ducts come mainly from the left
(anterior) vagus, and branches to the extrahepatic bile ducts and the sphincter of Oddi
arrive mainly from the right (posterior) vagus. The parasympathetic system supplies the
efferent nerve fibers and controls motor function of the gallbladder, bile ducts, and sphinc-
ter of Oddi. Pain from the gallbladder and common bile duct is referred to the epigastrium,
right hypochondrium, right shoulder, or anterior chest (Fig. 9.1.4).

Histopathologic Features

The gallbladder of patients with chronic cholecystitis is often small in size and consists of
thickening, fibrosis, and microcalcification of the wall. A single large stone or multiple
small stones are common (Fig. 9.1.2). Bile is usually clear, but when it is viscous and con-
tains debris, it settles at the bottom of the fundus of the gallbladder as sludge. The wall
shows chronic inflammation and infiltration with lymphocytes, without any hemorrhage or
necrosis, which are features of acute cholecystitis. The mucous membrane shows ulcer-
ation and scarring. Fibrosis and wall thickening reduce absorption of water through the
wall, which accounted for delayed visualization or non-visualization of the gallbladder in
the days of oral cholecystogram. Yet most of such non-visualized gallbladders in oral
cholecystograms were seen in a Tc-99m-HIDA study, because the entry of even a single
drop of high specific activity hepatic bile enables visualization of the gallbladder in a
cholescintigram.

Diagnosis of Cholelithiasis

Ultrasonography is the diagnostic procedure of choice for detection of gallstones. The
gallstones are hyperechoic and produce an acoustic shadow beyond the wall (Fig. 9.1.5).
A confirmatory diagnosis of cholelithiasis by ultrasound requires demonstration of stone
movement with gravity by taking gallbladder images at several different angles [27]. Often
a calcified polyp may mimic a gallstone by casting an acoustic shadow, but it does not
move with change of patient position. The stones are readily demonstrated in a fully filled
gallbladder, but are often missed when the gallbladder is contracted and small in size,
incompletely filled with bile, or completely filled with stones. Small stones mixed with
sludge settle at the fundus and may fail to produce an acoustic shadow. Bile sludge is a
thick, echo-dense fluid containing mucin, protein, calcium bilirubinate granules, and cho-
lesterol monohydrate crystals [28, 29]. Bile sludge produces an irregular dense echo pattern
within the gallbladder and does not produce an acoustic shadow (Fig. 9.1.6). Sludge for-
mation increases after prolonged fasting or parenteral nutrition, and it usually clears after
a fatty meal. Sludge formed during pregnancy disappears after delivery [15]. The sludge
may collect at the dependent part of the gallbladder in a layered fashion and simulate
settlement of the contrast agent (Fig. 9.1.7). About 15% of gallstones contain enough
calcium to be seen on a plain abdominal X-ray film or on a CT scan [30].



9.1 Chronic Calculous Cholecystitis 249

Fig.9.1.5 Detection of gallstone with the ultrasound. Typically, the gallstone appears as hyperechoic
within an acoustic shadow beyond the wall. Note one stone in the neck and another in the body of
the gallbladder

Fig.9.1.6 Bile sludge. On the ultrasound study the sludge appears as an irregular echo-dense mass
without an acoustic shadow. Also note thickening of the wall
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Fig.9.1.7 Layering of radiocontrast. High-density radiocontrast agent settles at the dependent part
of the gallbladder and appears as a separate layer from bile

Bile Aspiration

When standard imaging procedures fail to show gallstones, duodenal bile aspiration is
performed to demonstrate cholesterol crystals, the forerunner of gallstones. After position-
ing the tip of an orally passed tube in the second part of the duodenum, CCK-8 is infused
intravenously to induce contraction and emptying of the gallbladder. The bile emptied
from the gallbladder into the duodenum is aspirated through the naso-duodenal tube and
examined under the microscope for stones or subjected to biochemical analysis [31]. The
test is relatively invasive and expensive and used mostly for research purposes when all
other simple methods fail to demonstrate gallstones.

Quantitative Cholescintigraphy

Cholescintigraphy is used for measuring gallbladder motor function (ejection fraction) and
for differentiating symptomatic from asymptomatic gallstones by closely monitoring
the temporal relationship between the onset of pain and the phase of gallbladder emptying.
A geometric technique for measurement of gallbladder volume by using an oral cholecysto-
gram was first introduced in 1948 by deSilva [32]. A slightly modified method was adopted
for volume measurement with the ultrasound [33]. Both oral cholecystogram and ultrasound
are geometric methods and require that the gallbladder is of a particular shape (pear) before
contraction and that it maintains that shape during and after contraction. It is widely recognized
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that the gallbladder has many different shapes when it is full and that it changes its shape
to different forms during and after its contraction.

To overcome the theoretical disadvantages of a geometric technique, a counts-based,
non-geometric cholescintigraphic method was introduced in 1981 [34]. The cholescinti-
graphic method does not require that the gallbladder be of a particular shape. Counts origi-
nating from the gallbladder accurately represent the bile volume (see Fig. 5.1.4, Chap. 5).
Emptying is expressed as an ejection fraction by dividing counts emptied by the total
counts before emptying. The technique is highly reproducible either with ingesting a fatty
meal or after intravenous administration of cholecystokinin [35, 36]. The short serum half
life (2.5 min) of cholecystokinin enables measurement of serial ejection fractions by admin-
istering two to four sequential doses of CCK-8 on a single occasion [37]. Such techniques
enable the study of the effect of various drugs on the gallbladder or on the sphincter of
Oddi function (Fig. 6.1.5, Chap. 6).

Cholescintigraphy is usually obtained 6—10 h after fasting (minimum 4 h) to ensure a
maximum tightness of the sphincter of Oddi and maximum relaxation of the gallbladder.
In patients with serum bilirubin less than 2 mg%, a dose of 2-3 mCi (74-111 MBq) of
HIDA will suffice. Larger doses are required in patients with hyperbilirubinemia. During
the first 60 min of data collection (hepatic phase imaging), a relatively larger fraction of
the hepatic bile enters the gallbladder in both normal subjects and patients with gallstones.
A gallbladder count rate of more than 35,000 min' by 30 min and more than 70,000 min~!
by 45 min! is usual with a 5-mCi dose of Tc-99m-HIDA (Table 9.1.4). A gallbladder that
appears early (within 10—15 min) shows a much higher count rate at 60 min (Fig. 9.1.8)
than a gallbladder that visualizes late (between 30 and 60 min). In those 5-10% of the
patients in whom the gallbladder appears late (after S0 min), it is necessary to wait 90 min
to ensure adequate counts within the gallbladder. Variations in the time of appearance and
rate of filling of the gallbladder are common and should be taken into account before
proceeding with quantitative cholescintigraphy [38].

Fatty Meal Stimulation

Gallbladder emptying is under both nervous and hormonal control [39]. Nervous control is
exerted via the cholinergic (vagus) and adrenergic nervous system. Gallbladder emptying
in response to a sham feeding occurs via the cholinergic nerve stimulation and can be
blocked completely with atropine or after vagotomy [40]. Gallbladder emptying after a

Table 9.1.4 Gallbladder counts following intravenous injection of 5 mCi Tc-99-HIDA
in normal subjects and patients with gallstones [34]

Normal subject (n = 15) Gallstone patients (n = 15)
15 min 5,100 =70 4,200 + 60
30 min 40,600 + 520 38,700 £ 490
45 min 75,200 + 680 70,800 + 630

60 min 72,000 £620 78,100 = 710
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Fig. 9.1.8 Normal cholescintigram. Gallbladder, intrahepatic and extrahepatic bile ducts, and
duodenum all appear within 30 min in one patient (/eft), whereas the gallbladder appears by 60 min
in another patient (right). Distal common bile duct has a convex left margin, and the first part of
the duodenum stays closer to the gallbladder

meal, however, occurs predominantly through the release of endogenous cholecystokinin
(hormonal control), while the nervous control plays a minor role.

It can take 10—20 min after a meal for the serum CCK level to rise above a threshold to
induce contraction and emptying of the gallbladder. The mean latent period (time from
fatty meal ingestion to the beginning of gallbladder emptying) is 15.5 min. Post-prandial
serum CCK levels stay above the threshold for 2-3 h post-meal [41, 42], and the gallblad-
der emptying is maintained as long as the serum CCK levels remain above the threshold
for contraction (Fig. 9.1.9).

Effect of Nutrients on Gallbladder Emptying

The degree of gallbladder emptying post-meal is dependent upon various factors, includ-
ing the quality, quantity, total calorie intake, and the proportion of proteins, fats, and car-
bohydrates in the meal. A mean ejection fraction of 82% has been reported with a liquid
meal consisting of 300 ml meritene, 15 ml lipomul with 36 g carbohydrates, 29 g of fats,
and 10 g of proteins, and an ejection fraction of 64% with half-and-half milk [40, 43].
These results clearly show that one must strictly follow the investigator’s protocol, while
adopting values reported in the literature, or must establish local values if a different type
of meal is used.

Causes of Gallbladder Low Ejection Fraction
Many conditions associated with a gallbladder low ejection fraction are listed in Table

9.1.5. A decrease in emptying is attributed to various factors, including wall fibrosis, a
decrease in the total number of CCK receptors in the gallbladder wall, or inactivation of
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Fig. 9.1.9 Relationship between serum cholecystokinin (CCK) level and gallbladder emptying.
Serum CCK level begins to rise soon after a meal, peaks by 10-30 min, and the level is maintained
above the threshold for contraction for more than 90 min. Gallbladder maintains its emptying as
long as the post-prandial serum CCK level remains above the threshold for contraction (modified
from [41])

Table 9.1.5 Causes of gallbladder low ejection fraction

(1) Cystic duct syndrome (chronic acalculous cholecystitis)
(2) Diabetes
(3) Chronic calculous cholecystitis
(4) Obesity
(5) Common bile duct obstruction
(6) Sphincter of Oddi spasm
(7) Opiates
(8) Somatostatin analogues (octreotide)
(9) Anticholinergic drugs (atropine)
(10) Congenital anomalies (septum, bilobed, etc.)

cholecystokinin by anti-cholecystokinin peptides in the serum [44]. The total number of
CCK receptors in the gallbladder smooth muscle shows a direct correlation with the degree
of emptying; the higher the receptor number, the greater is the ejection fraction, and vice
versa [41]. Although a decrease in gallbladder emptying is a common feature of patients
with cholelithiasis, a normal or even an exaggerated emptying has been reported in a few
selected patients with cholelithiasis [45].

A delay in the appearance of the gallbladder or low ejection fraction in response to
CCK stimulation indicates a functional abnormality [46, 47]. The efficiency with which
the wall absorbs water, sodium, and other electrolytes from the lumen is a reflection of
the concentration function of the gallbladder and determines the time of appearance of the
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gallbladder in a Tc-99m-HIDA study. It has been argued in the past whether the abnormal
concentration and contraction functions of the gallbladder precede or follow the develop-
ment of the gallstones. Most of the conditions associated with a decrease in gallbladder
emptying are also associated with a higher incidence of gallstones (Table 9.1.5). Patients
with ulcerative colitis, for example, show a lower gallbladder ejection fraction and a higher
incidence of gallstones when compared to a control group [48]. Treatment with octreotide,
a somatostatin analogue, which decreases gallbladder emptying, also increases the inci-
dence of cholelithiasis and cholecystitis [49]. Octreotide decreases gallbladder emptying
by interfering with the release of both acetylcholine (cholinergic stimulation) and chole-
cystokinin (hormonal stimulation), and also by directly blocking the effect of cholecysto-
kinin on the gallbladder wall [50]. The recent literature, therefore, appears to support the
hypothesis that the functional abnormalities precede the development of gallstones by
months or years.

Some of the investigators suggest using ultrasound for measurement of both the gall-
bladder volume and emptying, and claim that it can substitute cholescintigraphy for mea-
surement of emptying [51]. Ultrasound emptying measurements are subject to error due to
change of shape, shift of axis, and other technical artifacts introduced during contraction
and emptying of the gallbladder. Combining the geometric ultrasound technique for
measurement of the resting volume (after making necessary volume correction) and non-
geometric cholescintigraphy for measurement of gallbladder emptying overcomes many
of the theoretical limitations of a geometric method. Combination offers the best features
of both techniques for evaluation of gallbladder morphology and function [52].
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9.2
Chronic Acalculous Cholecystitis

Chronic acalculous cholecystitis (CAC), also known as cystic duct spasm or cystic duct
syndrome, is one of two diseases that come under the broad category of ‘biliary dyskine-
sia,” the other one being spasm of the sphincter of Oddi (Chap. 10). Biliary dyskinesia is a
purely functional abnormality without an easily identifiable morphologic abnormality. The
term cystic duct syndrome merely indicates the major site of functional abnormality. The
syndrome was first described by Cozzolino et al. in 1961, but did not receive much clinical
recognition until a reliable and easily reproducible diagnostic procedure became available
for measurement of the gallbladder ejection fraction [1].

Clinical Presentation

Patients with chronic acalculous cholecystitis usually present with symptoms very similar
to those with chronic calculous cholecystitis. Intermittent mild to moderate intensity right
upper quadrant or epigastric pain is the most common presenting symptom. Pain begins
30-60 min after a meal and is often associated with nausea and vomiting. Post-prandial pain
after dinner reaches its peak intensity at midnight. Women in their 30s and 40s are affected
three to four times more frequently than men of similar age. The physical examination, liver
function tests, blood counts, and serum amylase and lipase levels are normal. Gallbladder
morphology remains normal, and no gallstones are found within the gallbladder.

Histopathologic Features

Histopathologic abnormalities are confined mostly to the cystic duct. There is kinking and
narrowing of the cystic duct lumen due to thickening and fibrosis of the wall [2]. Adhesion
and angulation of the infundibulum are common. The connection of the cystic duct with
the common hepatic duct normally shows wide variations (Fig. 9.2.1). About 50% of

N7\

50% 18% 33%

Fig.9.2.1 Variations in the union of the cystic duct with the common hepatic duct. The cystic duct
usually joins the common hepatic duct at 45° angle along its right margin (50%). It may pass
behind the common hepatic duct before joining it on the left side (18%). A spiral cystic duct joins
in front in 33% of the patients [3]
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cystic ducts join with the common hepatic duct along its right margin at a 45 degree angle,
18% pass behind the common hepatic duct before joining it along its left margin, and the
remaining 32% show a spiral form before joining the common hepatic duct either in front
or behind [3]. Microscopic examination of the cystic duct shows infiltration with chronic
inflammatory cells, concentric thickening, and fibrosis of the media and adventitia with
narrowing of the duct lumen (Fig. 9.2.2).

Functional Abnormality

The major abnormality pertains to the concentration and contraction functions of the gall-
bladder. Bile aspirated from the duodenum in patients with CAC shows a lower concentra-
tion of bile salts and phospholipids than in normal subjects [4]. Hepatic bile enters the
gallbladder slowly through the narrowed cystic duct. Although the gallbladder may appear
within 30 min in a Tc-99m-HIDA study (Fig. 9.2.3), a delayed appearance (after 40 min)
is more common (Fig. 9.2.4). Some of the gallbladders may take as long as 2—3 h for their
appearance. Late appearance is attributed to delayed and decreased entry of hepatic bile
into the gallbladder primarily due to slow absorption of water and electrolytes through the
wall. Gallbladder low ejection fraction in response to intravenous cholecystokinin or after
a fatty meal ingestion is the characteristic feature. Low ejection fraction is due to a combi-
nation of several factors, of which wall fibrosis, a decrease in the total number of CCK
receptors in the gallbladder wall, and a decrease in the cystic duct threshold for CCK are
considered very important contributing factors (Fig. 9.2.5). A decrease in the cystic duct
threshold with a paradoxical contraction is attributed to an activation of inhibitory CCK
receptors, which induce contraction of the cystic duct instead of normal relaxation [5, 6].

Normal

\
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~

Fig.9.2.2 Cystic duct histopathology in normal subjects and patients with cystic duct syndrome
(CDS). Normal cystic duct wall shows thin mucosa, muscular layer, and adventitia. All three layers
show inflammation and concentric thickening with narrowing of the lumen in CDS
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Fig.9.2.3 Normal bile formation and flow. Bile flow into the gallbladder may remain normal in
some of the patients with cystic duct syndrome. The gallbladder, intrahepatic ducts, extrahepatic
ducts, and small intestine are seen within 40 min. Radioactivity clears almost completely from the
liver and enters the gallbladder at 60 min
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Fig.9.2.4 Delayed gallbladder appearance. Gallbladder that does not appear by 30 min fills in by
60 min with fewer counts than normal. Intrahepatic and extrahepatic ducts are normal
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Fig.9.2.5 Gallbladder cholecystokinin (CCK) receptors in health and disease. A normal gallbladder
rich with CCK receptors produces almost complete emptying, while the gallbladder with chronic
cholecystitis elicits poor emptying because of paucity of CCK receptors

A decrease in the smooth muscle threshold for CCK induces cystic duct contraction before
the contraction of the fundus and body, with subsequent non-emptying of the gallbladder [7].
Unable to empty bile against a spasmodic cystic duct, the gallbladder contracts and assumes
many different shapes, with globular being the most common form. Usually there is no bile
reflux into the common hepatic duct or to the right and left hepatic ducts [8].

During fasting, the serum endogenous cholecystokinin reaches its lowest level, which
promotes the maximum increase in the tone of the sphincter of Oddi and maximum relax-
ation of the gallbladder wall. An increase in sphincter tone raises the sphincter of Oddi
mean basal pressure to 15 cmH,O. The common bile duct and the gallbladder pressure are
maintained at 12 cmH,O and 10 cmH,O, respectively. The pressure differences at these
three levels promote preferential entry of the hepatic bile into the gallbladder as the bile
seeks the path of the least resistance. During cholescintigraphy, Tc-99m-HIDA simply fol-
lows the path taken by the hepatic bile [8].

After 4-6 h of fasting, a normal gallbladder is completely filled to its maximum capacity
of 50 ml, but it continues to receive hepatic bile at the rate of 0.3 min. A completely filled
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gallbladder is able to accommodate an additional 0.3 ml of hepatic bile per minute simply
by absorbing an equal volume of water through the wall. Absorption of water takes place
along the lateral intercellular channels situated between the columnar cells of the mucosa
(see Fig. 2.5, Chap. 2). These lateral intercellular channels are open widely during fasting
when the gallbladder is completely relaxed, but they close tightly when the gallbladder
contracts after a meal. These two factors, an increase in sphincter tone and absorption of
water through the wall, are the primary mechanisms by which the gallbladder sequesters
most bile salts during fasting. The process by which the gallbladder concentrates bile salts
during fasting by selective absorption of water and electrolytes through the wall is called
the concentration function of the gallbladder [9]. The concentration function can be mea-
sured quantitatively and non-invasively with cholescintigraphy using Tc-99m HIDA as
described in Chap 2.

Measurement of Gallbladder Ejection Fraction
Imaging Procedure

The patient preparation and data acquisition and analysis are monitored carefully. The
patient fasts for a minimum of 4 h, preferably for 8-10 h. Detailed drug history is taken to
ensure that the patient is not currently taking any medications that act either on the gall-
bladder or sphincter of Oddi. Opioids, calcium channel blockers, nitrates, sympathetic and
parasympathetic agonists or antagonists, and other drugs that are known to act on the gall-
bladder or the sphincter of Oddi are withdrawn for a day or two before scheduling the
patient for measurement of the gallbladder ejection fraction.

