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Abstract
The liver has a complex vascular anatomy with a unique dual blood supply. 
Clinical conditions of the liver vary widely and include disorders originating in 
the vascular and biliary systems as well as the parenchyma. In most vascular 
disorders, the effects on the liver are generally subclinical because of its abundant 
blood supply. However, early diagnosis of such vascular diseases can signi-
ficantly reduce patient morbidity and mortality. Because imaging findings of 
vascular disease are not always readily apparent, diagnosis can be difficult. 
Computed tomography angiography is an excellent imaging modality for 
visualizing the vascular anatomy of patients for treatment planning. In this 
review article, we focus on the vascular anatomy of the liver and the imaging 
findings in some acute hepatic vascular diseases.

Key Words: Computed tomography angiography; Hepatic artery; Portal vein; Sinusoid; 
Portal triad; Periportal region
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Core Tip: The liver has a complex vascular anatomy. Imaging findings may not be 
readily apparent in vascular disorders of the liver. Computed tomography angiography 
is an excellent imaging modality for visualizing the vascular anatomy of patients for 
treatment planning. This review article focuses on the vascular anatomy of the liver and 
imaging findings in some acute hepatic vascular diseases.
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INTRODUCTION
The liver performs a variety of metabolic processes for homeostasis, nutrition, and immune defence. For 
example, it is important for the removal and breakdown of toxic or potentially toxic substances from the 
blood; the regulation of blood glucose and lipids; the storage of certain vitamins, iron, and other 
micronutrients; the synthesis of proteins and clotting factors; the metabolism of amino acids; and the 
production of bile. It is involved in a variety of other biochemical reactions. Since most of these 
processes are exothermic, a significant portion of the body’s thermal energy production, especially at 
rest, is provided by the liver. Acute clinical conditions of the liver vary widely and include disorders 
originating in the vascular and biliary systems as well as the parenchyma. The liver has a complex 
vascular anatomy with a unique dual blood perfusion. The portal vein provides 70% of the hepatic 
blood flow, while the hepatic artery provides the remaining 30%[1]. In most vascular disorders, the 
effects on the liver are generally subclinical due to this rich blood supply. However, some acute diseases 
of these vessels may be accompanied by abdominal pain. Early diagnosis of such vascular disease can 
significantly reduce patient morbidity and mortality. Computed tomography angiography (CTA) is 
now the standard procedure for surgical planning of living liver donors in whom most of the right lobe 
of liver with associated vessels and ducts, is removed for transplantation to the recipient. CTA visualises 
both the vascular and parenchymal anatomy of the liver. In this technique, the contrast agent is 
administered directly into the splanchnic bed by injection into the superior mesenteric artery. CT images 
acquired after an appropriate delay provide hepatic and portal phase images of the liver. Rapid image 
acquisition of vessels with thin sections is a critical feature of an optimal CTA protocol that prevents 
artefacts due to motion and respiration. Two-phase liver protocols include both an arterial and portal 
venous phase. CTA is an excellent imaging modality for visualising the patient’s vascular anatomy for 
surgical planning of liver transplantation. Because imaging findings of vascular disorders may not be 
readily recognized, diagnosis can be difficult. In this review article, we focus on the vascular anatomy of 
the liver and the imaging findings in common acute diseases of the hepatic vasculature[2].

EMBRYOLOGY OF THE LIVER
The liver begins to develop from the anterior bulge of the endoderm of the foregut. From the cephalic 
part of this diverticular structure, splanchnic mesodermal cells migrate into the septum transversum. 
These cells, which concentrate around the vitelline veins, differentiate into hepatic cells as single-layered 
plaques. Kupffer cells also differentiate from the endothelial cells of the vitelline plexus. Biliary 
capillaries and cholangioles also develop from the mesenchyme between the hepatocellular plates. The 
vitelline veins form a plexus in the liver, which then unites with the umbilical veins and opens into the 
sinus venosus of the heart. Later, some portions of the vitelline veins undergo atresia and become the 
portal vein, which unites with the splenic vein and the superior mesenteric veins. The proximal portions 
of the vitelline vein join the right and left hepatic veins (RHV and LHV, respectively) between the sinus 
venosus and the hepatic plexus. The entire right umbilical vein and the proximal portion of the left 
umbilical vein, which is connected to the hepatic sinusoids, atrophy. Over time, venous blood from the 
placenta flows into the right vitelline vein in the liver and then directly to the heart via the ductus 
venosus, a large venous trunk that separates from the hepatic sinusoids. Meanwhile, half of the blood 
from the umbilical vein flows through the liver and the other half through the ductus venosus. The 
umbilical vein settles in the falciform ligament as the ligamentum teres, and as the liver continues to 
grow in the abdomen, it maintains contact with the septum transversum under the diaphragm[3].