The data are collected with the large field of view gamma camera interfaced to an
online computer in two separate phases: the hepatic phase between 0 and 60 min and
gallbladder phase between 61 and 90 min. The hepatic phase data are collected on a
64 x 64 matrix as one frame per minute for 60 min, following intravenous injection of
2-3 mCi of Tc-99m-HIDA. After ascertaining the adequacy of counts within the gall-
bladder (Table 9.1.4), the gallbladder phase data are acquired. When the gallbladder
appears late and does not contain adequate counts at the end of 60 min, a second dose
of Tc-99m-HIDA is given at 60 min, and the gallbladder phase data collection is
delayed for an additional 30-60 min. This delay ensures adequate counts within the
gallbladder for measurement of the ejection fraction. Images are carefully scrutinized
in cine display to check for superimposition of structures over one another, especially
the superimposition of the gallbladder and duodenal radioactivity. In the supine posi-
tion, the gallbladder fundus lies anteriorly and the neck posteriorly. Small gallstones
often gravitate to the dependent posterior part and settle in the neck, blocking bile
entry into the gallbladder. Changing the patient position to a right lateral decubitus
position or asking the patient to walk for few minutes usually dislodges the stones
from the neck and allows bile entry into the gallbladder. A septum at the neck may
allow filling of the proximal segment and delay entry of radiolabeled bile into the
distal segment (Fig. 9.2.6).
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Fig. 9.2.6 Septa at the neck (S). Bile enters the small proximal segment at the neck first (/ef?)
followed by delayed filling of the body and fundus (right) forming the distal segment (A4).
Ultrasound shows septa at the neck

Gallbladder Phase Data Acquisition and Analysis

This data collection usually occurs between 61 and 90 min after Tc-99m-HIDA injection,
unless there is a delay in filling of the gallbladder [10—12]. If there is a superimposition of
structures during the hepatic phase data collection, the gamma camera angle is changed to
the position that maximally separates the gallbladder from the common bile duct and the
duodenum. When the gallbladder and duodenum are superimposed, drinking a glass of
water moves the duodenal radioactivity away from the gallbladder region of interest [13].
The data are collected at one frame per minute for 30 min. Beginning at 3 min, 3 ng kg"'min™!
of cholecystokinin-8 (sincalide, Bracco Diagnostics Inc., Princeton, NJ) is infused over
10 min through an infusion pump [8, 14].
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Before the test begins, the patient is instructed to raise a hand when pain is experienced
and raise the hand again when pain is relieved. The time of onset and relief of pain are
noted on the gallbladder time/activity curve to critically establish the temporal relationship
between pain and the phase of gallbladder emptying. Biliary pain typically occurs during
the gallbladder ejection period. Pain experienced after the ejection period is considered
non-biliary in origin [8]. Saline may be infused as a placebo prior to cholecystokinin infu-
sion. The gallbladder ejection fraction depends upon various factors, including the dose,
dose rate, and the duration of infusion of sincalide. These variables are controlled strictly
to obtain a consistent result. The gallbladder ejection fraction is calculated using the counts
before and after emptying [14, 15]. The normal gallbladder ejection fraction is 35% and
higher when 3 ng kg min"' CCK-8 is infused over 3 min, and 50% and higher when the
identical dose rate is infused over 10 min. Large bolus doses of sincalide produce a non-
physiological response and should be avoided.

Contraction and emptying of the gallbladder are initiated when sincalide binds to
its receptors located in the smooth muscle, which are distributed irregularly in the
wall (Fig. 9.2.7). The smooth muscle is much thicker in the fundus and neck than in
the body and cystic duct. Cholecystokinin receptors located in the smooth muscle of the

18-20 min
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Fig. 9.2.7 Valentine gallbladder. A bi-lobed gallbladder high in position fills with bile (top left).
Each segment empties at different rate in response to CCK-8 infusion, with a total ejection fraction
of 47.5% (top right). Cholangiogram (bottom) shows the septa in between two segments [18]
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body, fundus, and cystic duct show varied thresholds for contraction. In dogs, for example,
the smooth muscle in the cystic duct shows a much higher threshold (is less sensitive)
than the smooth muscle in the fundus [5]. The cystic duct, therefore, does not contract
when the fundus and body contract in response to a physiologic dose of sincalide. A dose
rate within a physiologic range causes smooth, sustained, and coordinated contraction
and emptying of the gallbladder.

Sincalide Dose

A low ejection fraction is often obtained in normal subjects when a large, non-physiologic
dose rate of sincalide is given rapidly. In the package insert, the manufacturer of sincalide
(Bracco Laboratory, Princeton, NJ) recommends a dose of 0.02 ug kg™ (20 ng kg™!) given
in 30-60 s. The recommended dose in the package insert for sincalide originally was
developed for an oral cholecystogram or for stimulation of pancreatic enzyme secretion.
This dose rate is too large for cholescintigraphy and often causes a low ejection fraction in
normal subjects and should be avoided [7, 16, 17]. An optimal dose rate for cholescintig-
raphy is 3.0 ng kg”! min™! infused over 3 or 10 min. This dose rate (3 ng kg™! min™') is much
lower than the dose recommended in the package insert. Currently, we have standardized
the sincalide dose as 3 ng kg min™' for 10 min and consider GBEF of 50% or greater as
normal. We hope that others will follow this procedure in total such that it becomes a
universal standard. Local normal values should be established when a different sincalide
dose rate or duration of infusion is chosen.

Congenital Abnormalities of the Gallbladder

Congenital folds or septa often cause abnormalities in filling and emptying of the gallblad-
der [18]. An intrahepatic gallbladder may cause a filling defect in the liver in the early
images (within 10 min) that fills later with radiolabeled bile and may not empty normally
in response to CCK because of adhesion of its wall to the liver parenchyma. Often a gall-
bladder is divided into two segments of equal or unequal size (Valentine gallbladder) by a
fold, and each segment may fill differently and empty at different rates in response to sin-
calide (Fig. 9.2.7). An epithelial fold or septa near the neck creates a pouch-like compart-
ment (Hartmann pouch) where gallstones may lodge and delay or prevent bile entry into
the distal compartment (Fig. 9.2.8). Septa in the middle of the gallbladder may allow nor-
mal filling of the proximal segment but delay the filling of the distal segment for 10-15
min. In such instances, only the proximal segment may empty bile normally, while the
distal segment is prevented from emptying by the septa, which acts as a one-way valve
(Fig. 9.2.9). Imaging at a shorter frame rate (one frame/minute) enables easy recognition
of such morphologic variations [19, 20]. Failure to recognize such morphologic abnor-
malities may provide false functional information. The distal segment, which fills late,
may empty bile poorly, while the proximal segment shows a normal ejection fraction. Poor
emptying of the distal segment may promote formation of gallstones. When the shape of
the gallbladder in the anterior view mimics the duodenal loop, a right lateral view helps to
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Fig.9.2.8 Hartmann pouch. Anterior (4nt) and posterior (Post) view cholescintigrams (fop) show
apouch (H) at the neck (Hartmann pouch) of the gallbladder (GB). An ultrasound of the gallbladder
(bottom) confirms the pouch at the neck

separate them (Fig. 9.2.10). The gallbladder projects at the middle of the anterior liver
border, while the common bile duct remains posterior in location. Cholescintigraphy
usually does not show gallstones as a filling defect within the gallbladder due to mixing of
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Fig.9.2.9 Septa in the body of the gallbladder. An ultrasound study shows a prominent septa in the
body (fop left). The proximal segment fills in by 58 min (top right), whereas the distal segment
takes 3 h to fill in the cholescintigram (bottom). After CCK-8, mostly the proximal segment
empties, with a total ejection fraction of 31%

Tc-99m-HIDA with gallbladder bile. A large gallstone, however, may occasionally become
visible within the gallbladder when most of the bile empties in response to CCK-8
(Fig. 9.2.11).

Irritable Bowel

At the end of the hepatic phase imaging (60 min), most of the bile entering the duodenum
moves and collects at the ligament of Trietz, jejunum, and proximal ileum. In a patient
with irritable bowel syndrome, the bile moves much more rapidly through the small and
large bowel, resulting in the visualization of the distal ileum and proximal colon.
Administration of CCK-8 during the gallbladder phase in such patients increases the intes-
tinal peristalsis and moves the bile much further away, resulting in the delineation of the
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Fig. 9.2.10 Curved gallbladder. A comma-shaped gallbladder (GB) may mimic first part of the
duodenum (DU). A right lateral view (RL) helps to visualize the long axis of the gallbladder and
relationship with the common bile duct (CBD)

entire ascending, transverse, and descending colon. This recognition of colon appearance
is essential in separating the biliary from bowel pain (Fig. 9.2.12).

Therapeutic Response to Cholecystectomy

Laparoscopic or open cholecystectomy is the most appropriate therapy for cystic duct
syndrome (Table 9.2.1). Of a total of 320 patients with cystic duct syndrome who under-
went cholecystectomy solely on the basis of a low ejection fraction, 287 patients (90%)
had relief of pain [21-27]. Histopathological examination showed evidence of gallbladder
or cystic duct disease in 285 patients (89%). Such a high therapeutic success rate, however,
is not universal. One report showed pain relief in only 69% of patients with the cystic duct
syndrome [28]. Recent studies have identified Helicobacter DNA in both bile and the
gallbladder wall of patients with chronic cholecystitis, raising the possibilities of an infec-
tion as a forerunner of chronic cholecystitis and of antibiotics having a role in the treatment
[29, 30]. These therapeutic options may add new dimensions to the role of quantitative
functional imaging in the diagnosis and management of patients with various types of
gallbladder disease [31].
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Fig. 9.2.11 Gallstone within the gallbladder. Radiolabeled hepatic bile enters the gallbladder (35
min), surrounds the gallstones, and obscures it (pre-CCK). The stones become obvious as a filling
defect only after CCK-8-induced gallbladder emptying

Table 9.2.1 Cholescintigraphic, histopathologic, and post-cholecystectomy results in patients with
cystic duct syndrome (chronic acalculous cholecystitis)

Authors [Ref] No. of patients with  No. of abnormal No. of patients with
pain and low EF histopathology of post-cholecystectomy
(cholecystectomy) the gallbladder relief of pain

Pickelman et al. [20] 19 11 18

Fink-Bennet et al. 124 115 105

[21]

Zack et al. [22] 59 54 56

Misra et al. [23] 67 60 58

Halverson et al. [24] 12 10 10

Sorenson et al. [25] 11 11 11

Kleiger et al. [26] 28 26 27

Total 320 287 (90%) 285 (89%)

Standardization of Technique

In the literature, many different values have been reported for the post CCK-8 gallbladder
ejection fraction. This wide variation is primarily due to differences in methodology.
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Variations in the dose, dose rate, and duration of infusion of CCK-8 influence the gallblad-
der ejection fraction. Unlike the left ventricular ejection fraction, which is controlled solely
by the ventricle itself through its pace maker, the gallbladder ejection fraction can be
controlled to any desired level simply by controlling the dose, dose rate, and duration of
infusion of CCK-8.

The gallbladder contracts and empties bile as long as the serum cholecystokinin level is
maintained above the threshold level. After cessation of CCK-8 infusion, the gallbladder
emptying continues for an additional 8—12 min and then stops. The emptying resumes upon
CCK-8 reinfusion. One can obtain as many as two to four sequential gallbladder ejection
fractions following a single dose of Tc-99m-HIDA [14]. The CCK-8 contractile receptors
in the cystic duct usually do not respond when the hormonal dose is within the physiologic
limit. Large, non-physiologic doses, however, induce cystic duct contraction with subse-
quent non-emptying of a normal gallbladder [17]. The physiologic dose rate of cck-8
ranges from 1 to 4 ng kg min’'. A steady-state serum cholecystokinin level can be achieved
for 1-2 h by continuously infusing doses as low as 0.3 ng kg min™'. A basal serum chole-
cystokinin level of less than 1 pmol I"! raises to above 4 pmol I'! by 10 min, reaches a peak
level of 6.5 pmol 1" by 30 min, and a steady-state level between 5 and 6 pmol I'! can be
maintained for as long as 70 min! by a constant infusion [16]. Infusion of a smaller dose
over a longer period of time simulates postprandial CCK release and is much more effec-
tive than infusion of a larger dose as a bolus [7, 17].
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9.3
Acute Cholecystitis

Acute cholecystitis is one of the common abdominal emergencies that require immediate
diagnosis and therapy. It usually presents with right upper quadrant pain, fever, and leuco-
cytosis. Since gallstones are found in nearly 10% of all Americans, a mere association
between gallstone and abdominal pain with fever cannot be equated with a diagnosis of
acute cholecystitis [1, 2]. The great majority of gallstones remains silent, and only about
15-20% ever become symptomatic [3]. About 85-90% of acute cholecystitis associated
with gallstones is called acute calculous cholecystitis, and the remaining 10—15% without
gallstones is called acute acalculous cholecystitis [4].

Clinical Presentation

Acute cholecystitis clinically presents as right upper quadrant or epigastric pain and fever,
mimicking other abdominal and lower thoracic acute emergencies (Table 9.3.1). Pain may
radiate to the right shoulder, mediastinum, or lower anterior chest, mimicking an acute
myocardial infarction [S]. The pain radiation to the right lower quadrant may mimic an
acute appendicitis or that radiating to the left lower quadrant may mimic an acute diver-
ticulitis. Pain is due to distension of the inflamed gallbladder wall. On deep inspiration
when the liver moves downwards, the fundus of the gallbladder extends below the right
costal margin and is felt as a soft mass during deep palpation. When the palpating finger
touches the inflamed gallbladder wall, the patient experiences pain and abruptly stops
breathing. This is called Murphy’s sign.

Acute cholecystitis is three to four times more common in women than men, and the
incidence increases with age. The clinical presentation of a calculous or an acalculous
acute cholecystitis is very similar. A combination of fever with chills, right upper quadrant
abdominal tenderness, and clinical jaundice is called Charcot triad. The triad is found more
frequently when acute cholecystitis occurs in association with obstruction of the common
bile duct. The place of maximum tenderness over the gallbladder fundus corresponds to
the point where a line drawn between the left superior iliac spine and umbilicus meets the
right costal margin when the line is extended upwards (Fig 9.3.1). This point also

Table 9.3.1 Differential diagnosis of acute cholecystitis

(1) Acute pancreatitis
(2) Acute hepatitis
(3) Gastritis
(4) Acute appendicitis
(5) Acute cholangitis
(6) Acute nephritis
(7) Angina or acute myocardial infarction
(8) Pleurisy
(9) Right lower lobe pneumonia
(10) Acute diverticulitis
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Fig.9.3.1 Clinical location of the gallbladder fundus and
Murphy’s sign. A straight line drawn between the left anterior
superior iliac spine and the umbilicus points to the fundus of
the gallbladder when extended upwards to meet the right
costal margin. This is also the point of Murphy’s sign

corresponds to the intersection of the lateral border of the right rectus abdominus muscle
with the right ninth costal cartilage. Murphy’s sign is readily elicited by deep palpation at
this point. Clinical presentation of acute cholecystitis is variable and mimics varieties of
other abdominal diseases, and hence, clinical diagnosis alone is not reliable to plan for a
definitive therapy. The accuracy of clinical diagnosis alone ranges from 45 to 77% [6].

Acute cholecystitis is usually accompanied by leucocytosis; about 75% of patients have
more than 10,000 white cells dI". Liver function tests usually remain normal, especially
when the patients present early in the course of the disease. A few of the patients who pres-
ent late may show a mild elevation of serum alkaline phosphatase and transaminase. An
elevation of serum bilirubin indicates a complicated acute cholecystitis, such as acute cho-
langitis or obstruction of the common bile duct.

Pathophysiology

Macroscopic appearance of the gallbladder wall as seen directly by the surgeon just prior
to cholecystectomy may reflect the true pathology much more accurately than the histo-
pathological changes seen under the microscope after laparoscopic cholecystectomy. The
microscopic findings after laparoscopic cholecystectomy may show changes secondary to
tissue damage sustained during surgical manipulation and not necessarily the changes
because of acute cholecystitis.

The histopathologic changes are divided into six evolving stages: (1) edema, (2) con-
gestion, (3) focal necrosis, (4) suppuration, (5) gangrene, and (6) perforation. Edema is the
earliest change initiated by infection or a gallstone impaction in the cystic duct or in
Hartman’s pouch. Edema leads to obstruction of the cystic duct and distension of the
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gallbladder [7]. When the gallbladder distends, the stone may get dislodged and fall back
into the lumen, and the pathologic changes initiated by the stone may then subside com-
pletely with spontaneous recovery. When inflammation and edema of the cystic duct con-
tinue, a full blown picture of acute cholecystitis sets in, and edema extends to involve the
rest of the gallbladder wall. Either wall edema or stone or a combination of both is the most
common cause of obstruction of the cystic duct, which prevents entry of hepatic bile into
the gallbladder, resulting in its non-visualization in a Tc-99m-HIDA study [8]. Acute
inflammation increases the vascularity of the gallbladder wall and infiltration with inflam-
matory cells: neutrophils and monocytes during the acute phase and lymphocytes as it
enters the subacute phase. Edema and infiltration with inflammatory cells produce thicken-
ing of the gallbladder wall, which is seen with ultrasonography [9].

As the focal necrosis progresses and becomes more diffuse, it may lead to the develop-
ment of suppuration and abscess formation. Inflammation from the superior gallbladder
wall, which lies in direct contact with the liver, often spreads to the adjoining liver tissue
and causes edema and pericholecystic fluid collection, manifesting a “rim sign” of acute
cholecystitis on cholescintigraphy [10]. When the necrosis becomes diffuse, the pain
receptors often lose their sensation and produce a negative Murphy’s sign. A negative
Murphy’s sign, therefore, is an ominous feature and calls for an immediate therapeutic
intervention. Necrosis leads to ulceration and occasional perforation and bile leak. Due to
its faraway location from the entrance of the cystic artery, the fundus is more vulnerable to
ischemic necrosis, rupture, and bile leak than the body and neck. When the diagnosis and
treatment of acute cholecystitis are delayed, the incidence of perforation and bile peritoni-
tis increases to as high as 12% [11].

Cholescintigraphic Approach

The patient should fast for a minimum of 4 h, preferably for 8-10 h, but not more than 24 h.
Serum endogenous cholecystokinin reaches its lowest level during fasting, which pro-
motes a maximum increase in the tone of the sphincter of Oddi and maximum relaxation
of the gallbladder wall. A wide basal pressure difference between these two structures dur-
ing fasting promotes preferential bile entry into the gallbladder when the cystic duct is
patent, and Tc-99m-HIDA simply follows the path taken by the hepatic bile [12, 13].

Hepatic Phase Imaging

With the patient in the supine position, a large field of view dual-head gamma camera fitted
with a low-energy all-purpose collimator is positioned anteriorly and posteriorly over the
upper abdomen to cover the entire liver. In patients with a normal bilirubin level, a dose of
2-3 mCi (74-111 MBq) Tc-99m-HIDA is injected intravenously, and the data are acquired
at 1 frame/minute for 60 min. Hypervascularity of the acutely inflamed gallbladder wall
can be demonstrated by obtaining a radionuclide perfusion study by collecting the first
minute data at 1 frame per 2 s [14]. A higher dose (3—6 mCi or 111-222 MBq) is needed
when a perfusion study is desired. After completion of 60 min data collection, the images
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are viewed in cine mode display and reformatted at 2 frames/image and recorded on X-ray
film for interpretation.

Delayed Imaging vs. Morphine Administration

Two options are available when the gallbladder is not seen by 60 min (during hepatic phase
imaging) in a patient with clinically suspected acute cholecystitis. One option is to choose
a delayed imaging protocol by obtaining images at 3—4 h after injection of Tc-99m HIDA,
some times even at 24 h. The other option is to administer morphine (0.04 mg kg™') intra-
venously at 60 min and take images immediately for an additional 30 min (total imaging
time 90 min). In both cases, a second dose of Tc-99m-HIDA (1-3 mCi) is administered if
the radiotracer from the first dose clears almost completely from the liver by 60 min.

The diagnostic sensitivity, specificity, and accuracy of cholescintigraphy using the
delayed imaging protocol vary from 92 to 100% [15-20]. A mean sensitivity of 97%,
specificity of 96%, and accuracy of 97% have been reported from a total of 1,426 patients
from six reports (Table 9.3.2). The major disadvantage of the delayed imaging protocol is
that it simply delays the diagnosis and hence the therapy.

Morphine Dose

The most popular imaging protocol for suspected acute cholecystitis is to administer mor-
phine intravenously at 60 min if the gallbladder is not seen by then. Morphine acts imme-
diately on the sphincter of Oddi and raises the sphincter pressure by increasing the
frequency and amplitude of phasic waves [21]. The usual dose of morphine is 0.04 mg kg,
infused intravenously over 1 min. A standard 70-kg weight patient would require a mini-
mum total dose of 2.8 mg. Since morphine sulfate for intravenous use is packaged in a
2-mg unit dose, it is convenient to dispense a 4-, 6-, or 8-mg dose for adults. When the
cystic duct is patent, morphine increases the sphincter of Oddi pressure and forces the
hepatic bile entry the gallbladder [22—30]. Hepatic bile does not enter the gallbladder, despite

Table 9.3.2 Sensitivity, specificity, and accuracy of Tc-99m —HIDA cholescintigraphy in the diag-
nosis of acute cholecystitis by using a delayed imaging protocol (without using morphine)

Authors (Ref.) No. of patients Sensitivity (%) Specificity (%) Accuracy (%)

Fonseca et al. [15] 113 100 100 100

Freitas et al. [16] 186 97 87 94

Matolo et al. [17] 619 92 97 95

Mauro et al. [18] 95 100 94 96

Szlabick et al. [19] 117 100 98 99

Weissman et al. 296 95 99 98
[20]

Total 1,426 97% 96% 97%
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morphine, if the cystic duct is obstructed, as is the case in patients with acute cholecystitis.
A sensitivity of 96% and a specificity of 94% have been shown with the morphine protocol
(Table 9.3.3). The major advantage of intravenous morphine is that it enables an early
diagnosis, usually within 90 min, allowing the referring physician to plan for an appropri-
ate therapy strategy immediately. The disadvantage of intravenous morphine is its central
sedation. Caution is exercised while giving morphine to outpatients, and the patient is
instructed not to drive for at least 8-10 h after receiving morphine.

Scintigraphic Features of Acute Cholecystitis

Obstruction of the cystic duct is the salient pathophysiologic feature of acute cholecystitis
(Fig. 9.3.2A). The most common cause of cystic duct obstruction is edema of the wall [7, §].
Gallstones, which may initiate inflammation, often fall back into the lumen when the gall-
bladder distends, but the edema continues. A diagnostic test that establishes the status of the
cystic duct (patency or obstruction), therefore, carries a much higher sensitivity and speci-
ficity than other morphology imaging modalities that only show gallstones, wall thickening,
or pericholecystic fluid collection as indicators of acute cholecystitis (Fig. 9.3.2B).
Documentation of the cystic obstruction in an appropriate clinical setting confirms the diag-
nosis of acute cholecystitis with a high degree of certainty [31]. Hypervascularity of an
acutely inflamed gallbladder wall is seen in 72% of patients with acute cholecystitis and can
be shown by including a Tc-99m-HIDA perfusion study as a part of the imaging protocol.
Hypervascularity of the wall correlates with the severity of acute cholecystitis [14, 32].

Pericholecystic Hepatic Retention of Tc-99m-HIDA or “Rim Sign”

An acute inflammation along the superior gallbladder wall often spreads to the adjoining
liver parenchyma, causing focal hepatitis where pericholecystitic hepatocytes show a

Table9.3.3 Sensitivity and specificity of Tc-99m HIDA cholescintigraphy in the diagnosis of acute
cholecystitis with morphine augmentation

Authors (Ref.) Sensitivity Specificity
Choy et al. [22] 23/24 (96%) 35/35 (100%)
Kim et al. [23] 11/11 (100%) 18/18 (100%)
Keslar et al. [24] 19/19 (100%) 12/12 (100%)
Mehta et al. [25] 18/18 (100%) 13/13 (100%)
Vasquez et al. [26] 10/10 (100%) 22/26 (85%)
Fig et al. [27] 12/12 (100%) 14/17 (96%)
Kistler et al. [28] 13/14 (93%) 14/18 (78%)
Fink-Bennett et al. [29] 35/36 (97%) 115/117 (98%)
Kim et al. [30] 24/28 (86%) 15/17 (88%)

Total 165/172 (96%) 258/273 (94%)
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Fig. 9.3.2 Acute cholecystitis. Cholescintigraphic non-visualization of the gallbladder due to
obstruction of the cystic duct is the most characteristic feature. Liver shows normal uptake
excretion and the bile enters the duodenum (a). Ultrasound shows gallstones in the neck and
thickening of the gallbladder wall (b)

normal pattern of uptake, but a delayed excretion of Tc-99m-HIDA relative to the hepato-
cytes far away from the gallbladder, manifesting a thin strip of increased radioactivity
along the gallbladder fossa in the late images (Fig. 9.3.3A). This is called a “rim sign” [33].
The spread of infection from the gallbladder wall into the adjacent liver tissue takes place
via a special set of bile ducts called the “aberrant ducts of Luschka” [34]. These aberrant
ducts connect the pericholecystic hepatocytes with the adventia of the gallbladder wall
where they end blindly (Fig. 9.3.3B). An increase in intraluminal pressure because of
inflammation produces pseudo-diverticulum in the gallbladder wall. Microorganisms from
the superior gallbladder wall travel along these aberrant channels and pseudo-diverticulum
and infect the hepatocytes and Kupffer cells of liver parenchyma.

On histopathological examination, the liver tissue from the rim sign region shows
edema, sinusoidal congestion, hyperplasia of Kupffer cells, and obliteration of the canalicular
lumen, impeding bile flow from the rim sign region [35]. Rim sign is found in 34—-60% of
patients with acute cholecystitis. Despite a strong positive predictive value, the rim sign
alone does not carry a high enough specificity for acute cholecystitis to terminate choles-
cintigraphy at 60 min when the gallbladder is not seen. Morphine augmentation is necessary
to increase the sensitivity, specificity, and overall diagnostic certainty (Table 9.3.3) before
planning for a definitive therapeutic strategy [36]. Gangrene, abscess, and perforation of
the gallbladder wall with bile leak are some of the complications of acute cholecystitis [37, 38].
Among patients with a definite rim sign, the frequency of complication is often as high as
45%. A gangrenous acute cholecystitis on the ultrasound study shows an edematous wall
with thick sludge or pus within the gallbladder (Fig. 9.3.4).
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Fig. 9.3.3 Rim sign of acute cholecystitis. Hepatocytes adjacent to the superior gallbladder wall
show normal uptake, but a delayed excretion of Tc-99m-HIDA, resulting in a thin rim of increased
radioactivity (arrow) along the gallbladder fossa (a). The gallbladder infection spreads to the liver
via the aberrant bile ducts (Luschka) and inflammatory pseudo diverticulum (b), which end blindly
in the adventia of the gallbladder wall [34]
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Fig. 9.3.4 Gangrenous acute cholecystitis. Ultrasound shows edematous gallbladder wall, and the
lumen contains hyper-echoic pus or bile sludge

Gallbladder Pre-Emptying with CCK

Some advocate intravenous cholecystokinin with the notion that pre-emptying, prior to
cholescintigraphy, facilitates rapid gallbladder filling when the cystic duct is patent.
Administration of cholecystokinin prior to cholescintigraphy is counterproductive physio-
logically as it creates conditions that are just the opposite of what is required for diversion
of hepatic bile into the gallbladder. By stimulating contraction of the gallbladder and relax-
ation of the sphincter of Oddi, cholecystokinin promotes free bile flow directly into the
duodenum (Chap. 6). Comparison of studies with and without CCK-8 pre-emptying shows
a much lower specificity for studies obtained with a CCK-8 pre-emptying protocol. The
specificity of cholescintigraphy without CCK-8 pre-emptying is 94%, in contrast to 81%
with a CCK-8 pre-emptying protocol. Pre-emptying with CCK-8, however, does not alter
the sensitivity (94%) of cholescintigraphy [39]. In a study of 86 patients using a CCK-8 pre-
emptying protocol, the gallbladder did not visualize by 60 min in 43 patients. In 18 of these
43 patients, the gallbladder filled in only after the use of intravenous morphine, indicating
the necessity of maximizing the tonus of the sphincter of Oddi prior to cholescintigraphy
[40]. Pre-emptying is appropriate in patients on hyperalimentation or those who have waited
for longer than 24 h (Fig. 9.3.5).
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Fig.9.3.5 Protocol for Tc-99m-HIDA study. Four-hour fasting is the minimum, 8§—10 h is ideal, and
more than 24 h fasting should be avoided. Morphine or CCK-8 use depends upon the clinical
situation at hand

The decision as to when to use morphine vs. cholecystokinin is dependent upon the
clinical challenge at hand. Administration of morphine is appropriate in a clinical setting
of acute cholecystitis, and its use is inappropriate in a clinical setting of biliary dyskinesia.
Administration of cholecystokinin, on the other hand, is appropriate in a clinical setting of
biliary dyskinesia, but not in patients with acute cholecystitis [39]. Rarely, there is a need
to use both agents sequentially in a given patient [41, 42].

Cholangitis

The superior gallbladder wall not covered by the peritoneum lies directly against the infe-
rior surface of the liver (the bare area). The aberrant ducts of Luschka and inflammatory
pseudo-diverticulum serve as the shortest and most direct route for spreading infection
from the gallbladder wall to the biliary canaliculi and hepatocytes (Fig. 9.3.3B). The
microorganisms responsible for acute cholecystitis travel along these aberrant ducts and
cause acute cholangitis. Clinically acute cholangitis is suggested by the onset of the
Charcot triad of fever and chills accompanied by gallbladder tenderness and jaundice in
the absence of obstruction of the common bile duct. The characteristic features of a com-
bined acute cholecystitis and acute cholangitis on cholescintigraphy include non-visualiza-
tion of the gallbladder (despite morphine), delayed clearance of Tc-99m-HIDA from the
entire liver (intrahepatic cholestasis), leucocytosis, right upper quadrant pain, fever, and
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Fig.9.3.6 Acute cholecystitis and acute cholangitis. The gallbladder is non-visualized, and there is
diffuse retention of Tc-99m HIDA by the liver parenchyma. Rim sign is absent, and bile enters the
duodenum

jaundice (Fig 9.3.6). Rim sign is typically absent due to diffuse retention of Tc-99m-HIDA
by the liver, not just by the pericholecystic hepatocytes.

Differential Diagnosis of Acute Cholecystitis

Many diseases are to be considered in the differential diagnosis in any patient who presents
clinically with abdominal pain, fever, and leucocytosis (Table 9.3.1). Pain due to a right
renal stone is colicky in nature and very severe in intensity when compared to pain of acute
cholecystitis, which tends to be of moderate intensity. A renal stone often causes hematuria
as it passes through the ureter. The pain due to viral hepatitis is mild in intensity and is
accompanied by abnormal liver function tests. The viral hepatitis profile confirms the diag-
nosis. Acute pancreatitis and acute cholecystitis often coexist. Non-visualization of the
gallbladder in association with a rise in serum amylase or lipase indicates the co-existence
of acute cholecystitis and acute pancreatitis [43, 44]. A peptic ulcer may cause epigastric
pain mimicking cholecystitis. Infection with Helicobacter pylori is now the most common
cause of peptic ulcer. These bacteria produce the enzyme urease that splits C-14 labeled
urea in the stomach and liberates C-14-labeled carbon dioxide, which is eliminated in the
expired breath. A positive C-14 urea breath test confirms active H. pylori infection.
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Gallbladder pain radiation upwards into the chest and shoulder may mimic an anginal pain.
An abnormal electrocardiogram, elevation of cardiac enzymes, or abnormal Tc-99m pyro-
phosphate myocardial image helps confirm a cardiac origin of acute pain. A thorough
clinical evaluation along with the measurement of an appropriate biochemical profile aids
the primary care physician in requesting the most appropriate imaging test to either con-
firm or rule out each diagnostic possibility.

Comparison of Cholescintigraphy and Ultrasound

Immediately after the introduction of Tc-99m-HIDA agents in 1976 and up until 1984,
most cholescintigraphic studies were carried out with the first-generation agents using a
delayed imaging protocol, which often delayed diagnosis, sometimes for up to 24 h. The
diagnostic time interval using the current generation Tc-99m-HIDA agents is now reduced
to less than 90 min by administering morphine intravenously at 60 min when the gallblad-
der is not seen in a patient with suspected acute cholecystitis. A meta-analysis of 2,466
patients from 30 reports revealed cholescintigraphy as the test of choice for acute chole-
cystitis and ultrasound for cholelithiasis [45]. For acute cholecystitis, the cholescintigraphic
sensitivity is 97% (95% confidence interval, 0.96-0.98) and specificity 90% (95% confi-
dence interval, 0.86—0.95). Morphine administration shortens the diagnostic time interval,
but does not alter the sensitivity or specificity when compared to delayed imaging proto-
cols (Tables 9.3.2 and 9.3.3). Adjusted sensitivity of ultrasound for acute cholecystitis is
88% (95% confidence interval, 0.74—1.0) and specificity 80% (95% confidence interval,
0.62-0.98). Adjusted sensitivity for detection of cholelithiasis with the ultrasound is 84%
(95% confidence limit, 0.76—0.92) and adjusted specificity is 99% (95% confidence inter-
val, 0.97-1.0). Since the salient pathophysiology of acute cholecystitis is cystic duct
obstruction, cholescintigraphy, which establishes the status of the cystic duct (patency or
obstruction), is much more reliable than ultrasound or CT, both of which depend upon wall
thickening as an indicator of acute cholecystitis.

Application of Baye’s Analysis

Clinical diagnosis is often a probability estimate based on the frequency of the disease
in the study population. Because it is impossible to study the entire population, the esti-
mates are made from studies comprising a limited number of samples from the popula-
tion at risk. After the clinical examination, a clinician makes a rough estimate of the
disease probability (pre-test probably) based on the frequency of that disease found in
that particular population. Imaging tests are requested either to confirm the clinical diag-
nosis or rule out the disease from consideration with a high degree of certainty. The
clinicians feel more comfortable to proceed with a definitive therapeutic strategy after
confirmation of acute cholecystitis by an imaging procedure. When the clinical diagno-
sis is not confirmed by the imaging test, then the clinicians have the option of accepting
the results of the imaging test as final or ignore it completely and obtain additional diag-
nostic tests.
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Most imaging procedures are interpreted subjectively, and they provide a dichotomous
result in the form of either the disease being present or absent. The probability of a disease
being present or absent after an imaging test (post-test probability) depends upon various
factors, including the sensitivity, specificity, false-positive, and false-negative ratio of the
test, and the prevalence of the disease in the study population. Probabilities are assessed by
applying Bayesian analysis [46, 47]. After conducting a thorough clinical evaluation and obtain-
ing a basic biochemical profile, the clinician arrives at a tentative clinical diagnosis and then
chooses one of the diagnostic imaging tests for confirmation. In the case of acute cholecystitis,
Tc-99m-HIDA cholescintigraphy and ultrasound are two of the most common imaging
options, and the clinician may decide to choose either one or both for confirmation.

Target Disease

Target disease

Test Result Present Absent
Positive a b
Negative © d

<<Probability of acute cholecystitis when the imaging test is positive or negative is
given by the following formulas.

Probability of acute cholecystitis when the testispositive (abnormal)
[ Sensitivity x Prevalence of acute }

cholecystitis in the study population

L Falsepositive
Sensitivity X Prevalence .
. fraction X Prevalence of no acute
of acute cholecystitis + o
) ) cholecystitis in the study
in the study population .
population

Probability of acute cholecystitis when the testis negative (normal)
False-negative fraction X Prevalence of acute cholecystitis in the}

study population

. i Specificity x
False-negativefraction X prevalence
. Prevalence of no
of acute cholecystitis .
. . acute cholecystitis in
in the study population .
the study population
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Pre-test probability (prevalence): The proportion of patients who have the target dis-
case, as determined before the test is carried out=a+c/a+b+c+d.

Post-test probability: The proportion of patients with the target disease with a positive
test.

Likelihood ratio (LR): 1t is the ratio of the probability of a test result among the patients
with the target disease to the probability of the same test result among patients who do not
have the target disease.

The likelihood ratio for a positive test = sensitivity/1-specificity.

The likelihood ratio for a negative test = 1—sensitivity/specificity

After knowing the pre-test (clinical evaluation) and post-test (after an imaging proce-
dure) probability, the clinicians can calculate the Bayes factor or likelihood ratio of the
target disease prior to subjecting the patient to a definitive therapy. The Bayes factor is
considered more objective and can substitute for a p value of a null hypothesis [48, 49]. By
referring to the nomogram (Fig 9.3.7), the post-test likelihood ratio is obtained directly
without need for an actual calculation [50, 51]. The likelihood ratio corresponds to the
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Fig. 9.3.7 Nomogram for likelihood ratio. A /ine drawn between the pre-test (clinical diagnosis)
and post-test (after imaging test) probability intersects the /ine in the middle and indicates the
likelihood ratio [51]



9.3 Acute Cholecystitis 285

point where a straight line drawn between the pre-test probability and post-test probability
intersects the likelihood ratio line in the middle. Let us assume that in a patient with right
upper quadrant pain and fever, the pre-test probability of acute cholecystitis (after the
clinical examination) is 20%. If the gallbladder is not visualized in a Tc-99m-HIDA study
(97% sensitivity), the likelihood ratio of acute cholecystitis is approximately 200. The cost
effectiveness of a positive (GB not seen) Tc-99m HIDA test is greater when the pre-test
probably is lower, and the cost effectiveness decreases as the pre-test probably increases to
a very high level.

The discriminating power of a test is the difference in post-test probability between a
positive (gallbladder not seen) and a negative test (gallbladder seen) for acute cholecys-
titis [31]. The wider the difference between positive and negative tests, the greater is the
discriminating power (Fig. 9.3.8). Cholescintigraphy, which establishes the patency or
obstruction of the cystic duct (the basic pathology of acute cholecystitis), provides a much
better discriminating power than ultrasound. Ultrasound, which detects gallstones and
thickness of the gallbladder wall but does not establish the status of the cystic duct, there-
fore, provides a much lower discriminating power for acute cholecystitis (Fig. 9.3.9). The
discriminating power of a test works at its best when the prevalence of disease in the study
population is around 50%. The discriminating power decreases precipitously when the
prevalence is below 20% or above 80% [31].

Application of Baysian analysis requires the establishment of true sensitivity and speci-
ficity of an imaging test. The ultimate diagnosis of acute cholecystitis, however, is based
upon the histopathological criteria chosen by the pathologist. Some pathologists are satis-
fied with the mere presence of transmural inflammation of the gallbladder wall, while others
insist upon the presence of hemorrhage and necrosis before assigning the definitive diagnosis
of acute cholecystitis. The best combination of sensitivity and specificity for cholescintigraphy
is obtained when the presence of any one of the above two histological criteria is chosen
as the basis for the diagnosis of acute cholecystitis [52]. Under an appropriate clinical
setting, most clinicians are satisfied with the cholescintigraphic documentation of cystic
duct obstruction as sufficient evidence for the diagnosis of acute cholecystitis in planning
for a definitive therapy.