HEPATIC ORGANIZATION
The liver has a spongy structure consisting of irregular single-row cell strands and spaces called lacunae 
between them. The diameter of the lacunae is larger than that of the hepatocytes. The capillaries within 
these lacunae are called sinusoids, which are lined with a basement membrane and are permeable to 
macromolecules. Kupffer cells, which are part of the reticuloendothelial system, are located around the 
endothelium of the sinusoids. The hexagonal cells of the cell strands are called hepatocytes. They form 
the critical cell layer between the sinusoids and the bile canaliculi. They have a unique polarity, with the 
basement membrane facing the sinusoidal endothelium, while one or more apical poles may contribute 
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to multiple bile canaliculi[2]. Between the endothelium of the sinusoids and the hepatocytes is a 
potential gap called the space of Disse. The fluid accumulated in this space is drained by the lymphatic 
vessels and blood capillaries. Since hepatocytes are polygonal in shape and have many facets, two or 
three facets are in contact with the space of Disse, while the remaining facets are in contact with the 
neighbouring liver cells. Bile canaliculi run between adjacent hepatocytes. Hepatocyte polarity is 
essential in explaining many functions of the liver. Hepatocyte strands and sinusoids run past each 
other in a branched and interlocking fashion, which increases metabolic exchange between the blood 
and biliary systems. The combination of the bile duct, hepatic artery, and hepatic portal vein is termed a 
portal triad. As they enter the liver, each divides into segmental branches surrounded by a perivascular 
fibrous capsule. The hepatic lobule is a hexagonal unit consisting of a concentric arrangement of a 
central vein in the middle and surrounding portal triads located at the vertices of each hexagon and 
hepatocyte strands, although the boundaries are not very sharp. Each portal triad is surrounded by a 
hepatocyte plate, which is traversed by the bile canaliculi and blood vessels. Between the portal triad 
and the hepatocyte strand is a gap called the space of Mall (periportal area). The hepatic lobule is 
perfused by the branches of the hepatic artery and portal vein at the periphery and drained by the 
central vein in the middle of the lobule. Blood flows centrifugally from the portal triad. Bile produced 
by the hepatocytes also flows centrifugally to the periphery. There is blood flow from the portal vein 
and hepatic artery to the hepatic vein depending on the blood pressure gradient. Each central vein 
opens through a sublobular vein, which eventually forms the right and LHVs, and opens into the 
inferior vena cava. Since there is no such blood pressure gradient in the embryo, the lobular cell 
arrangement is not observed, and this arrangement develops after birth. In this case, the lobule structure 
may change with blood pressure and blood flow[3].

Another functional concept is the liver acinus: A diamond-shaped area supplied by the terminal 
branches of the hepatic artery and portal vein. This small unit is important in describing functional and 
pathologic changes in many clinical conditions. Its short axis runs along the borders of the hepatic 
lobules and its imaginary long axis is located between the two central veins. The hepatocytes are located 
in three elliptical zones around the short axis[3-5]. The areas near the center of the acini receive more 
oxygenated blood because they are near the afferent vessels and are referred to as zone 1 (periportal 
zone). Zone 2 (intermediate zone) is the intermediate region that is more peripheral to the acini, and 
zone 3 is the region closest to the central vein at the end of the acini. Zone 3 is most affected by ischemic 
damage. The lobule and acinus formation systems, which complement each other, can be related to the 
gross anatomy that integrates functional modulation[6,7].

In the right and left lobes of the liver, arteries, portal veins, and bile ducts run parallel to each other. 
These vessels and ducts branch to disperse into segments and show many individual variations, and no 
anastomosis was observed between the intraparenchymal branches.

The bile duct, hepatic artery, portal vein, lymphatics, and nerves open horizontally into the porta 
hepatis, which is located in the middle part of the visceral surface of the liver.