Acute Acalculous Cholecystitis

Clinically, it presents very similarly to acute calculous cholecystitis, but has few unique
clinical features of its own. The patients are usually much older and have additional risk
factors, such as a recent surgery, crush injury, burns, sepsis, or hyperalimentation. About
10—15% of all acute cholecystitis belongs to the acalculous variety. The incidence of acute
acalculous cholecystitis appears to be increasing recently, which may be attributed to
increased clinical awareness and sensitivity of the diagnostic tests [53]. The morbidity and
mortality of acute acalculous cholecystitis are much higher than in acute calculous chole-
cystitis. As obstruction of the cystic duct is common for both conditions, the diagnostic
sensitivity of cholescintigraphy is similar for both calculous and acalculous acute chole-
cystitis [54, 55]. Edema (and not the stone) as the primary cause of cystic duct obstruction
is easy to appreciate in the case of acute acalculous cholecystitis, as there are no gallstones
associated with it.
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Fig.9.3.8 Relative merits of imaging tests
for acute cholecystitis. Radionuclide
imaging (cholescintigraphy) and oral
cholecy-stogram, which establish the
status of the cystic duct, show a wider
difference between a positive (cystic duct
not patent) and negative test (cystic duct
patent) when compared to ultrasound,
which shows only gallstones and wall
thickening

Gallbladder Cancer

1.00

.80

.60

.40

.20

Probability of acute cholecystitis (Post-test)

.00

1.00

.80

.60

.40

.20

Probability of acute cholecystitis (Post-test)

.00
__1.00
@
Q
3
g 8
]
& 60
ks
o
<
[&]
[0}
£ 40
[}
©
5
2 20
£
©
Qo
o
& .00

L SN ~.
““Discriminating power s,

Radionuclide imaging Positive test

s

D
.
.
~

~

Negative test _ -~
== I 1

0.2 0.4 0.6 0.8 1.0

Cholecystography (oral)

Positive test /

Ultrasonography 7]

Positive test //
Vs
/
7

/
,Negative test

Y

1 1 1 1
0.2 0.4 0.6 0.8 1.0

Prevalence of acute cholecystitis in the study population

Gallbladder cancer is a relatively rare, but highly lethal disease. In the United States, about
7,100 new cases per year are found, and 3,500 deaths are attributed to it annually [56].
There are no specific symptoms that draw special attention, and the majority of cancers are
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Fig. 9.3.9 Discriminating power. The difference between a positive (gallbladder not seen) and a
negative test (gallbladder seen) probability is the discriminating power of the diagnostic test. A
positive cholescintigraphy and oral cholecystography in an appropriate clinical setting confirm
acute cholecystitis. A negative test (gallbladder seen) rules out acute cholecystitis. Ultrasound
shows the least discriminating power for acute cholecystitis [31]

advanced at the time of diagnosis. Many are discovered incidentally during microscopic
examination of the gallbladder specimen submitted after a routine cholecystectomy for a
benign cause (gallstone). Adenocarcinomas account for 80-95% cases, and the rest include
squamous cell and undifferentiated or anaplastic type. Cholecystectomy is the initial ther-
apy, but prognosis is poor [57]. The role of chemotherapy and/or radiation therapy is not
well established.
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9.4
Management of Gallbladder Disease

Cholecystectomy is the treatment of choice for most diseases of the gallbladder. The very
first cholecystectomy was performed in 1882 by a German surgeon, Langenbach [1]. Today
as many as 600,000 cholecystectomies are performed annually in the United States with
either laparoscopic or open cholecystectomy. Open cholecystectomy carries a mortality rate
ranging from 0 to 2.4% and morbidity ranging from 4.1 to 14.7%. The incidence of bile
duct injury varies from 0.06 to 0.45% [2]. Laparoscopic cholecystectomy, which has now
almost replaced open cholecystectomy, carries a similar rate of mortality, but a slightly
lower morbidity (1.6-12%) than open cholecystectomy [3]. Laparoscopic cholecystectomy
in the beginning was restricted mostly to symptomatic cholelithiasis, but now it is
performed for varieties of gallbladder diseases, including acute cholecystitis, gangrenous
cholecystitis, hydrops, and empyema, etc. [4]. The young as well as the old patients tolerate
the laparoscopic cholecystectomy procedure well, and the hospital stay is much shorter than
with an open cholecystectomy [5]. Administration of prophylactic antibiotics does not
seem to affect the rate of wound infection in case of elective laparoscopic cholecystectomy
[6]. Laparoscopic cholecystectomy for symptomatic gallstone disease during pregnancy is
considered safe both for the mother and fetus, and is preferred over conservative management
for all trimesters [7].

Complications

The complications of acute cholecystitis can occur either before or after treatment. The
complications of delayed or untreated acute cholecystitis include acute cholangitis, gall-
bladder perforation, and bile leak. Post-operative complications include bile leak, cholan-
gitis, infection, and stricture formation. Bile fistula occurs as a chronic complication.

Perforation of the Gallbladder

Perforation of the gallbladder is rare and is found in 10% of patients undergoing open
cholecystectomy for acute gangrenous cholecystitis [8]. The bile may leak into a small
closed space or leak freely into the peritoneum, causing bile peritonitis. Localized leak is
the most common type and accounts for 50% of all perforations (Fig. 9.4.1). Most of the
localized leaks and those that form fistula remain undiagnosed as they usually do not pro-
duce symptoms. Free perforation with bile peritonitis presents with the most disabling
symptoms and is responsible for many deaths if not treated immediately. Most perforations
into the subhepatic space are walled off and manifest very few symptoms. Perforation near the
neck or Hartmann pouch may form a biloma and compress the common bile duct externally,
manifesting a Mirizzi syndrome.
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Mirizzi syndrome

Fig.9.4.1 Types of gallbladder perforation. Subhepatic bed is the most common site, followed by
leak into free peritoneum and colon. Perforation near the neck and Hartmann pouch may form a
biloma and compress the common bile duct extrinsically, manifesting a Mirizzi syndrome [7]
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Bile Leak

The most common complication of laparoscopic cholecystectomy is bile leak through an
unligated cystic duct or from an injury to the common hepatic or common bile duct (Fig.
9.4.2). Leak is best defined as bile collection in an unanticipated location or in an antici-
pated location at an unanticipated time. The common hepatic duct, which lies directly in
front of the tip of the laparoscopic instrument, sustains injury more frequently than other
bile ducts. The incidence of bile duct injury from laparoscopic cholecystectomy is twice as
frequent as from open cholecystectomy. The consequence of bile leak depends upon its
volume and location. A small volume subhepatic bile leak (Fig. 9.4.2A) or large volume
bile leak into the stomach (Fig. 9.4.2B) causes few of the symptoms. Large volume hepatic
subcapsular leak (Fig. 9.4.2C) or leak into the peritoneal cavity (Fig. 9.4.2D) requires
treatment. Since the leak prefers the path of least resistance, major bile ducts often are not
visualized beyond the point of the leak (Fig. 9.4.2).
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Fig.9.4.2 Locations of bile leak. Bile may leak into subhepatic space (fop left), stomach (top right),
right subdiaphragmatic (bottom left), or peritoneal space (bottom right)
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Treatment of Bile Leak

Small volume bile leaks close spontaneously if the tonus of the sphincter of Oddi is main-
tained at its minimum by treating patients with antispasmodics (Fig. 9.4.3). Use of opioids
is avoided. Large volume bile leaks may require sphincterotomy. Sphincterotomy creates
the path of least resistance for hepatic bile and promotes closure of the leak (Fig. 9.4.4A,
B). Often the leak from the common hepatic or common bile duct may require stents or
surgical repair. Malignant strictures usually require stents [9].

Bile Duct Stricture

The frequency of postoperative bile duct stricture is much higher after laparoscopic than
after open cholecystectomy (Table 9.4.1). Most postoperative strictures occur in the proxi-
mal one half of the common hepatic duct, often involving its bifurcation into right and left
hepatic ducts. Strictures near the bifurcation are treated with Hepp-Couinaud hepaticoje-
junostomy using the left hepatic duct [10]. Lately, the design of laparoscopic instruments
has improved, and it is now possible to perform cholecystectomy safely with needles as
small as 3 mm in diameter [11]. Postoperative strictures commonly occur at the site of ductal
injury and are classified into four grades depending upon its location from the bifurcation
into left hepatic with right hepatic duct [12]. Grade I strictures are more than 2 cm, grade II
less than 2 cm from the union, grade III are at or just below the union, and grade IV at the
site of union. Well-designed prospective studies have shown that immediate cholecystec-
tomy is much more cost-effective than delayed elective cholecystectomy [13—16].
Postoperative subhepatic fluid collection is common and is noted in as many as 25% of
the patients following an open cholecystectomy [17], but only about 30—45% of this sub-
hepatic fluid collection is due to bile leak [18]. Bile fistulae as a consequence of acute and
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Fig.9.4.3 Spontaneous closure of bile leak. Bile leak into the lateral aspect of the right lobe 2 days
after cholecystectomy (/eft) stops spontaneously after 12 days (right). Narcotics that constrict the
sphincter of Oddi were discontinued during this time period
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Fig.9.4.4 Closure of bile leak after sphincterotomy. A large volume bile leak through an unligated
cystic duct (fop) required sphincterotomy for its stoppage (bottom)

Table 9.4.1 Complications of open vs. laparoscopic cholecystectomy [3]

Complication Open cholecystectomy (%) Laparoscopic cholecystectomy (%)
CBD injury 0.1 0.2
Bile leak 0.8 5.6
Pancreatitis 1.0 1.1
Jaundice 1.2 1.0
Atelectasis 10.0 5.4
Ileus 12.0 5.3

Urinary retention 17.4 6.5
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Fig.9.4.5 Common sites of
biliary fistula. Fistulas occur
as a complication of either
acute or chronic cholecystitis.
Most of them remain
asymptomatic

chronic complications occur in the subhepatic space, duodenum, stomach, or hepatic flex-
ure of the colon (Fig. 9.4.5).

Prophylactic Cholecystectomy

Patients with asymptomatic gallstones or diabetes mellitus usually show a decrease in
gallbladder emptying, but generally do not require cholecystectomy when either disease
exists alone [19, 20]. However, patients with a combination of asymptomatic gallstones
and diabetes mellitus develop acute cholecystitis and its complications 2.2 times more
frequently than with either disease alone. Based upon such findings, prophylactic chole-
cystectomy is recommended for asymptomatic gallstone patients with diabetes mellitus [21].
Prophylactic cholecystectomy is also recommended for patients undergoing cardiac
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transplantation, but not for those undergoing renal transplantation [22, 23]. Newer therapy
in the form of oral dissolution, contact dissolution, and extracorporeal biliary lithotripsy
has been used less and less frequently in recent years [24]. Some of the preventive
measures are known to reduce the incidence of gallstones and accompanying complications.
A 30-min exercise five times a week reduces symptomatic gallstones by 34% in men [25],
and recreational physical activity (jogging, running, bicycling) reduces the incidence of
symptomatic gallstones and cholecystectomy significantly in women [26].
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Biliary Dyskinesia

Biliary dyskinesia consists primarily of two disease entities, the sphincter of Oddi spasm
(SOS) and cystic duct spasm (CDS). In the past when its pathophysiology was not clearly
understood, cystic duct spasm was called cystic duct syndrome. These two entities are
anatomically separate, but physiologically connected by an abnormal functional response
to cholecystokinin. The sphincter of Oddi spasm is located within the sphincter at the distal
end of the common bile duct, whereas the cystic duct spasm is confined mostly to the cys-
tic duct of the gallbladder [1, 2]. In the literature, sphincter of Oddi spasm is also known
by such names as papillary stenosis or bile duct dyskinesia, and cystic duct spasm as
chronic acalculous cholecystitis. Both the sphincter of Oddi and gallbladder contain recep-
tors for cholecystokinin, which is released endogenously into circulation from the intesti-
nal mucosa upon entry of food into the duodenum [3, 4]. By binding to CCK-A type
receptors, cholecystokinin normally stimulates the contraction of the gallbladder with
simultaneous relaxation of the sphincter of Oddi. The cystic duct, which also contains
CCK receptors, normally does not respond, because its serum threshold for contraction is
set at a much higher level than the threshold for contraction of the fundus and body of the
gallbladder [5]. Controversy over the real existence of the entity of biliary dyskinesia
prevailed for many years [6]. Manometric studies, however, have helped to understand the
basic sphincter mechanism and the action of cholecystokinin on it in both health (Chap. 6)
and disease, especially in patients with SOS (Table 10.1.1). Both quantitative cholescin-
tigraphy and biliary manometry have contributed to clear understanding of the bile secre-
tion and flow mechanisms and the pathophysiological changes associated with biliary

dyskinesia [7-9].

Pathophysiology

A normal sphincter of Oddi exhibits an average of six to seven contractions per minute
with a wave amplitude of 113 mmHg. The mean pressure in the sphincter of Oddi is about
15.0 mmHg, and 9.0 mmHg in the common bile duct. About 54% of the contraction waves
progress antegrade, 18% retrograde, and 28% occur simultaneously in the proximal, mid-
dle, and caudal segment of the sphincter (Table 10.1.1). Administration of cholecystokinin
abolishes the contraction waves and relaxes the sphincter of Oddi immediately, and
promotes smooth passage of bile emptied from the gallbladder into the duodenum

G.T. Krishnamurthy and S. Krishnamurthy, Nuclear Hepatology, 299
DOI 10.1007/978-3-642-00648-7_10, © Springer-Verlag Berlin Heidelberg 2009
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(Fig. 10.1.1). Sphincter of Oddi spasm is characterized manometrically by an increase in
basal pressure of the sphincter to 37 mmHg, and the common bile duct to 17 mmHg. The
total number of basal contractions increases to 17 min, and the number of retrograde
contraction increases to 41% (Fig. 10.1.2A). In the case of SOS, usually dormant contrac-
tile receptors in the sphincter become activated. These activated receptors paradoxically
induce contraction of the sphincter in response to cholecystokinin [10, 11]. Cholecystokinin
administration increases both the number of waves and the number of retrograde waves
per minute (Fig. 10.1.2B). Because of this paradoxical response (contraction) of the
sphincter, the bile either fails to empty from the gallbladder or the emptied bile refluxes
into the common hepatic duct and right and left hepatic ducts, and reenters the gallbladder
soon after cessation of CCK-8 infusion [12].

Table 10.1.1 Biliary pressure profile in asymptomatic control subjects and patients with sphincter
of Oddi spasm [9]

Structure Control subjects (n=9)  SOS patients (# =10) P value
CBD pressure (mmHg) 8.6 +1.02 (6-13) 17.0 + 1.25 (12-22) 0.001
Sp. Oddi pressure (mmHg)  14.9 +0.99 (11-21) 36.9 +5.44 (20-70) 0.005
Phasic contractions:

Amplitude (mmHg) 113.0 + 8.6 (95-125) 109.5 + 9.3 (85-160) 0.37
Frequency (per min) 6.89 +0.20 7.56 +0.41 0.46
Direction of propagation:

Antegrade 54% + 6% 29% + 7% 0.04
Simultaneous 28% + 4% 0% + 3% 0.34
Retrograde 18% + 6% 41% + 9% 0.01

Values are mean + SE. Ranges within parentheses. Adopted from Meshkinpour et al. [9]
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Fig.10.1.1 Action of CCK-8 on normal sphincter of Oddi. Normal contraction waves are abolished
immediately after CCK-8 administration, which facilitates dilatation of the sphincter for smooth
passage of bile through it [11]
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Fig. 10.1.2a, b Propagation of contraction waves and effect of CCK-8 on the sphincter in SOS.
Contraction begins first at the caudal end and travels retrograde towards the middle and cephalic
end of the sphincter (fop). Administration of CCK-8 paradoxically increases the number of
retrograde contractions (bottom), resulting in closure of the sphincter [11]

Cystic duct spasm is often associated with kinking, fibrosis, and thickening of the wall
with narrowing of the of the cystic duct lumen [13]. Hepatic bile enters the gallbladder
slowly, but cannot get out readily in response to cholecystokinin (Chap. 9.2). Due to a
decrease in the total number of CCK receptors, there is poor contraction and emptying of
the gallbladder, post-meal [14, 15]. The threshold of the cystic duct contraction receptors
is presumably lowered, which results in its contraction when cholecystokinin is released.

Clinical Presentation

Biliary dyskinesia patients are mostly women in their 3rd or 4th decades of life, and pres-
ent with post-prandial right upper quadrant or epigastric pain. Pain usually begins 30 min
after a meal and reaches its peak intensity 2—3 h later. Liver function tests and blood counts
remain within normal range. The gallbladder and intrahepatic and extrahepatic bile ducts
are morphologically normal, and gallstones are usually absent on the ultrasound examina-
tion. Because of these normal biochemical and morphologic findings, the diagnosis of



10

302 10  Biliary Dyskinesia

biliary dyskinesia is frequently delayed for months or years, and patients often go from
physician to physician seeking relief from post-prandial abdominal pain.

Cholescintigraphic Diagnosis

Although biliary manometry is considered the gold standard, it is invasive, expensive, and
not readily availability in many community hospitals. Cholescintigraphy provides a non-
invasive and less expensive alternative. Imaging and quantitative analysis are carried out by
acquiring data in two separate phases: the hepatic phase and gallbladder phase. Patients are
studied after 4-6 h of fasting. Detailed clinical and drug history is taken to exclude the
intake of opioids, smooth muscle relaxants, calcium channel blockers, or other drugs that
act either on the sphincter of Oddi or gallbladder. In hypertensive patients, calcium channel
blockers are discontinued for 2—3 days prior to the test. With the patient in the supine posi-
tion, a large field of view dual-head gamma camera fitted with a low-energy, all-purpose,
parallel-hole collimator is positioned anteriorly and posteriorly, and 3—5 mCi Tc-99m HIDA
is injected intravenously. The data are acquired on the computer at one frame/minute for 60
min [16-19]. Hepatic phase images usually appear normal (Fig. 10.1.3, top) unless the
disease is far advanced, in which case there may be bile stasis in the extrahepatic ducts and
delay in entry of bile into the duodenum. If the gallbladder is not seen by 60 min, delayed
images are obtained at 3—4 h after injection of a second dose of Tc-99m HIDA. Injection of
opioids to induce contraction of the sphincter of Oddi to fill the gallbladder is avoided.

Gallbladder Phase Imaging

The data are acquired with the gamma camera. Hepatic phase images are carefully scruti-
nized for superimposition of duodenal or common bile duct radioactivity over the gallblad-
der. If there is any superimposition, the gamma camera angle is altered to separate the
gallbladder from other structures. Often this may require changing the gamma camera
angle by 10—15° to the left or right anterior oblique position (Fig. 10.1.3, bottom). Most of
the time, no such angulation is required. The data are collected at one frame/minute for 30
min, (between 61-90 min) after injection of Tc-99m HIDA. Cholecystokinin at a dose of
3 ng kg! min'! is infused intravenously for 10 min beginning at 65 min after HIDA injection
The patient’s symptoms (nausea, abdominal cramps, and/or pain) are monitored carefully,
and their time of onset, severity, and time of relief are noted on the data sheet or gallbladder
time/activity curve. ROIs are drawn over the gallbladder, liver (background), common
hepatic ducts including the right hepatic and left hepatic ducts, common bile duct, stomach,
and intestine (Fig. 10.1.4), and gallbladder ejection fraction, ejection period, ejection rate,
and duodenogastric bile reflux are obtained (Fig. 10.1.5). The gallbladder, common hepatic
duct (including the right and left hepatic ducts), common bile duct, and stomach and their
corresponding curves are scrutinized carefully. Sphincter of Oddi spasm is differentiated
from cystic duct spasm (Fig. 10.1.6) by careful analysis of both the image pattern and
quantitative functional parameters [12, 13]. In most cases, the gallbladder ejection fraction
remains normal. In many patients, the post-CCK-8 paradoxical refilling volume exceeds
the basal volume by showing much higher counts after refilling than basal counts before



10  Biliary Dyskinesia 303

~

8-10 min 18-20 min

: . -
38-40 min 58-60 min
K-8
v 5
GB INT
3 min 7 min
KB

% A2
GB/ri | - "

[ . -

Fig.10.1.3 Cholescintigraphy in SOS. The uptake and excretion of 9mTc-HIDA are normal with
delineation of the gallbladder and entire biliary tree. Bile enters the small intestine normally (fop).
After CCK-8 infusion, the gallbladder contracts and empties bile, which refluxes into the common
hepatic duct (KB). Refluxed bile reenters the gallbladder immediately after cessation of CCK-8
infusion with an increase in size of the gallbladder (bottom)

hormone injection (Fig. 10.1.7). A true paradoxical filling recurs with the second dose of
CCK-8 (Fig. 10.1.8) and must be differentiated from pseudo-paradoxical filling that may
occur due to superimposition of intestinal activity on the gallbladder region of interest
(Fig. 10.1.9).
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Fig. 10.1.4 Regions of interest for gallbladder phase study. One ROI is drawn over each of the
gallbladder, liver (background), common hepatic duct, including right hepatic and left hepatic
ducts, common bile duct, stomach, and intestine. Raw curves on the right represent the region of the
same color

Sphincter of 0ddi Spasm

Cholescintigraphic findings vary depending upon the presence or absence of the native
gallbladder. There is usually no bile pooling within the intrahepatic ducts in SOS, a feature
distinctly different from those with stricture of the common bile duct [17]. Several types of
functional abnormalities have been shown by different authors, depending upon the method
of data collection and analysis [20, 21]. Shaffer et al. measured the hepatobiliary peak
uptake time and calculated the percent excretion at 45, 60, and 90 min. Cholecystokinin at
a dose of 0.02 units kg min"!' was infused slowly between 60 and 90 min. The region of
interest included both the liver and bile ducts. In 22 subjects with previous cholecystectomy
with no current symptoms (control), the hepatobiliary mean peak time was 9.8 + 0.7 min.
Percent excretion at 45, 60, and 90 min was 50.6 + 3.6, 66.3 + 2.8, and 84.7 + 1.3, respec-
tively. The emptying rate between 0 and 60 min, and 60-90 min (after CCK) was 1.46 +0.07
min'! and 0.73 + 0.6 min’, respectively. In nine patients with post-cholecystectomy SOS,
the mean peak time was increased to 23 min, and percent excretion at 45 and 60 min was
decreased to 20 and 39, respectively. The emptying rate between 0 and 60 min was 1.05 +
0.13 min™ and increased to 1.12 + 0.19 min™' after CCK infusion between 60 and 90 min
[21]. Others have shown prolongation of the hepatic hilum to duodenal transit time [22, 23].
Most of the functional parameters improved after papillotomy (Fig. 10.1.10).

The hepatic phase images appear normal in most patients with early SOS (Fig. 10.1.3),
and the gallbladder shows a normal ejection fraction. Cholescintigraphy in SOS is charac-
terized by reflux of gallbladder bile into the common hepatic and right and left hepatic
ducts with re-entry of refluxed bile into the gallbladder immediately after cessation of



305

10  Biliary Dyskinesia

S)NsaI pa3oadxa Ay M 9215k Jou Op $)[NSAI paje[nNI[ed
A[reonewoine J1 spuounsn(pe sayyewr Jojerado oy, ‘Surkidwo 1oppe|qqes Jo pus pue Suruuidoq oy) 9JOUIP S.0q [DI11.124 OM] “UMBID 216 STOY AU} Joye A[[eorjewioine
S)[NSAI Y} SAJB[NO[BO AIBMIJOS Y], "UoIsnjul g-3[D) Jo uonenp dy syudsaidar doy oy Je 4pq pjuoziioy Jo PIUd] oy, ‘synsal oseyd 19ppe[qrren s Lol ‘b4

auUsWWoD
3] Pag Tomy ‘Ouop
uwoyduis Aue Jo ure
mupm | 101sAyd
(G €< leunion) uye, Ze9 = ¥389
(0G< JeuLion) % 81'¢8= 4389
(1Z-6 Jeuuion) uw gL = 4399
(£> Jeuop) uw o= 4199

SISATYNY 4300y 1911vO

BUAL P o el bes ) ewll Bupsnipy
DS

WoN)% #Z 0 = (Seunsau| + Yoewols) fyrewols ON awesd

njjey ajig JUISeS-ouspon(]

UGS + YIOWS

M B RIS,




306 10  Biliary Dyskinesia

10 Sphincter of Oddi Spasm
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Fig. 10.1.6 Biliary dynamics in biliary dyskinesia. In the case of sphincter of Oddi spasm, the
gallbladder contracts and empties bile, which refluxes into the common hepatic and intrahepatic
ducts. Most of the refluxed bile reenters the gallbladder (top). In patients with cystic duct syndrome,
the gallbladder empties poorly, and no refilling occurs (bottom). Pain or discomfort occurs mostly
during the gallbladder ejection period [12]

CCK-8 infusion. The curve shows rapid refilling of the gallbladder almost to its original
volume, often even exceeding the original volume because of stimulation and expulsion of
hepatic bile by cholecystokinin. Intrahepatic and extrahepatic bile ducts can accommodate
almost all of 40—50 ml of bile emptied from the gallbladder without being dilated. Common
hepatic duct bile reflux also occurs in patients with stenosis of the common bile duct and
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SOS - CCK-8 induced paradoxical GB filling
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Fig.10.1.8 True paradoxical filling with CCK-8 given twice. In both cases, the gallbladder empties
normally (EF 92% and 86%), followed by paradoxical filling

Pseudo paradoxical GB filling with CCK-8
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Fig.10.1.9 An apparent paradoxical filling after normal emptying (EF75%) of the gallbladder (GB)
due to superimposition of intestinal (/NT) activity
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Fig.10.1.10 Hepatic bile clearance in
SOS. Normally, peak uptake of
99mTc-HIDA occurs within 10 min
and 66% is excreted within 60 min.
CCK enhances excretion. In patients
with SOS, the peak is delayed and
60-min excretion is decreased. CCK
administration has only a partial
effect before papillotomy. Both
uptake and excretion improve after
papillotomy [21]
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is referred to as the Krishnamurthy-Bobba sign [24]. When patients complain of pain during
the gallbladder dynamic phase, the pain duration usually corresponds to the gallbladder
ejection period. Not every patient with biliary dyskinesia, however, complains of pain at the
time of the study. The extrahepatic ducts may appear early and persist for a longer duration
of time, resulting in a marked delay in peak hepatic uptake in advanced cases [22, 25].
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Sphincter of Oddi spasm is differentiated from anatomic stricture of the common bile
duct by assessing both the image pattern and quantitative curve analysis after a pharmaco-
logic intervention. Amyl nitrite, nitric oxide, and nifedipine relieve the spasm and dilate
the sphincter, promoting rapid bile flow through it in patients with SOS, but not in those
with an anatomic stricture (Fig. 10.1.11) of the common bile duct [26-28]. Sensitivity of
cholescintigraphy in SOS varies from 70 to 90% [29].

Fig.10.1.11 Cholescintigraphic differentiation of
SOS from CBD stricture. The normal common
bile duct time/activity curve shows an early peak
with rapid decline before and after amyl nitrite
(top). The peak is delayed in both stricture and
SOS. Following amyl nitrite, there is a rapid
decline in patients with SOS (bottom), but not
with stricture (middle) [26]
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Cystic Duct Spasm

This spasm is often characterized by a slow filling of the gallbladder during the hepatic
phase with poor emptying response to cholecystokinin in the gallbladder phase. Although
most of the gallbladders appear within 60 min after injection of Tc-99m HIDA, some are
delayed for 3—4 h. Reduction in the gallbladder ejection fraction with CCK-8 is the salient
feature. Many patients, but not all, experience mild- to moderate-intensity abdominal pain
during the gallbladder ejection period. The gallbladder curve appears flat in patients with
ejection fractions below 15%, and it is often difficult to note the exact time of the onset and
end of gallbladder emptying (Fig. 10.1.4B). There is usually no bile reflux into the intra-
hepatic or extrahepatic ducts, and the gallbladder curve does not show refilling after cessa-
tion of CCK-8 infusion [12, 18]. The direction of the latter half of the curve is assessed
carefully to make sure that there is no refilling of the gallbladder, which would suggest
SOS. A large, non-physiological CCK-8 dose when given as a rapid intravenous bolus
often produces a low ejection fraction and abdominal pain in many of the normal subjects,
mimicking cystic duct syndrome. This effect is attributed to exceeding the cystic duct
threshold for contraction and should be avoided.

Differentiation of SOS from (DS

The differentiation is critical for appropriate patient management because cholecystec-
tomy is the preferred treatment for CDS and antispasmodics or sphincterotomy for SOS.
Cholecystectomy for SOS is inappropriate and may make the patient’s condition get worse
by taking away its low pressure reservoir function [30]. Both conditions are relatively
more common in women than men. Proper attention is given during patient preparation,
data collection, and analysis. The hepatic phase imaging data appear similar in both condi-
tions, and there is bile entry into the duodenum in early cases. Only during the gallbladder
phase is a difference seen between SOS and CDS. Cholecystokinin-induced bile reflux into
the common hepatic duct and paradoxical refilling of the gallbladder are typical for SOS.
In the authors’ experience, another condition that may cause such a paradoxical filling is
hyperacute (within 48 h) complete obstruction of the common bile duct (Chap. 8).
Cholecystokinin stimulates bile secretion by cholangiocytes lining the intrahepatic bile
ducts and expels bile from the liver by inducing contraction of the bile ducts. The hepatic
bile is forced to enter the gallbladder in the presence of complete obstruction of the com-
mon bile duct. Other features of hyperacute CBD obstruction include its acute clinical
presentation, abnormal liver function tests, and no bile entry into the duodenum during the
hepatic phase. On rare occasions, superimposition of jejunal or ileal loop activity over the
gallbladder region may cause false elevation of the gallbladder curve, which is readily
recognized with the cine display of the gallbladder phase data. Patients with CDS do not
exhibit paradoxical filling of the gallbladder, and there is no bile reflux into the intrahepatic
ducts (Fig. 10.1.12).
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Fig.10.1.12 Differentiation of CDS from SOS. Cholecystokin (CCK) receptors on the gallbladder
smooth mucle remain free in the fasting state (/eff). In cystic duct syndrome (middle), the
gallbladder empties poorly in response to CCK-8 infusion because of a decrease in the total number
of CCK receptors in the gallbladder body and fundus and activation of contractile receptors in the
cystic duct. In the case of the sphincter of Oddi spasm (right), the sphincter contracts because of
activation of the contractile receptors, and the bile emptied from the gallbladder refluxes into the
common hepatic and intrahepatic ducts, later reentering the gallbladder (CCK-induced paradoxical
filling of the gallbladder) after cessation of CCK-8 infusion [12]

Treatment

Treatment for SOS is different from that of CDS. A normal sphincter of Oddi function is
modulated by local generation of nitric oxide [27]. Medical treatment with nitrites, nitrates,
calcium channel blockers (nifedipine), and other smooth muscle relaxants has been shown
to relieve the spasm and dilate the sphincter in patients with SOS [28]. Endoscopic sphinc-
terotomy is reserved for those patients who fail to respond to medical therapy. Sphinctero-
tomy is invasive, expensive, and carries a high rate of procedural complications. The
overall endoscopic sphincterotomy complication rate in 2,347 patients in a multicenter
study from 17 institutions in the United States was 9.8%. The complication rate is much
higher (21.7%) in patients with sphincter of Oddi dysfunction [31]. Acute pancreatitis
(5.4%) and hemorrhage (2.0%) account for the great majority of complications from endo-
scopic sphincterotomy. Special training and frequent experience in doing large numbers of
patient procedures reduce complication rates [32]. Sphincteroplasty through an endoscopic
balloon dilatation is effective in patients with bile duct stones [33]. However, its role in
sphincter of Oddi spasm has not been studied critically in a large number of patients.
Cholecystectomy is a relative contraindication in SOS. An intact gallbladder acts as a
reservoir and accommodates bile that fails to pass through the sphincter in patients with
SOS. Cholecystectomy takes away this reservoir function, and the symptoms persist or
may even get worse, manifesting a post-cholecystectomy syndrome [30, 34].
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Cholecystectomy

This is the treatment of choice for CDS. Due to its low morbidity and low mortality, lap-
aroscopic cholecystectomy has become more popular and has replaced open cholecystec-
tomy as the preferred therapy [35]. Of a total of 320 patients with CDS who underwent
cholecystectomy solely on the basis of a gallbladder low ejection fraction, 90% had relief
of abdominal pain [36—42]. Histopathological examinations showed microscopic changes
of disease in the gallbladder wall or cystic duct in 90% of patients (Chap. 9.2). Abdominal
pain is known to persist in about 20% of patients undergoing cholecystectomy for various
reasons [43], and the majority of these patients may have SOS. Clinically, SOS is divided
into three types. Only type I responds to endoscopic sphincterotomy, and types II and 111
have a varied response. Type Il is considered as duodenal visceral hyperalgesia, and the
pain may not originate from the biliary tree at all [44]. Sphincterotomy is more effective
than placebo in patients with sphincter pressure greater than 40 mmHg than in those with-
out pressure elevation [45].

Post-cholecystectomy Syndrome

This can now be considered an iatrogenic disease exaggerated by an inappropriate therapy
(cholecystectomy) for patients with SOS. Removal of the gallbladder, which serves as a
low pressure reservoir by accommodating hepatic bile, exaggerates the symptoms in
patients with SOS. This syndrome can now be studied non-invasively by combining mag-
netic resonance cholangiopancreatography (MRCP) with quantitative cholescintigraphy.
Rubini and Dimonte reported five patients with post-cholecystectomy syndrome and
showed dilatation of the common hepatic and common bile ducts in four and cystic duct
remnant in three (two remnants with gallstones) on MRCP. Cholescintigraphy showed bile
pooling in both intrahepatic and extrahepatic ducts, with no bile entry into the duodenum
at 60 min in all five patients. Bile did not enter the duodenum for another 60 min after a
high-fat meal. Both peak hepatic uptake time and excretion half time were increased. The
hepatic extraction fraction stayed above 80%, suggesting primarily a biliary disease. All
four patients who underwent endoscopic sphincterotomy responded well with relief of
symptoms [46].

Pitfalls

Cholescintigraphy plays an important role in the evaluation of patients with biliary dyski-
nesia. Clear understanding of the mechanism of bile secretion and flow and factors that
alter bile flow is important in arriving at a proper diagnosis. Functional imaging and mea-
surement of parameters quantitatively require appropriate patient preparation and attention
to technical details during data acquisition and analysis. Unlike the left ventricle, whose
ejection fraction remains constant, the gallbladder ejection fraction can be controlled to
any desired level simply by controlling the dose, dose rate, and duration of infusion of
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cholecystokinin. Cholecystokinin is available in two different molecular forms: an intact
molecule with 33 amino acids (CCK-33) and a fragment with 8 amino acids (CCK-8 or
sincalide). The dose recommended in the package insert of Kinevac (Bracco Diagnostic
Inc., Princeton, N.J.) is found to be too large and often elicits a non-physiologic response
during cholescintigraphy [47-49]. The dose should be reduced for cholescintigraphy
(Chap. 6). When cholecystokinin is not available, the test is standardized using a fatty-
meal stimulation, where the total calorie, fat, carbohydrate, and protein contents are con-
trolled strictly for the chosen meal. Use of opioids for pain control is quite common in both
inpatients and outpatients, and their use reduces the gallbladder ejection fraction. The gall-
bladder ejection fraction returns to normal after the discontinuation of opioids (Fig.
10.1.13). A commitment to high technical quality control, test standardization, and direct
interaction with the patient before, during, and after the procedure produces the best clini-
cal outcome [50].
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Fig.10.1.13 Effect of opioids on gallbladder ejection fraction. A patient on vicodin for pain during
viral hepatitis A shows slow clearance of the radiotracer from the liver (7,, = 92 min) and an
ejection fraction of only 3% (fop). Both the clearance and ejection fraction return to normal after

discontinuation of vicodin and recovery from hepatics (bottom)
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Pediatric Nuclear Hepatology

The liver and biliary system develops from a bi-lobed (cephalic and caudal) endodermal
bud that sprouts along the ventral surface of the distal end of the foregut at its junction with
the midgut. The cephalic bud divides into two branches, which later form the right and left
lobes of the liver. The caudal bud gives rise to biliary tract and the gallbladder (Fig. 1.1.1,
Chap. 1). The biliary tract starts first as a patent tubular structure, but turns into a solid core
during early intrauterine life through the proliferation of epithelial cells. After recanaliza-
tion of the solid core by 12—14 weeks, bile secretion begins and flows into the small intes-
tine. Most of the congenital abnormalities of the biliary tract are due to either failure of
recanalization of the ducts (biliary atresia) or faulty recanalization with cystic dilatation of
intrahepatic (Caroli’s disease) and extrahepatic ducts (choledochal cyst).

Physiologic jaundice occurs in 65% of near- or full-term infants, and usually clears
within few weeks after birth. Persistent uncomplicated long-term hyperbilirubinemia is a
concern, and past studies suggested some link with neurological sequelae, such as mental
retardation, autism, and cerebral palsy. The effects of uncomplicated high serum bilirubin
levels have been addressed well in more recent studies. In a Canadian study involving
56,019 near- or full-term infants with serum bilirubin levels greater than 20 mg%, no evi-
dence of bilirubin toxicity (kernicterus, gaze palsy) was found, lessening the anxiety over
uncomplicated hyperbilirubinemia [1]. There is also no increased risk of autism due to
hyperbilirubinemia [2]. However, persistent hyperbilirubinemia beyond 2 weeks should
raise concern for several other possibilities (Table 11.1.1), some requiring immediate inter-
vention, while others may be managed by careful follow-up without a specific therapy.
Neonatal hepatitis and congenital biliary atresia are two of the diseases that account for the
great majority of persistent jaundice beyond 2 weeks in a neonate.

1.1
Congenital Biliary Atresia vs. Neonatal Hepatitis

Congenital biliary atresia (CBA) is a progressive, sclerosing, inflammatory disease, primarily
affecting the extrahepatic bile duct from the region of the portahepatis to its termination in
the duodenum. It is estimated to affect 1 in 12,000 live births [3]. Untreated, the disease
progresses relentlessly, leading to biliary cirrhosis and death. Hepatoportoenterostomy
(Kasai procedure) is the definitive therapy in early stages. The rate of success of establishing
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Table 11.1.1 Causes of persistent jaundice beyond 2 weeks after birth

1. Neonatal hepatitis
Viral
Cytomegalo virus
Hepatitis B
Rubella
Herpes
Coxsackie
Bacterial
E. coli
Klebsiella
Pseudomonas
Proteus
Bacteroids
Streptococcus
Treponema pallidum
Parasitic
Toxoplasma gondii
2. Biliary atresia
Extra-hepatic ducts (congenital biliary atresia)
Intra-hepatic ducts.
Congenital rubella
Trisomy 17
Trisomy 18
Alagille’s syndrome (arterio-hepatic dysplasia)
3. Genetic or metabolic
Alpha 1 anti-trypsin
Galactosemia
Hereditary fructosemia
Hypothyroidism

an adequate bile flow by the Kasai procedure depends very much on the duct size at birth
and the time interval between birth and hepatoportoenterostomy (HPE). Effective bile flow
is established in 77-82% of the infants when HPE is performed within 60 days after birth.
The success rate decreases to 45-59% when HPE is delayed for 60-90 days and decreases
further to 10-28% when HPE is delayed for 3—4 months. The success rate increases to 92%
when the duct lumen is greater than 150 um in size [4]. Early diagnosis, therefore, plays a
critical role in determining the outcome of therapy (Table 11.1.2).

Etiology
The exact etiology of CBA is unknown. Two theories have been proposed; one theory is

that of metaplasia of the hepatocytes, and the other is that of faulty metaplasia combined
with ingrowth from extrahepatic ducts [5, 6]. Ischemia, toxins, and duct injury are well
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Table11.1.2  Effect of timing and duct size on rate of success of hepatoportoenterostomy (HPE) for
congenital biliary atresia [4]

Age at HPE Success rate

<60 days 77-82%
61-90 days 45-59%
90-120 days 10-28%
Duct size

>151 pm 92%
50-150 pm 81%
No patent ducts 18%

recognized risk factors. Recent studies suggest that atresia may be due to a failure of
remodeling at the hepatic hilum with a continuation of the fetal-type bile leak due to poor
mesenchymal support. Bile leak through the ducts initiates an intense inflammatory reac-
tion with a subsequent obliteration of the bile duct lumen. The characteristic findings on
liver biopsy include ductal proliferation, canalicular and cellular bile stasis, periportal
edema, and fibrosis. The title “atresia” is reserved for patients with complete obliteration
of the duct lumen. Hypoplasia is a transition phase before complete obliteration of the duct
lumen [7].

Congenital biliary atresia is divided into two clinical forms, fetal and perinatal. The
perinatal form is the most common and is characterized by late-onset neonatal jaundice,
with a jaundice-free time interval after birth. There are no other accompanying congenital
abnormalities. Remnants of the bile duct are found within the hepatoduodenal ligament
[4]. The fetal form is less frequent and accounts for less than 25% of the cases. It is char-
acterized by an early onset of neonatal jaundice, with no clearance of physiologic jaundice
(no jaundice-free time interval). It is frequently associated with other congenital anoma-
lies, including polysplenia, asplenia, cardiovascular defects, or abdominal situs inversus,
etc. No bile duct remnants are found in the hepato-duodenal ligament.