CT protocol
CT examinations were performed with a 16-MDCT scanner (Somatom Sensation 16, Siemens, Germany). 
All patients received 100 mL of iodinated contrast material (Ultravist 300/100 mg/mL; Bayer Schering 
Pharma, Berlin, Germany) at a flow rate of 4 mL/s using a power injector. CT images were obtained 70 s 
after the injection of contrast for the portal venous phase, 15-20 s for the early arterial phase, and 30-40 s 
for the late arterial phase. Technical parameters were detector collimation, 1.5 mm; pitch, 1.5; gantry 
rotation time: 0.5 s. Axial images were reconstructed at a thickness of 2 mm and 5 mm and transferred to 
Picture Archiving and Communication System.

Portal vein
The portal vein is formed by the union of the superior mesenteric and splenic veins. It begins at the level 
of the second lumbar vertebra, where it lies behind the neck of the pancreas. It has an average length of 
6.50 cm and a diameter of 1.09 cm and rises behind the first part of the duodenum. After entering the 
right margin of the lesser omentum anterior to the epiploic foramen, it reaches the right end of the porta 
hepatis and divides into right and left hepatic branches that accompany the corresponding branches of 
the hepatic artery, lymphatic vessels, and hepatic nerve plexus. It is located behind the common bile 
duct and hepatic artery in the lesser omentum. The superior gastroduodenal vein empties into the portal 
vein from the lower right, into the left gastric vein from the lower right, and into the right gastric vein 
from the right. The cholecystic vein drains into the right hepatic branch of the portal vein. The left portal 
vein receives only the obliterated umbilical vein. The right branch supplies segments V, VI, VII, and 
VIII. Segments I, II, III, and IV receives the left obliterated umbilical vein via the ligamentum teres. It 
eventually opens into intraparenchymal venules that arise at right angles from a distributive vein and 
are less than 0.3 mm in diameter. Blood in the branches of the portal vein and hepatic artery flows into 
the sinusoidal microcirculation. Blood within the sinusoids flows through the radially arranged plates 
and empties into the central vein[3,6,7].

Some anatomic variations in the portal venous system lead to contraindications for certain surgeries 
such as transplantation or increase the risk of postoperative complications. Shunt operations for portal 
hypertension have increased interest in portal vein anatomy and studies have shown that the portal 
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vein has fewer variations than the hepatic artery. Portal venous variants are frequent and account 
approximately 20%-35% of the population[8]: (1) The most common variant is the so-called ‘‘portal vein 
trifurcation’’ in which the main portal vein divides into three branches: The left portal vein, the right 
anterior portal vein, and the right posterior portal vein; (2) the second most common variant is a right 
posterior portal vein arising as the first branch of the portal vein; (3) in 10% of cases, no vein opens into 
the main trunk of the portal vein; (4) the left gastric vein joins the main trunk of the portal vein to the 
left side of the junction of the superior mesenteric vein and the splenic vein; (5) in 24% of cases, the left 
gastric vein joins the splenic vein; (6) the inferior mesenteric vein may drain from the junction of the 
splenic vein and the superior mesenteric vein into the portal vein; and (7) the inferior mesenteric vein 
may join with the superior mesenteric vein.

Imaging findings of disorders of the portal vein
The anatomy of the portal vein is best visualised in the coronal plane of CT angiography. Acute portal 
vein thrombosis is sudden blood clot formation in the portal vein lumen[9]. It can occur in cirrhosis, 
pylephlebitis, hematologic disorders, pancreatitis, diverticulitis of the colon, appendicitis, malignancies, 
and surgical procedures[10]. CT is commonly used for diagnosis and usually shows the absence/ 
presence of enhancement within the thrombus, which is critical for characterising the thrombus 
(Figure 1A). Acute thrombosis is usually hyperdense on pre-contrast CT images, whereas chronic 
thrombosis can lead to calcifications in the portal vein and abnormal liver perfusion areas can be 
detected in the liver parenchyma, especially in the arterial phase[11,12]. A decrease in portal vein flow 
may be caused by portal vein or hepatic vein thrombosis, compression by focal masses such as 
abscesses, long-standing biliary obstruction, or parenchymal trauma. Pylephlebitis is defined as 
infectious thrombosis of either the portal vein or its intrahepatic branches or both and may lead to 
abscess formation in the parenchyma[13]. Diverticulitis of the colon is the most common cause of septic 
thrombophlebitis of the mesenteric and portal venous systems[14]. The standard treatment for acute 
portal vein thrombosis is anticoagulation. Portal vein aneurysms are rare and account for 3% of all 
venous aneuryms[15]. Most of these aneurysms are acquired, as a significant number of portal vein 
aneurysms are discovered in patients with underlying hepatocellular disease and portal hypertension.