Clinical Presentation

Infants with CBA are usually born at full term with a normal birth weight and show normal
growth pattern in the immediate neonatal period. It is more common in girls than boys.
Jaundice usually starts 2 weeks after birth with acholic stool. Serum shows nonspecific
elevation of direct bilirubin, alanine aminotransferase (ALT), and gamma- glutamyl trans-
ferase (GGT). About 90% of infants show a serum conjugated bilirubin (direct bilirubin)
level greater than 4 mg dI™! [8, 9]. Aspiration of bile through a naso-duodenal tube (after
instillation of 25% magnesium sulfate into the duodenum to stimulate gallbladder contrac-
tion and bile emptying) establishes patency of the bile ducts and thus excludes the diagno-
sis of congenital biliary atresia and confirms the diagnosis of neonatal hepatitis. Bile is
aspirated from the duodenum in more than 80% of the infants with neonatal hepatitis, but
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not from infants with biliary atresia [10]. Intubation and duodenal bile aspiration are rela-
tively invasive in a newborn, and a negative test (no bile aspiration) is not always specific
for congenital biliary atresia.

Hepatomegaly is unusual at birth and begins to develop 6—8 weeks later. Cholestasis,
fibrosis, and cirrhosis develop as the infant grows. The incidence of biliary atresia is higher
among Chinese and Filipinos (2-3 per 10,000) than in Japanese and Caucasians [11].
Serial liver function tests provide an indication of the severity of the disease. Serum values
of total bilirubin, direct bilirubin, GGT, and alkaline phosphatase, and the alkaline phos-
phatase/GGT ratio do not reliably distinguish congenital biliary atresia from neonatal
hepatitis [12]. Laparoscopy has no diagnostic role as it cannot assess the patency of the
bile ducts. Cholangiography is invasive and technically difficult to do because of the small
size of the ducts.

Cholescintigraphy

The indication for cholescintigraphy in a neonate is persistent jaundice beyond the 2nd
week of life or new jaundice that develops 3 weeks after birth. An ideal patient preparation
includes treatment with 5 mg kg™ per day of phenobarbital, in two equally divided doses,
for 5-7 days prior to cholescintigraphy. Phenobarbital stimulates bile production [13] and
increases the secretion of the radiotracer into bile, enabling better delineation of bile ducts
and duodenum in infants with neonatal hepatitis, but not in those with CBA [14-16].
Cholestyramine or ursodeoxycholic acid also promotes bile secretion. The infant should
not be fed for an hour before and an hour after injection of the radiotracer. The duration of
fasting prior to cholescintigraphy should be increased in older children in proportion to
their age.

Data Collection

The agent of choice in neonatal cholestasis is Tc-99-m mebrofenin, because it competes
with serum bilirubin for hepatocyte uptake much more effectively than Tc-99m disofenin
or any other Tc-99m-HIDA agent [17]. A dose of 100 uCi kg!' (I mCi minimum) of Tc-99-
m-mebrofenin is injected intravenously. A gamma camera, preferably with a small field
of view, fitted with a low-energy, parallel-hole, all-purpose collimator, is positioned
anteriorly over the upper abdomen. The computer data are collected on a 64 x 64 word mode
matrix at one frame per minute for 60 min (Fig. 11.1.1). Delayed images are obtained
between 2—4 h and 20-24 h when intestinal activity is not seen in early images.

Data Analysis
A normal neonate shows rapid liver uptake and excretion compared to the infant with CBA

or hepatitis (Fig. 11.1.1). For quantification, three regions of interest are drawn, and time-
activity curves are generated separately over the (1) heart, (2) right upper lobe of the liver,
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Fig. 11.1.1 Cholescintigraphy in the neonate. There is normal extraction and rapid excretion of
99mTc-HIDA in a normal neonate (top leff). Extraction is decreased (persistent heart activity), and
there is delayed excretion in neonatal hepatitis (fop right). In biliary atresia, extraction is good, but no
excretion into small bowel is seen (bottom lefi). Kidneys form the alternate route of excretion [19]

and (3) spleen. The spleen ROl is used for blood background. Because both the hepatic and
splenic arteries arise from the same celiac artery, the spleen serves as an ideal organ to
represent the liver blood background. The hepatic extraction fraction and excretion half
times are obtained by subjecting data to deconvolutional analysis, very similar to the pro-
cedure for adults (Fig. 11.1.2) [18, 19]. Measurement of the hepatic extraction fraction by
deconvolutional analysis is equivalent to measuring the first pass extraction by injecting
the tracer directly into the hepatic artery or portal vein. The hepatic extraction fraction
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Fig. 11.1.2 Quantitative biliary dynamic studies in pediatrics. Hepatic extraction fraction (HEF)
and excretion half-time (HCT) in a normal neonate (/eff), congenital biliary atresia (middle), and
neonatal hepatitis (right). HEF remains relatively normal in biliary atresia, whereas both HEF and
HCT are abnormal in neonatal hepatitis (modified from [19])

provides an objective criterion for separating biliary atresia from neonatal hepatitis in early
cases of CBA. The liver extraction fraction and excretion half time provide a measure of
the severity of hepatobiliary disease. For a comparable level of serum bilirubin, infants
with congenital biliary atresia show a relatively higher hepatic extraction fraction than
infants with neonatal hepatitis [19, 20]. Obstruction over a longer period of time ultimately
compromises hepatocyte function, and the hepatic extraction fraction begins to decrease
and loses its power to differentiate biliary from hepatocyte decrease. The diagnosis of
congenital biliary atresia or neonatal hepatitis is also made by assessing both the images
and the shape and direction of the curves (Fig. 11.1.3).

Normal Neonate

Cholescintigraphy in a normal neonate is characterized by rapid hepatocyte uptake and
secretion of Tc-99 m-HIDA. Peak hepatic uptake occurs within 5 min, the gallbladder
appears within 10 min, and intestinal activity is seen between 20—30 min. Unlike in adults
and older children, the common hepatic duct, common bile duct, and the cystic ducts are
not seen in a neonate [15]. After reaching the peak within 5 min, the liver shows a rapid
decline. Peak cardiac counts occur in the first frame (1 min) followed by a rapid decline,
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Fig.11.1.3 Heart and liver simple time-activity curves in three children. In a normal child (a), both
heart and liver curves show a rapid decline. In biliary atresia (b), the liver curve shows slow uptake
and no excretion. In neonatal hepatitis (c¢), the liver curve shows slow excretion without an uptake
peak, indicating mainly background reduction [12]
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reaching a background activity level within 5 min. Both liver and heart curves converge
towards the end [12]. A subjective analysis of the shape of the curves helps to separate
normal infant from congenital biliary atresia or neonatal hepatitis (Fig. 11.1.3). Calculation
of the hepatic extraction fraction and excretion half time provide better and more powerful
objective functional parameters than a simple subjective analysis of the curves (Fig.
11.1.2). Two of the commercial vendors now are planning to provide hepatobiliary soft-
ware for routine clinical use on their gamma camera and computer systems, but for others,
the users have to develop their own software and database for clinical application.

In a normal neonate, the hepatic extraction fraction value ranges between 87 and 100%
with an average of 99.0 + 3.6% (Table 11.1.3). A value below 92% (mean, 2 SD) is con-
sidered abnormal. Mean excretion half time with Tc-99 m disofenin is 23.6 + 7.7 min; a
value above 40 min is considered abnormal. An artifact in the calculation of the hepatic
extraction fraction due to an abrupt truncation of data collection is avoided by adding an
appendage at the end of the curve [21].

Congenital Biliary Atresia

Neonates with congenital biliary atresia maintain a relatively high extraction Tc-99m-
HIDA with clear delineation of the hepatic morphology with well-defined borders and
contour. Major abnormalities are confined to bile secretion. Despite a good extraction by
the hepatocytes, there is total lack of secretion of Tc-99m-HIDA into the bile, resulting in
non-visualization of the entire biliary tree. The liver image appears much like a radiocol-
loid scan without the spleen. Delayed images at 24 h do not show any evidence of bile
entry into the small intestine [15, 16]. The liver time-activity curve shows good uptake, but
no excretion. Excretion half time values often indicate infinity (Fig. 11.1.2). The hepatic
extraction fraction value is maintained at a high level despite high serum bilirubin, espe-
cially when cholescintigraphy is obtained within 45 days after birth. When the extraction
fraction value begins to decline in patients with CBA, however, it indicates functional
compromise because of persistent bile duct obstruction over a longer period of time [20].
A diagnosis of congenital biliary atresia is highly probable in a neonate with conjugated
(direct) hyper-bilirubinemia, a relatively high hepatic extraction fraction in association
with non-visualization of the entire biliary tree and the small intestine. Cholescintigraphy
is unable to differentiate intrahepatic (Alagille’s syndrome) from extrahepatic (congenital
biliary atresia) ductal obstruction.

Table 11.1.3 Hepatic extraction fraction and excretion half time (mean + SD) in normal subjects and
children with congenital biliary atresia, hepatitis, and miscellaneous hepatobiliary diseases [18]

Parameter Normal CBA Hepatitis Miscellaneous

Number 12 9 16 8

Hepatic extraction 99.0£3.6 79.3£25.5 51.5+20.6 87.8+13.3
fraction (%)

Hepatic excretion 23.6+7.7 183.1 +201.1 101.9+77.0 44.8 +35.7

halftime (min)
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The incidence of persistent jaundice beyond 2 weeks after birth, in general, is estimated
to be 1 in 5,000 live births; neonatal hepatitis occurs 1 in 8,000, and biliary atresia, 1 in
10,000—-15,000 live births. Pure intrahepatic biliary atresia or hypoplasia is rare and occurs
in 1 in 70,000 births [22]. The extrahepatic bile ducts are patent in most patients with
intrahepatic biliary atresia. Intrahepatic biliary atresia is commonly associated with intra-
uterine infection and genetic abnormalities as listed in Table 10.1.1. Alagille’s syndrome
is a form of intrahepatic biliary hypoplasia or atresia in association with pulmonary steno-
sis, vertebral body abnormalities, sexual and mental underdevelopment, and a typical
facial feature [23].

Neonatal Hepatitis

Neonatal hepatitis is usually caused by viral, fungal, or bacterial infection (Table 10.1.1).
Jaundice persists beyond 2 weeks after birth, and the liver function tests show non-specific
elevation of enzymes with conjugated hyper-bilirubinemia [11]. Cholescintigraphic fea-
tures depend upon the severity of hepatocellular disease at the time of imaging. Uptake of
Tc-99m-HIDA by the hepatocyte is delayed and decreased. Both the time-to-peak hepatic
uptake and excretion half time are increased. Intestinal and gallbladder visualization time
may be either normal or markedly delayed. Due to the marked reduction in hepatocyte
extraction of Tc-99m HIDA, the liver morphology is poorly defined with indistinct borders
and contour. Heart and liver time-activity curves run in parallel, indicating mostly back-
ground reduction (Fig. 11.1.3). The hepatic extraction fraction value shows an inverse
relationship with the serum bilirubin level. Extraction fraction values as low as 30% are
common [19]. Intestinal activity is seen by 24 h. An apparent appearance of good uptake
by the liver is merely a reflection of hepatic blood pool radioactivity and is not due to true
uptake by the hepatocytes, as reflected by low hepatic extraction fraction value.

The success of cholescintigraphy is variable, depending upon the time interval between
birth and imaging (Table 11.1.4). A sensitivity of 100%, specificity of 80%, and accuracy
of 93% have been reported from some centers with technetium-99m mebrofenin [24].
High accuracy is attributed partly to the agent’s ability to compete effectively with serum
bilirubin for uptake by the hepatocytes. One cannot always separate congenital biliary
atresia from neonatal hepatitis solely on the basis of the HEF value, emphasizing the
importance of combining quantification with the image pattern to increase diagnostic
accuracy [20].

Table 11.1.4 Efficacy of cholescintigraphy, ultrasonography, and liver biopsy in the differential
diagnosis of congenital biliary atresia from neonatal hepatitis [24]

Parameter Cholescintigraphy Ultrasonography Liver biopsy
Sensitivity (%) 100 70 95
Specificity (%) 80 70 100
Accuracy (%) 93 70 97
Positive predictive value 91 82 100

Negative predictive value 100 54 91
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Management of Neonatal Cholestasis

Neonatal hepatitis is treated medically with good nutrition, anti-viral, anti-bacterial, or
anti-parasitic agents, depending upon its etiology. Most patients recover uneventfully
(Fig. 11.1.4A). The American Academy of Pediatrics recommends phototherapy for
healthy term infants [24]. The Kasai procedure is the treatment of choice for congenital
biliary atresia [26, 27]. The neonate is prepared for surgery with preoperative antibiotic
prophylaxis, optimal hydration, and good nutrition. The abdomen is explored through a
high transverse incision, and a fine catheter is inserted into the gallbladder by piercing the
fundus. Fibrosis of the wall with no bile within the gallbladder or obliteration of the com-
mon bile duct lumen confirms biliary atresia. The presence of bile inside the gallbladder
with patency of the common bile duct, on the other hand, indicates neonatal hepatitis.
A cholangiogram is obtained by injecting the radiocontrast through the catheter.

In the original Kasai procedure, the jejunum is cut beyond the ligament of Trietz, and a
portoenterostomy is established. The proximal part of the jejunum is anastomosed to the
side wall of the Roux-en-Y limb, below the portoenterostomy. The most common compli-
cation of portoenterostomy is acute ascending cholangitis due to reflux of intestinal con-
tents into bile ducts. Several modifications to the original portoenterostomy were made
mainly with the hope of preventing acute ascending cholangitis (Fig. 11.1.5). The tempo-
rary jejunostomy stoma created for decompression is usually closed at 3 months after
confirming adequacy of bile flow. Most pediatric surgeons now seem to prefer the
original Kasai procedure (Kasai 1) and avoid creating an external fistula. Administration

Fig.11.1.4 Response to therapy in neonatal cholestasis. An infant with giant cell neonatal hepatitis
responds to medical therapy and shows bile secretion into intestine (/eff). An infant with congenital
biliary atresia (right) shows bile secretion into the intestine after a Kasai procedure. (Courtesy of
Dr. Vasundara Tolia, Detroit, MI [20])
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Fig.11.1.5 Portoenterostomy for congenital biliary atresia. In Kasai I, an open end of a loop of the
jejunum is attached directly to the undersurface of the liver to serve as a bile conduit. In Kasai II
and Kasai III, a temporary external fistula is created. Other types of anastomoses include Segura I,
Ueda I, and Lilly-Altman (modified from [11])

of appropriate antibiotics reduces the incidence of acute or recurrent cholangitis.
A successful Kasai procedure establishes free bile flow into the small intestine (Fig. 11.1.4B)

The rate of success of portoenterostomy for congenital biliary atresia depends primarily
upon the time interval between birth and surgery and also upon the size of the duct lumen
at birth (Table 11.1.2). Poor results are generally attributed to delayed portoenterostomy.
A success rate of 89% and a 10-year survival rate of 33—74% are obtained when the neonate
with congenital biliary atresia receives portoenterostomy within 60 days after birth
(Table 11.1.5).

Liver transplantation is the ultimate therapy when HPE fails. The usual cause for HPE
failure is continued fibrosis secondary to recurrent cholangitis. Approximately 65% of
infants who receive HPE for biliary atresia ultimately require liver transplantation [28, 29].
Biliary atresia is the most common indication and accounts for 54% of all liver transplantation
in children. Other indications include metabolic diseases (14%), acute hepatic necrosis
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(11%), autoimmune and other cirrhosis (7%), malignancy, and other miscellaneous condi-
tions [30]. Split liver and living donor liver transplantations have helped to overcome, to
some extent, the shortages of donor livers in the pediatric population [31, 32]. The high
cost and limited availability of donors still remain two of major factors limiting liver trans-
plantation in children (see Chap. 12). The Kasai operation remains the first choice of
treatment, and its application early at experienced centers reduces the need for liver
transplantation [33]. Non-invasive functional imaging with quantification is ideal for
children, for evaluation of both native and transplant livers. Congenital biliary atresia,
metabolic diseases, and acute hepatic necrosis all together account for nearly 80% of all
transplants in children (Fig. 11.1.6). In the case of congenital biliary atresia, cholescintig-
raphy is suitable not only for diagnosis, but also for assessing function after the Kasai
procedure or transplant liver function when the Kasai procedure fails [34].

Table 11.1.5 Clinical outcome after Kasai procedure for congenital biliary atresia [3]

Effective bile excretion 89
Clearance of jaundice 62
Jaundice-free survival 53-62
10-year survival 33-74
Onset of esophageal varices 29-73

Cholestatic liver disease 4%

Autoimmune Malignancy 2%
and other

cirrhosis 7%
Miscellaneous 7%

Congenital hepatic fibrosis 1%

Acute
hepatic
necrosis
1%

Metabolic

disease 14% Biliary atresia 54%

Fig. 11.1.6 Indications for liver transplantation in children. Congenital biliary atresia is the most
common indication, followed by metabolic diseases, acute hepatic necrosis, and others [33]
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11.2
Cystic Diseases of the Hepatobiliary System

Cysts are abnormal spaces within the liver parenchyma or along the biliary tract (chole-
dochal cysts). They vary in size and location and contain mostly clear liquid. Choledochal
cysts are rare, occurring in 1 in 100,000—150,000 live births. About 80% of choledochal
cysts become symptomatic early and are diagnosed before the age of 10. Cysts are classi-
fied in many ways, and the classification provided in Table 11.2.1 is primarily for diagnos-
tic purposes using various imaging techniques, including ultrasound, CT, MRCP, and
cholescintigraphy. Cystic diseases due to parasites (hydatid cyst) and bacteria (abscess) are
covered separately under space-occupying lesions of the liver in Chap. 4. This section
deals primarily with those congenital cysts that have direct communication with the bile
ducts and hence fill in with radiolabeled bile. The diagnosis of a non-communicating cyst
is inferred when radioactive bile does not enter the cyst.

Cysts are either solitary or multiple. Solitary cysts are rare, found at all ages, and most
remain asymptomatic [1]. The cysts occur mostly along the hepatobiliary tract, starting at
the smallest intralobular duct to the termination of the common bile duct into the duodenum.
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Table 11.2.1 Classification of cystic diseases of the hepatobiliary system

1. Parasitic (hydatid cyst)
2. Non-parasitic cystic disease
a) Intrahepatic
1) Solitary or multiple intrahepatic cysts with no communication
with the bile ducts (adult polycystic liver disease)
2) Mixed variety where few cysts communicate with the bile ducts
3) Diffuse or segmental cystic dilatation of the bile ducts (Caroli’s
disease)
b) Extrahepatic.
1) Choledochal cyst
a) Cystic
b) Fusiform
¢) Cylindrical
d) Rosary (multiple cysts)
e) Diverticular
f) Choledochocele

Most of the cysts are congenital, but a few of the acquired cysts follow an infection, trauma,
or obstruction of a duct. The cyst may be entirely extrahepatic or intrahepatic in location.

The occurrence of both intrahepatic and extrahepatic cysts in a patient is rare, but is
well recognized [2].

Etiology

The exact cause of cystic dilatation of the bile ducts is unknown. Various hypotheses have
been proposed, including weakness of the duct wall, angulation of the duct, presence of a
valve-like structure within the lumen, inflammation, or sphincter dysfunction, all of which
increase in intraductal pressure with impedance to bile flow [3]. The dilatation is initiated
by an irregular and unequal proliferation of duct cells during recanalization of the solid
core during early intrauterine life. Cysts are relatively more common in the Japanese and
other Asians than in people elsewhere in the western hemisphere. An incidence of 1 in
13,000 hospital admissions has been reported in Japanese children [4]. The cyst wall
ranges in thickness from 1 to 10 mm and consists mostly of fibrous tissue lined with cuboidal
cells, or often with no lining cells at all. The cyst wall lacks mucous glands and a muscle
layer. The cyst volume varies from a few milliliters to several liters [3].

Classification of Choledochal Cysts

Cysts are classified mainly into the intrahepatic and extrahepatic variety. Kami et al. and
Todani et al. recommend classification based upon the shape, size, extent, and location of
the cyst [5, 6]. The cystic type is the most common variety and accounts for 54% of all
choledochal cysts (Fig. 11.2.1). Fusiform is the next most common (24%), followed by the
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Rosary 4% Diverticular 2.5% Choledochocele 0.5%

Fig.11.2.1 Classification of extrahepatic bile duct cysts. Cystic type is the most common (54%),
followed by fusiform (24%), cylindrical type (15%), rosary (4%), and diverticular form (2.5%).
Choledochocele is cystic dilatation of the intraduodenal part of the common bile duct before its
entrance into the duodenum

cylindrical (15%) and rosary type (4%). Together, these four account for nearly 97% of all
cystic lesions. The diverticular type arises from one side of the duct wall, consists of a nar-
row opening, and may compress the adjoining structures, manifesting clinical symptoms
of obstruction. A cyst at the distal end of the common bile duct, situated within the duode-
nal wall close to the ampulla of Vater, is called a choledochocele and is the rarest type
(0.5%). The gallbladder remains normal in size, and gallstones are relatively rare in patients
with choledochal cysts [3].

Intrahepatic Cystic Dilatation (Caroli’s Disease)
Caroli et al. in 1958 first described an entity of pure intrahepatic cystic dilatation [2].

Numerous authors have since described frequent association of intrahepatic cysts with
cysts of the extrahepatic ducts. Studies from Japan report as many as 28-42% of patients
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with extrahepatic cysts having simultaneous intrahepatic cysts [3, 5, 7]. The fusiform and
cylindrical types are more common in patients with intrahepatic cysts (Fig. 11.2.2).

Diagnosis

Choledochal cysts are three times more common in women than men, and more common
in Asia and the Orient than in the western hemisphere [3]. Cysts remain asymptomatic for
many years. When symptoms occur, more than one half of the patients present with a triad
of abdominal pain, abdominal mass, and jaundice. Pain is usually localized to the right
upper quadrant. The onset of symptoms usually coincides with the enlargement of the cyst,
and the symptoms subside when the cyst decreases in size or drains spontaneously into the
duodenum. Liver function tests show mild non-specific elevation. Ultrasonography or CT
is the initial diagnostic procedure of choice. Once a cyst is identified with one of the imag-
ing modalities, cholescintigraphy confirms the diagnosis. A cyst by ultrasound or CT in the
vicinity of the biliary tract that fills with radiolabeled bile is specific for a choledochal cyst
(Fig. 11.2.3). Choledochal cysts must be differentiated from cysts in other nearby organs,
including cystic lesions of the kidney (renal cyst, hydronephrosis, and Wilm’s tumor),
pancreas (pseudocyst), or duodenum (diverticulum), etc. The malignant potential of a cho-
ledochal cyst is about 2.4% [6].

Cholescintigraphy
The imaging study is obtained 4—6 h after fasting. Usually there is no need for pretreatment

with phenobarbital, unless the child is severely jaundiced. Any one of the Tc-99m-HIDA
agents may be chosen when serum bilirubin is within normal range. Routinely 1 min per

Fusiform Cylindrical Cystic

Fig. 11.2.2 Classification of intrahepatic bile duct cysts. Fusiform and cylindrical types are typical
examples of Caroli’s disease. Cystic type may affect both the intrahepatic and extrahepatic ducts.
Simultaneous involvement of both intrahepatic and extrahepatic ducts is found in 28-42% of patients
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4 min/Image

Fig. 11.2.3 Cholescintigraphic features of a choledochal cyst. A choledochal cyst fills in with
radiolabeled bile and appears as a round structure in the middle of the common duct. The gall-
bladder is not seen

frame images are obtained for 60 min (Fig. 11.2.3). Delayed images are obtained at 4 and
24 h when necessary.

The most common cholescintigraphic feature of a choledochal cyst is that of an early
defect (90%) in the vicinity of the common hepatic or common bile duct that fills with
radioactive bile at 4 or 24 h (Table 11.2.2). Intrahepatic ductal prominence or bile pooling
is seen in 22% [8]. The gallbladder usually appears late. Only about 25% of the gallblad-
ders are seen within 60 min, and up to 25% remain nonvisualized, even at 24 h [8, 9, 10].

Delayed filling or non-filling of the native gallbladder in a patient with choledochal cyst
suggests that the cyst may act as a low pressure reservoir for bile. Gallbladder histopatho-
logical changes indicative of acute cholecystitis are found in 7% and those of chronic
cholecystitis in 59% of patients with choledochal cysts [8]. This raises the possibility that
the presenting symptoms may be due to onset of cholecystitis and not the choledochal
cyst itself. Large cysts (one measured 400 ml) may compress adjoining structures and
present clinically as an acute emergency [11]. Combined application of ultrasound and
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Table11.2.2  Cholescintigraphic features of choledochal cyst

1. Prolonged intrahepatic ductal prominence 22

2. Visualization of the gallbladder within 1 h 25

3. Non-visualization of the gallbladder by 2—4 h 71

4. Non-visualization of the gallbladder by 24 h 25

5. Filling defect in the region of the cyst in early 90
images

6. Filling of the defect with the radiolabel in late 89
images

Tc-99m-HIDA cholescintigraphy is the most cost-effective approach in the diagnosis of
choledochal cysts [12].

Management of Choledochal Cysts

Surgical excision of the cyst is the treatment of choice [13]. The cyst is excised with the
hepatic duct Roux-en-Y jejunal anastomosis. This approach results in the most favorable
postsurgical outcome, with a low incidence of ascending cholangitis. Total excision of the
cyst is recommended because of its high malignant potential, which is 20 times higher than
in the general population [3]. Surgical management of pure intrahepatic cysts (Caroli’s
disease) remains controversial. Lobectomy is advocated when cysts involve only one lobe
of the liver. In the severe form of Caroli’s disease, recurrent ascending cholangitis often
leads to fibrosis and portal hypertension. About 20% of the choledochal cysts diagnosed in
adults are treated much like those in children with total surgical excision [14].

Cystic Disease of the Liver Parenchyma

Liver cysts can be either solitary or multiple. Solitary cysts are uncommon, non-hereditary,
and not associated with cysts in other organs. The Mayo Clinic reported only 38 solitary
asymptomatic liver cysts during a follow-up period of 47 years [15]. Frequent use of
abdominal ultrasound examination now can detect many more asymptomatic liver cysts
than before. Symptomatic solitary liver cysts are four times more common in women than
men and are found more frequently in the anterior-inferior area of the right lobe [16]. The
cyst surface is usually smooth with wall thickness less than a centimeter. The cyst size
varies from a few milliliters to several liters. One reported cyst contained 17 1 of fluid [17].
Most of the cysts contain clear fluid. Some cysts may contain blood, mucin, proteins, and
cholesterol. Bile is rarely found in a solitary cyst, indicating its non-communication with
the bile ducts. A solitary cyst on ultrasound or CT that does not fill with radiolabeled bile
indicates a non-communicating simple liver cyst (Fig. 11.2.4A).
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min 6-8 min 24 -26

5min i 10 min

Fig.11.2.4 Liver cyst. A simple liver cyst appears as a round defect early and does not fill in with
radiolabeled bile later (fop). A polycystic liver shows multiple small and large liver cysts on CT
(middle). Cholescintigraphy in polycystic liver disease shows functioning liver tissue along the
margins of right and left lobes (bottom). No filling of the cysts occurs. The cyst fills in only when
there is wall rupture
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Polycystic Liver Disease

Polycystic liver disease is classified into two main categories, non-communicating, and
communicating. Non-communicating cysts are usually multiple, common in adults (adult
polycystic liver disease), and show an autosomal dominant pattern of inheritance. It is
associated with cysts in other organs, especially of the kidneys [18]. Cysts become symp-
tomatic when they rupture or get infected. Tc-99m-HIDA cholescintigraphy can establish
reliably whether or not the abdominal pain is due to rupture of the liver cyst [19]. In
patients with polycystic liver disease on CT or ultrasound, non-filling with radiolabeled
bile indicates a non-rupture (Fig. 11.2.4B, C).
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Malignant Liver Lesions

The liver is a common site for both primary and metastatic malignant lesions. Although the
metastatic lesions are the most common, primary malignancies like hepatocellular carci-
noma (HCC) and cholangiocarcinoma (CC) have become increasingly more common in
recent years in the United States [1]. HCC arises from the hepatic parenchymal cells, the
hepatocytes, and CC from the cells lining the major bile ducts and gallbladder, the cholan-
giocytes. In Asian countries like China, Taiwan, and Japan, HCC is one of the three most
common causes of death due to malignancy. HCC has a serum marker in the form of
a-fetoprotein, and no such marker exists for CC. Gallium-67 citrate, which has been an
imaging agent for HCC over the years, still remains popular in places where F-18 fluoro-
deoxyglucose (F-18 FDQG) is not readily available. A filling defect on a radiocolloid liver
scan (Fig. 12.1.1) associated with intense Ga-67 uptake (Fig. 12.1.2) and increased serum
a-fetoprotein in a patient is more likely to be HCC than any other type of malignancy. F-18
FDG shows avidity for CC, HCC, metastatic lesions, and abscesses. Being a common
imaging agent for many different types of liver lesions, F-18 FDG imaging provides no
specificity for any one particular type of malignancy.

Detection of primary and metastatic malignancy depends upon uptake and retention of
F-18 FDG by the normal liver and tumor (Fig. 12.1.3). Uptake is dependent upon the
enzyme glucokinase, which facilitates F-18 FDG uptake and immediate conversion into
F-18 FDG-6 phosphate inside the cell. High levels of FDG-6 phosphatase enzyme in the
hepatocyte promote conversion of F-18 FDG-6 phosphate back into F-18 FDG, which may
exit the hepatocyte rapidly, especially in delayed images taken beyond an hour after injec-
tion. The balance between uptake and exit determines the sensitivity for tumor imaging.
The serum level of a-fetoprotein and tumor stage greatly influence the sensitivity of F-18
FDG PET/CT imaging (Fig. 12.1.4). Patients with a serum a-fetoprotein level of less than
20 ng ml™' show a sensitivity of 44%, whereas those with levels greater than 400 ng gl™!
show a sensitivity of 86%. Stage II and III tumors show F-18 FDG PET/CT sensitivity of
31-62%, whereas stage IVa and IVb show much higher sensitivity at 68—-85%. Overall
sensitivity of F-18 FDG PET/CT for HCC is 61% and for metastatic lesions 86%. Higher
sensitivity for metastatic lesions is related to the slow rate of conversion of F-18 FDG-6-
phosphate back into F-18 FDG. Although colon cancer frequently metastasizes to the liver,
other types of cancer, including breast and lung, also involve the liver (Fig. 12.1.5). Primary
liver tumors less than 2 cm in size are rarely detected, and 78% of tumors >5 cm are readily
identified with PET/CT [2]. Risk factors for HCC include primary sclerosing cholangitis,
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Fig.12.1.1 Tc-99m radiocolloid scan (fop) shows HCC as a filling defect in segment 4A and 4B of
the left lobe. A CT (bottom left) shows it as a low density lesion and MRI with contrast (bottom
right) shows the lesion as hypervascular

Fig.12.1.2  Gallium-67
citrate scan of patient
shown in Fig. 12.1.1
shows high intensity
uptake in segment 4A
and 4B of the left lobe.
As the lesion is anterior
in location, it is seen
better in the anterior
(left) than in the
posterior view (right).
Bone marrow and
transverse colon activity
below the liver is
normal. Patient had
increased serum
alpha-fetoprotein, and
surgical resection
confirmed hepatocellular
carcinoma
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Fig. 12.1.3 Normal PET/CT. Brain and heart show the highest F-18 FDG uptake (middle panel).
Liver, spleen, kidneys, and bone marrow show low uptake, and lungs show no uptake. 7op (CT)
and middle (PET) panel images are fused in the bottom panel

hepatolithiasis, chronic infections, including typhoid and parasites, drug exposure, and
genetic influence.

CC is a malignant epithelial tumor of the biliary tree and is less common than HCC [3].
About 60% of CC tumors arise from the extrahepatic part of the biliary tree and spread
upwards to invade the liver parenchyma (Klatskin tumor). Hilar lesions are classified into
five different types, depending upon the extent of the tumor (see Chap. 8.2). Hilar tumors
progress slowly, and the diagnosis is often delayed for weeks or months. Although the
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Fig.12.1.4 Colon CA with liver metastases. Multiple metastatic lesions are found in both liver lobes

sensitivity for detection of the primary cholangiocarcinoma with F-18 FDG is slightly
higher than for HCC, metastatic lesions show no difference between the two types (Table
12.1.1). CT remains the primary diagnostic procedure of choice, and PET/CT adds valuable
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Fig.12.1.5 Breast CA with metastases to both lobes of the liver. Right lobe involves segments 5, 7,
and 8. Segment 7 lesion shows central necrosis with no uptake in the center. Left lobe has lesions

in segments 2 and 3

Table 12.1.1 Sensitivity and accuracy (%) of F-18 FDG PET/CT imaging in
the detection of hepatocellular carcinoma and cholangicarcinoma

Hepatocellular
carcinoma [1] Cholangicarcinoma [3]
Primary Metastatic Primary Metastatic
Sensitivity 61 86 84 83

Accuracy 61 79
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information with regard to the extent of the primary tumor and its resectability, especially
in separating intrahepatic from common bile duct lesions [4, 5].

Early detection of metastatic liver lesions plays a crucial role in the proper management
of the patient. A single lesion in either lobe is locally resected, whereas multiple lesions in
one or both lobes call for more aggressive surgery and require clear delineation of involve-
ment of each of eight segments of the liver. Couinaud’s classification divides the liver into
eight segments [6], and Bismuth divides the liver into nine segments by separating
Couinaud’s segment 4 into 4A and 4B [7]. Resection of four or more lesions followed by
chemotherapy frequently results in 3-year survival [8].

12.1
Management

The therapy for early uncomplicated primary tumor is surgical resection. Five-year sur-
vival for margin-negative resections ranges from 30 to 45 years. Margin-positive lesions
show poor 5-year survival, ranging from 0 to 13 years [3].Only segments 6 and 7 (posterior
half of the right lobe) are left behind in cases where other segments show metastatic
involvement. Other forms of therapy include photodynamic therapy, intraductal high-
intensity ultrasonography, radiofrequency ablation, and chemo-embolization. Liver trans-
plantation, which was considered in the past as a contraindication for HCC and CC, is now
accepted as a life-saving measure for both.
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Liver Transplantation

Liver transplantation is an optimal therapy for various types of end-stage liver disease [1].
The first liver transplantation was performed in a dog by Welch in 1955, and the first
human liver transplantation was performed by Starzl et al. in 1963 [2, 3]. Although the
early clinical results were disappointing, modern immunosuppressive agents have improved
survival rates in both children and adults. The survival rates in children at 1, 3, 5, and 10
years are 82%, 80%, 78%, and 76%, respectively [4]. In the Model for End-Stage Liver
Disease (MELD) survey, the S-year survival rate after liver transplantation has now
increased to 88% [5]. The indications for liver transplantation for various end-stage liver
diseases are shown in Table 13.1.1.

13.1
Types of Liver Transplantation

There are essentially three types of liver transplantation: (1) cadaver liver, (2) living-donor liver,
and (3) auxiliary liver. In cadaver liver transplantation, the recipient’s entire liver is removed and
replaced (orthotopic) by a cadaver liver (Fig. 13.1.1). In the case of a living-donor liver trans-
plantation, either the lateral segment (segments 2 and 3) or the entire left lobe (segments 4A,
4B, 2, and 3), anterior section (segments 5 and 8), or posterior section (segments 6 and 7)
of the right lobe or the entire right lobe (segments 5, 6, 7, and 8) from the donor liver replaces
the entire native liver of the recipient. In the case of an auxiliary liver transplantation for patients
with fulminant hepatic failure, the donor liver acts as a transient bridge until the native liver
recovers its function. The donor liver is placed either adjacent to the native liver or replaces the
left lobe of the recipient liver [6—8]. The transplantation procedure usually involves four stages:
(1) hepatectomy of the diseased native liver, (2) the anhepatic stage, which is the time interval
between liver removal and interruption of blood flow through the vena cava, portal vein, and
hepatic artery, (3) the reperfusion stage when the donor liver is being revascularized in the
recipient, and (4) the biliary reconstruction stage in which a choledochocholedochostomy
(adults) or a choledochojejunostomy (in children less than 35 Ibs) is performed.

Nuclear medicine procedures are used for the evaluation of liver function both in the
pre- and post-transplant period. In the case of a living-donor liver transplantation, both the
donor and the recipient may undergo pre-transplant evaluation, which generally includes
assessment of the functional reserve of the donor liver and determination of the ideal time
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Table 13.1.1 Indications for liver transplantation

Parenchymal diseases
Post-necrotic cirrhosis
Primary biliary cirrhosis
Primary sclerosing cholangitis
Alcoholic liver failure
Viral hepatitis

Inborn errors of metabolism
Fulminant hepatic failure
Autoimmune hepatitis
Cystic fibrosis

Neonatal hepatitis
Cholestatic diseases
Biliary atresia

Cystic fibrosis

Biliary cirrhosis
Sclerosing cholangitis
Familial cholestasis
Graft vs. host disease
Chronic hepatic rejection
Tumors

Hepatoma
Hepatoblastoma
Apudomas
Miscellaneous
Budd-Chiari syndrome
Trauma

for transplantation in the recipient [9]. It is essential to establish end-stage liver disease in
the recipient prior to considering transplantation. Since no single test is adequate for either
determining end-stage liver disease or indicating the ideal time for transplantation, serial
imaging and non-imaging diagnostic procedures are performed over many months or
years. Persistent poor function over many months or years despite appropriate therapy is
an indication of end-stage liver disease. Just prior to liver transplantation, a multiple-gated
acquisition (MUGA) study is obtained for evaluating the left ventricular ejection fraction
and wall motion and a myocardial perfusion study for testing the adequacy of the coronary
circulation in the recipient. After the transplantation, nuclear medicine studies are used to
detect immediate and late postoperative complications (Table 13.1.2) and also for the
assessment of functional recovery of the donor liver (Fig. 13.1.1). In the immediate post-
operative period, cholescintigraphy is used to exclude bile leak or to assess transplant
function. Blood pool studies are obtained to identify vascular complications, such as bleeding
and thrombosis [10, 11]. Post-transplant chronic ischemia of the liver causes diffuse bile
duct stenoses, manifesting as a vanishing bile duct syndrome in some patients [12].

In the case of living-donor liver transplantation, the volume of the donor liver and its seg-
mental morphology are measured with a single or multi-detector spiral CT. For a multi-detector
spiral CT study, 750 ml of water is ingested as a negative contrast, and 120—150 ml of a non-ionic
contrast is injected intravenously at 4—5ml s~ using scanning collimation of 1 mm, and 1-mm-thick
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Suprahepatic
inferior vena cava

Hepatic artery
Aorta

Portal vein
Common bile duct

Infrahepatic
inferior vena cava

Native liver

Auxiliary liver

Hepatic artery
Common bile duct

Portal vein
Inferior vena cava
Auxiliary orthotopic liver transplant

Native liver

Portal vein

Aorta

Heterotopic — Hepatic artery

liver

———Jejunum

Auxiliary heterotopic liver transplant

Fig.13.1.1 Liver transplantation. Orthotopic liver transplant with end-to-end anastomosis is the
most common type. In auxiliary transplantation, the donor liver is placed in either an orthotopic or

heterotopic position
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13 Table 13.1.2 Complications of liver transplantation [10]
Complication Frequency (%)
Infections 30.0-60.0
Biliary obstruction 15.0-25.0
Rejection 10.0-15.0
Bile leak 7.5-10.0
Bleeding 5.5-6.5
Renal failure (requiring dialysis) 5.0
Arterial thrombosis 3.0-5.0
Lymphoproliferative disorder 2.0-2.5
Portal vein thrombosis 1.0-2.0

Fig.13.1.2  Magnetic resonance cholangiopancreatogram (/eff) shows the gallbladder, common bile duct,
right hepatic duct (RHD), and left hepatic duct (LHD) and their segmental branches. RHD receives bile
from anterior (4) and posterior (P) and LHD from medial (}/) and lateral (L) segmental branches

images are reconstructed for interpretation [ 13]. The intraoperative volume in milliliters and weight
in grams of the right lobe are estimated by using the preoperative volume [14]:
Intraoperative volume = 0.656 x preoperative volume + 87.629 ml
Intraoperative weight = 0.678 g/ml x preoperative volume + 143.704
Since one or two segments from an adult are adequate for a child, living-donor liver
transplantation for post-Kasai biliary atresia has gained widespread acceptance with 5-year
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survival of nearly 90% [15]. Currently, hepatitis C infection is the most common cause of
chronic liver disease in adults and accounts for 42% of cases, followed by hepatitis C and
alcohol in 22%, alcohol alone in 8%, non-alcoholic fatty liver disease in 9%, hepatitis B in
3%, and other causes in 16% [16]. Hepatitis C in adults and congenital biliary atresia in
children are the two most common indications for liver transplantation.