Hepatic artery
The proper hepatic artery supplies the liver. It is a branch of the common hepatic artery separated from 
the coeliac trunk. The coeliac trunk is an anterior branch of the abdominal aorta and passes through the 
hiatus aorticus. It runs anteriorly and transversely over the pancreas and after a short course divides 
into the left gastric, splenic, and common hepatic branches. The common hepatic artery runs anteriorly 
and enters the lesser omentum from the right margin. Here it is located to the left of the common bile 
duct and anterior to the portal vein. On its way up, it branches into the gastroduodenal artery, the 
supraduodenal artery, and the right gastric artery. Simultaneously, it continues to ascend as the proper 
hepatic artery. When it reaches the porta hepatis of the liver, it branches into the right (RHA) and left 
(LHA) hepatic arteries. Normally, the RHA passes behind the common hepatic duct and branches into 
the cholecystic artery. In the portal triad, the branches of the hepatic artery run parallel to the portal 
vein. The arterioles distribute in the lobular parenchyma and they form a peribiliary plexus around the 
biliary capillaries.

The Michels’ classification of the hepatic arterial anatomy with the approximate frequency of 
occurrence of each type of variant in the general population is shown in Table 1[16].

Classical branching of the hepatic artery is observed in around 76% of people[17]. Thus, a significant 
proportion of patients have a variant arterial anatomy (Figure 1B and C). Hepatic artery variations do 
not cause absolute contraindications for transplantation. However, being informed about these 
variations prior to the transplantation is a factor that would simplify the surgery, decrease the rate of 
contraindications, and improve the chance of technical success[16,17]: (1) The common hepatic artery, as 
a branch of the superior mesenteric artery, passes through or behind the pancreas and courses upward; 
(2) the common hepatic artery branches more proximal to the right and left hepatic artery before 
reaching the porta hepatis; (3) the right hepatic artery arises from the superior mesenteric artery, and the 
left hepatic artery arises from the coeliac trunk; (4) presence of accessory right hepatic artery originating 
from the superior mesenteric artery; (5) presence of accessory left hepatic artery originating from the left 
gastric artery; (6) presence of accessory left gastric artery coming out of the right gastric artery; and (7) 
the right hepatic artery crosses the common bile duct anteriorly.

These variations are also important in terms of collaterals that may occur after the ligation or 
occlusion of an artery. In transplantation, the mapping and perfect knowledge of hepatic vascularisation 
is essential for the surgeon.

Imaging findings of disorders of the hepatic artery
The vascular anatomy of the liver influences surgical interventions to minimize surgical morbidity. It is 
possible to diagnose hepatic arterial disorders (thrombosis, aneurysm, and dissection and pseudoan-
eurysm formation) preoperatively and after liver transplantation by CTA. Coronal oblique slices are 
ideal for evaluating hepatic arterial anatomy. If the portal venous supply of the liver is intact, occlusion 
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Table 1 Michels’ classification of the hepatic arterial anatomy[16]

Type Frequency (%) Description

I 55.0 RHA, MHA, and LHA arise from common hepatic artery

II 10.0 RHA, MHA, and LHA arise from common hepatic artery; replaced LHA arises from left gastric artery

IV 1.0 Replaced RHA and LHA

V 8.0 RHA, MHA, and LHA arise from common hepatic artery; accessory LHA arises from left gastric artery

VI 7.0 RHA, MHA, and LHA arise from common hepatic artery; accessory RHA

VII 1.0 Accessory RHA and LHA

VIII 4.0 Replaced RHA and accessory LHA or replaced LHA and accessory RHA

IX 4.5 Entire hepatic trunk arises from superior mesenteric artery

X 0.5 Entire hepatic trunk arises from left gastric artery

RHA: Right hepatic artery; MHA: Middle hepatic artery; LHA: Left hepatic artery.