13.2
Normal Functioning Liver Transplant

Transplant liver maintains its normal shape and size in the right upper quadrant and functions
much like a native normal liver. The gallbladder is usually absent as cholecystectomy is
routinely performed as an integral part of transplantation to the prevent formation of as
well as future complications from gallstones. The hepatic extraction fraction and excretion
half time values of the transplant liver are maintained within the normal range established
for the normal native liver. Common hepatic and common bile ducts show normal features.
Duodeno-gastric bile reflux is rare (Figs. 13.1.3 and 13.1.4).

ANALYSIS OF THE LIVER SEGMENTS AND LOBES

Patient value (Normal range)

Function of right upper lobe (Segs T& 8) =27.15% (22-38 %)
Function of right lower lobe (Segs 5 &6) =41.10% (27-51 %)
Total function of right lobe (Segs 5 - 8) =68.14% (58-78 %)

Function of left medial segment (Segs 4A + 4B) = 20.05% (11-31 %)
Function of left lateral segment (Segs 2-3) = 9.97% (6-15%)

Function of Caudate Lobe (Seg 1) =182% (0.3-2.7%)

Total function of left lobe {[Segs 1-4) =3185% (22-42%)

Liver Height (RMCL) = 12.85cms (11.5-17.5 cms)
Area of the Right Lobe = 104.27 Sqgcms (83-151 Sqoms)

Area of the Left Lobe 1541 Sqems (35-135 Sqoms)
Total Liver Area =179.67 Sqems (132-272 Sq ems)

|
Draw Region For

Lives Boundary RMCL
_ RHD LHD

Fig.13.1.3 Liver segments derived from a planar Tc-99m-HIDA study. A line passing through the
common bile duct (CBD) and common hepatic duct (CHD) when extended upwards to meet the
superior margin divides the liver into right and left lobes. A line passing through the right hepatic
duct and left hepatic duct divides each lobe into superior and inferior segments. In a planar image,
segment 5 is superimposed on segment 6 and segment 7 on segment § of the right lobe. The
segments are clearly separated in the left lobe. The caudate lobe (segment I) is added to the right
or left lobe depending upon user preference. Normal values for segments are shows within
parentheses. Planar image depicts the biliary anatomy similar to MRCP shown in Fig. 13.1.2
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Fig. 13.1.4 Normal liver transplant. Early images beginning at 2 min show normal morphology
and bile formation (top). Late images beginning at 38 min show free bile flow into intestine.
Gallbladder is absent due to cholecystectomy (bottom). Hepatic extraction fraction and excretion
half time are normal

Complications
Liver transplant complications occur both in the immediate and delayed postoperative

period (Table. 13.1.2). Immediate complications include bile leak and arterial or venous
thrombosis, and delayed complications (rejection) are immunological in nature.
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Bile Leak

Leak is inferred when bile enters an unanticipated region or an anticipated region at an
unanticipated time [17]. Bile leak at the anastomotic site is relatively common and
accounts for 10% of all complications. The leak may occur into the liver parenchymam
or into the subhepatic space forming a biloma, or the leak may enter the peritoneal space,
causing bile peritonitis. Biloma produces a filling defect within the liver in early images
and fills in with Tc-99m-HIDA-radiolabeled bile in late images. In contrast, a benign or
malignant space-occupying lesion remains a “cold” defect throughout. Bile enters an
abscess cavity when the abscess connects with a bile duct. Healing of the abscess cavity
is demonstrated with serial imaging (Fig. 13.1.5). Bile leak at the anastomotic site
(choledocho-choledochal) is usually small in size and closes spontaneously. Bile leak at
the choledocho-duodenal junction, on the other hand, tends to be large in volume and
carries a much higher morbidity and mortality due to simultaneous leakage of intestinal
contents into the peritoneal space. In the supine position, leaked bile gravitates to the
right or left paracolic gutter and later enters the pelvic cavity. Opioids prescribed for
pain control often increase the volume of bile leak because of their constrictive effect on
the sphincter of Oddi.

Bile Duct Stricture

Stricture is a late complication and accounts for 15 to 25% of the total complications of
liver transplantation. Stricture is attributed to bile duct ischemia caused by arterial stenosis
or thrombosis. Cholescintigraphy shows bile pooling in ducts proximal to the stricture.
Segmental and area ducts are seen with unusual prominence [18]. Denervation during
transplant surgery alters sympathetic-parasympathetic-hormonal control over the ducts
and sphincter of Oddi. Nervous and hormonal imbalance may cause biliary dyskinesia.
Distinction between anatomic stricture and biliary dyskinesia is made with the use of amyl
nitrite or a calcium channel blocker (nefidapine), very similar to studies obtained in non-
transplant patients [19, 20].

Primary Non-Function Versus Rejection

Primary non-function is non-recovery of donor liver function in the recipient despite good
surgical technique establishing adequate portal vein and hepatic artery blood flow.
Clinically, it presents as liver failure in association with encephalopathy, persistent acidosis,
and severe coagulopathy, and requires retransplantation. Acute rejection occurs within 3
months of transplantation, and chronic rejection follows later. Unlike the kidneys, the liver
does not manifest a hyperacute rejection. Rejection is a microvascular phenomenon where
fibrin, immune and inflammatory cells deposit within and around the capillaries, manifesting
an obliterative angiopathy and chronic ischemia. Chronic ischemia leads to obliteration of
the bile ducts (vanishing bile duct syndrome) and intrahepatic cholestasis. Both rejection and
intrahepatic cholestasis resulting from other causes manifest similar cholescintigraphic
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Fig. 13.1.5 Abscess in a transplant liver. An abscess causes a large filling defect within liver
parenchyma (a) and fills with bile at 4.5 h (b). A repeat study 3 months later shows shrinkage of
the abscess, but fistula persists
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findings, and hence one entity cannot be separated from the other [21]. Rejection is
managed with immunosuppressive agents like cyclosporine and tacrolimus [22]. Serial
studies enable evaluation of liver function and aid in the adjustment of the immunosup-
pressant dosage [23].

Cholescintigraphy

The data are collected with a large field of view gamma camera fitted with a low-energy,
all-purpose, parallel-hole collimator using 3-8 mCi of Tc-99m-HIDA. Technetium-99m
mebrofenin is the best agent both in normal as well as jaundiced patients. Liver perfusion
images are obtained at 2 s per frame during the first 1 min, followed by functional images
at 1 min per frame for 59 min, for a total of 1 h, and recorded on a 128 x 128 word mode
matrix. A short imaging interval is essential for location of the exact site of the bile leak.
The first place of unexpected bile radioactivity usually indicates the site of origin of the
leak. Once there is collection of a large volume of bile, it becomes difficult to identify the
exact site of the bile leak.

Auxiliary Liver Transplantation

In an auxiliary transplant, the donor liver is placed in a heterotopic position adjacent to the
native liver or in the space created by partial hepatectomy of the native liver (Fig. 13.1.6).
Auxiliary liver transplantation is restricted mostly to patients with fulminant hepatic failure
where the native liver has the potential for full functional recovery if the patient survives
the acute episode. Fulminant hepatic failure consists of liver failure and encephalopathy
occurring within a 2—8 week period in a previously healthy person. Fulminant hepatic failure
is relatively rare, and accounts for 6% of all adult liver transplants and 11% of all pediatric
liver transplants each year in the United States [24]. Mortality is 100% in untreated patients.
Full functional recovery is due to the generous regeneration capacity of the native liver in
those patients who can withstand an acute insult [25].

Fulminant hepatic failure heals slowly over several months to attain full functional
recovery (Table 13.1.3). When serum liver function tests show either an improvement
or deterioration in a patient with auxiliary liver transplantation, it is not clear from the
serum levels whether the changes reflect the function of the native or the donor liver.
The immunosuppressive dose needs to be increased if there is rejection of the donor
liver. An improvement of the native liver function, on the other hand, calls for either a
reduction in dosage or total discontinuation of immunosuppressive agents. The donor
liver undergoes spontaneous regression and atrophy when the native liver recovers its
full function, and steroids are withdrawn safely at this time. The donor liver is surgically
removed if it does not undergo spontaneous atrophy and interferes with the function of
the native liver [26].
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Fig.13.1.6a,b Pattern of recovery of native liver function following auxiliary liver transplantation.
Cholescintigram (a) and a corresponding schematic diagram (b) are shown in a 2-year-old child
with auxiliary liver transplant for fulminant hepatic failure. At 10 days, the native liver shows poor
uptake, and the auxiliary liver has good uptake of 99mTc-HIDA. Function appears equal by 7
months. Function of the auxiliary liver begins to decrease by 8.5 months and disappears completely
at 11.5 months. The native liver recovers its function completely with 100% extraction fraction.
(Courtesy of Dr. Muriel Buxton-Thomas, Kings College Hospital, London, UK)
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Table 13.1.3 Differentiation of the native from donor liver function following auxiliary liver trans-
plantation for fulminant hepatic failure

Study no. Time Native liver function Auxiliary liver function
post-transplant ————— . N

HEF Ex. T#  function x. T# function
(%) (min) (%) (%)

1 10 days 37 27 15 73 21 85

2 7 months 51 18 44 54 17 56

3 8.5 months 78 16 64 50 53 36

4 11.5 months 100 8 >99 - - <1

(Courtesy Dr. Muriel Buxton-Thomas, Kings College Hospital, London)

Differentiation of Native vs. Donor Liver Function

Cholescintigraphy is able to measure the total as well as the function of the donor and
native liver separately. The differential liver function information helps the clinician in
adjusting the dose of immunosuppressive agents.

Cholescintigraphy is obtained in adults with a large field of view and in children with a
standard or even small field of view gamma camera, fitted with a low-energy, general-
purpose, parallel-hole collimator. With the patient in a supine position, the camera is posi-
tioned anteriorly to cover the entire native and the donor liver. A dynamic 60-frame image
at minute intervals are obtained with 4 to 6 mCi of Tc-99m HIDA, and recorded on a 128
x 128 computer matrix. The preferred imaging agent in jaundiced patients is Tc-99m
mebrofenin, which has superior biokinetic behavior in patients with hyperbilirubinemia
[27]. One can obtain a liver scan with Tc-99m-S colloid to outline the liver borders, but it
is not essential in most cases, as early Tc-99m-HIDA images, obtained within the first 5 to
6 min, provide similar morphologic information (Fig. 13.1.2).

Quantification

Many different methods have been used for quantification of transplant function.
Deconvolutional analysis (Chap. 5) is applied to measure the extraction fraction of the
native and auxiliary liver separately, by choosing heart for the input and liver for the output
function. Excretion half time is measured with a monoexponential fit. Some express the
function as uptake of the injected dose by the native versus donor liver. Four regions of
interest are drawn; two ROIs over the liver (one over the entire native liver and the other
over the entire donor liver) and two ROIs for background just lateral to each liver.
Background counts (from Tc-99m-S colloid when a preliminary scan is obtained) are sub-
tracted from the liver counts, and the net liver counts and curve are displayed. From the net
liver curve, three functional parameters are generated [28].

(1) T-max = time to maximum liver counts.
(2) T,, = clearance half time using a mono-exponential fit to the data points from peak
counts.
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13 (3) Relative uptake (RU) by the liver. RU is obtained by noting the area under the time-
activity curves of the native and graft livers between 2 and 10 min.

Native liver area between 2—10 min x 100
RU by native liver =

Native liver area between 2—10 min + donor liver area between
2-10 min.
Graft liver area between 2—10 min — 100

RU by graft liver =
Graft liver area between 2—10 min + native liver area between
2-10 min.

In one study, authors followed patient recovery for up to 30 months and calculated the
percent uptake by the native liver by using the area under the curve between the 2nd and
10th min, and validated the scintigraphic method in the management of the patient with
auxiliary liver transplantation [28].

Deconvolutional analysis is applied when the software is available. In children, where
the liver physiology is much faster than in adults, the data are collected at a much shorter
interval, 30 s per frame for 30 min. Hepatic extraction fraction calculation uses only the
first 30 frames (15 min), and the excretion T, , is calculated using all 60 frames. Native
and donor liver HEF and excretion half times are measured separately for both. The
contribution of each liver towards total function is calculated and expressed as percent
(Table 13.1.3).

Recovery Pattern in Auxiliary Liver Transplantation

Immediately after the transplantation, the function of the native liver remains depressed with
a median uptake value of 27% (range 4%—36%) during the first 4 weeks. The median uptake
value increases gradually to twice the baseline value 6-12 months after transplantation.
When serum liver function tests show stable normal values, the uptake by the native liver
raises to above 90%. The native liver T-max value may normalize within a month, but the
excretion T1/2 value usually remains elevated for a much longer period of time. The immu-
nosuppressive drug dose may be decreased when the relative uptake value raises above 30%,
and the drug may be withdrawn completely when the uptake value reaches above 90% [28].
The pattern of recovery of native liver function following an auxiliary liver transplantation in
a 2-year-old child is shown in Table 13.1.3. The hepatic extraction fraction and excretion half
time of the native liver and auxiliary liver are measured separately for each liver (Fig. 13.1.6).
As the function of the native liver improves gradually and recovers fully, the auxiliary liver
function deteriorates with regression of functional liver volume.

Living-donor Liver Transplantation

Although the liver is one solid organ, its distinct segmental and lobar anatomy and physiol-
ogy allow resection into smaller portions for transplantation [29]. Resection of the donor
liver is performed along the physiological planes (Fig. 1.1.3, Chap. 1). The lateral segment
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of'the left lobe (areas 2 and 3) or the entire left lobe (areas 2, 3, 4A, and 4B) is resected from
the donor for transplantation in the recipient (Fig. 13.1.1). The first living-donor liver trans-
plantation was performed by Raia et al. in Brazil in 1989 [30]. The left lobe of the liver from
a mother was transplanted successfully into her son in Australia in 1989 [31]. There are
numerous centers around the world performing living-donor liver transplantations [32-34].
Major advantages of living-donor liver transplantation are: (1) reduction in waiting time, (2)
high quality of the donor liver, and (3) immunological similarity in haplo-identical donors.

Complications

Postoperative complications are a major concern both in the donor and the recipient. Among
the first 100 living-donor liver donor transplantations performed at the University of
Chicago, 91 donors had resection of the lateral segment of the left lobe (areas 2 and 3), and
the remaining 9 had resection of the entire left lobe (areas 2, 3, 4A, and 4B). Thirteen of the
100 donors had complications, including bile leaks, infection, injury to the bile ducts and
spleen, etc., as listed in Table 13.1.4 [35]. Bile leak, bleeding, thrombosis, or infection may
occur in either the recipient or the donor, or both. Rejection is an additional complication in the
recipient. The living-donor liver transplantation procedure has been found to be safe both
for the donor and the recipient. Donor survival is 100%, and the recipient survival ranges
from 80 to 94% in centers that perform more than 15 living-donor transplantations in a year
[22]. Common complications within 30 days after transplantation include bleeding, extrinsic
obstruction, hemobilia, and bile leak around the T-tube or at the anastomotic site. Bile leaks
around the T-tube usually close spontaneously, and those that continue to leak may require
sphincterotomy or insertion of a biliary stent. Complications occurring after 30 days include
stricture at or proximal to the site of anastomosis [36]. Viral, bacterial, and fungal infec-
tions are always a concern in an immunocompromised liver transplant patient [37].

Future Directions

The major advantage of hepatobiliary imaging is the opportunity to detect functional
abnormality early before irreversible morphological changes take place. Simultaneous
quantification of function provides a measure of the severity of disease and enables the

Table 13.1.4 Complications in living-liver donors [31]

Bile leak from cut end

Injury to bile ducts

Injury to spleen

Stricture of the common bile duct
Ileus

Wound infection

Urinary tract infection

Hepatic artery thrombosis
Abscess
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clinician to determine the appropriate time to intervene with therapy, and also to test later
whether or not the chosen therapy has achieved the intended goals. Following a thorough
clinical evaluation and analysis of liver function tests, Tc-99m-HIDA cholescintigraphy is
an appropriate initial imaging procedure for detection of most pathophysiologic changes
associated with bile formation and flow [38]. Cholescintigraphic results can guide the
clinician in developing a management strategy and also aid in determining the need for
other imaging (CT or MR) or non-imaging procedures that will lead to the ultimate
diagnosis. Liver biopsy is the most appropriate next step for patients with intrahepatic
cholestasis. For extrahepatic cholestasis, the clinician may choose percutaneous transhepatic
cholagiography for obstruction at or proximal to the union of the right hepatic and left
hepatic ducts. ERCP is preferred for obstructions in the common hepatic or common bile
duct. Magnetic resonance cholangiopancreatography (MRCP) is being used more often as
a non-invasive alternative to invasive ERCP [39]. Receptor-based imaging may enable the
selection of a receptor-specific therapy. Quantitative asialoglycoprotein receptor imaging
with Tc-99m DTPA galactosyl human serum albumin enables to predict residual liver
function after resection of hepatocellular cancer and cholangiocarcinoma and to forecast
prognosis of liver cirrhosis [40-42]. A somatostatin receptor-positive metastatic gastrinoma
may respond to therapy with octreotide.
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Leukocytes, 71
Lilli-Altnman, 329

Liver transplantation, 347
Living-donor liver transplant, 358
Ligand, 37

Liver cysts, 338

Liver abscess, 354

M

Microstructure, 19, 20

Multidrug resistance glycoprotein
(MDR), 29, 33

Morphine, 190, 275

Malignant liver diseases, 341

Morphology of liver, 1

Magnetic resonance cholangiopancreatography
(MRCP), 350

N

Nerve supply, 13, 14
Nuclear receptors, 30, 31
Necrosis, 36, 38, 39
Neonatal hepatitis, 319, 327
Neonatal cholestasis, 328
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Organic anions, 29
Organic cations, 29
Octreotide, 116
OctreoScan, 117
Opioids, 190
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Parasites, 220
Pitt cell, 21
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Protein secretion, 35

Plasma proteins, 37

Pseudopod, 51, 90

Phagosome, 51, 90

Primary biliary cirrhosis, 201
Primary sclerosing cholangitis, 236
Perforation of the gallbladder, 290
Post-cholecystectomy syndrome, 313

Q
Quadrate lobe, 4
Quantification of function, 129, 131, 139, 357

R

Radiocolloid, 53, 54, 85-88, 90
Reticuloendothelial cell, 21, 45, 46, 49, 51
Relative merits of tests, 97

Red blood cell, 70, 71

Radiation dose, 65, 82

Rim sign, 278

S

Sérégé-Cantlie line, 3

Sclerosing cholangitis, 235

Segments of the liver, 4-6, 89, 125, 127

Sincalide dose, 264

Slope method, 154

Segmental biliary obstruction, 222

Spiegel’s lobe, 12

Stellate cell, 21, 23

Sphincter of Oddi, 15, 24, 175, 183, 192, 304,
306, 311

Spleen function, 45, 91, 92

Structure-function relation, 55, 56, 64

S-I units, 66, 67

Somatostatin receptors, 75, 114, 115, 118
Solitary focal lesion, 95

Stricture, 293

Stent patency, 232

Surface receptors, 102

Somatostatin scintigraphy, 114

Sugura procedure, 329

T
Transport proteins, 29, 33
Technetium-99m-sulfurcolloid, 51
Technetium-99m HIDA agents, 54, 56
Technetium-99m mebrofenin, 51, 54, 57, 64,
90, 126, 129, 302
Technetium-99m-disofenin, 57, 64, 1126, 129
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Technetium-99m —depreotide, 76
Technetium-99m- GSA, 65, 171, 207
Total parenteral nutrition, 202
Transplantation, 347

U

Uptake, 33, 59
Uedal, 329
Ultrasound, 98, 103
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Viral hepatitis, 199
Vascular compartment, 19

w
Wall thickening, 224,
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