Figure 1 Image examination. A: Axial computed tomography (CT) shows portal vein thrombosis; B: Separate origins of the common hepatic artery and the 
splenic artery. Coronal volume rendered image of a 44-year-old female presenting with right lumber pain demonstrates a hepatic arterial variation as the common 
hepatic artery (blue arrow) and the splenic artery (white arrow) originating directly from the abdominal aorta separately; C: The common hepatic artery directly 
originating from the abdominal aorta. Axial contrast-enhanced CT of a 55-year-old male patient with known peripheral vascular disease presenting direct origin of the 
common hepatic artery (arrow) from the abdominal aorta; D: Hepatic artery pseudoaneurysm. Axial contrast-enhanced arterial phase CT image of a 42-year-old man, 
suffering from epigastric pain and presenting with hemobilia and elevated liver enzymes, shows an 8 mm diameter pseudoaneurysm (arrow); E: High grade stenosis 
of the common hepatic artery. Coronal volume rendered CT image of a 76-year-old male with the diagnosis of vasculitis demonstrates severe stenosis (arrow); F: 
Occlusion of all hepatic veins consistent with Budd-Chiari syndrome. Venous phase axial CT scan shows thrombosed hepatic veins (arrows).

or stenosis of hepatic arterial flow does not generally result in parenchymal infarction (Figure 1E). CTA 
is the most commonly utilized modality to demonstrate localization and severity of the abrupt vessel. A 
wedge-shaped low-attenuation area in the liver periphery can be observed when hepatic infarctions are 
caused by hepatic artery flow disturbances. Central liver infarcts are characterized by a round-shaped 
lesion instead of wedge-shaped[18]. Vascular complications following liver transplantation include 
hepatic artery thrombosis occurring in 2%-5% of cases and stenosis occurring in 5%-11%, which may 
lead to irreversible infarctions and loss of the liver graft[19,20]. Hepatic artery dissection may occur 
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spontaneously and/or following liver transplants. Hypertension and preexisting vascular disease prior 
to surgery may be related with spontaneous dissection[21]. Hepatic artery aneurysms represent 20% of 
all visceral aneurysms. They usually have an extrahepatic location at the level of common hepatic or 
right hepatic arteries and common etiologies are trauma, tumors, infection, and iatrogenic reasons[22]. 
CT is an excellent diagnostic tool in which aneurysm appears as a fusiform dilatation of the vessel 
lumen, as well-defined focal enhancing lesions that may simulate hypervascular tumours[18]. Hepatic 
artery pseudoaneurysms (Figure 1D) differ from true aneurysms with the appearance of more irregular 
peripheral margins[22]. Hepatic arterio-portal shunts (HAPS) occur due to fistulization of blood flow 
from the hepatic artery to the portal vein. HAPS are frequently asymptomatic. However, systemic 
complications may arise including the development of portal hypertension, as well as accelerated 
metastasis in patients with malignant tumors. HAPS is divided into three types according to the 
anatomic location of the shunt within the liver: (1) Central HAPS: When the shunt is located in the porta 
hepatis, such central HAPS is manifested as earlier enhancement and arterial-phase opacification of the 
central portal veins during CT scanning; (2) Peripheral HAPS: When the shunt is located in peripheral 
liver parenchyma. Given the smaller hepatic vascular size in this region, early contrast into the portal 
veins generally does not occur. Shunts in this region of the liver usually manifest as transient hepatic 
enhancement differences; and (3) mixed HAPS: Alternatively, HAPS may demonstrate both central and 
peripheral findings[22]. Abnormal vessels that arise from the hepatic arteries promptly opacify the liver, 
thereby giving rise to the characteristic blush of an arteriovenous shunt.

Lymphatics of the liver
The liver is the largest lymph-producing organ, accounting for 25%-50% of lymph passing through the 
thoracic duct[23]. The hepatic lymphatic system transport lymph through lymphatic vessels to draining 
lymph nodes to remove waste products and immune cells. Sinusoids are covered by fenestrated liver 
sinusoidal endothelial cells (LSECs). Hepatic lymphatic fluid originates mainly from plasma 
components filtered through the fenestrae of LSECs and flows into the space of Disse. In this tight space 
between the hepatocytes and the sinusoid, fluid and solid materials pass through. The space of Disse 
cannot be observed by biopsy and is mainly occupied by reticular arcuate fibers. Especially during 
passive hepatic congestion, anoxia, or in some toxic conditions resulting from hepatic edema, we 
observe a dilatation of this perisinusoidal space filled with protein-rich fluid. These spaces have contact 
with the periportal spaces (space of Mall) between the stroma of the portal tract and the outermost 
hepatocytes. The lymphatic fluid inside the perisinusoidal and periportal spaces drains into the 
lymphatics in the portal triad. A rich lymphatic network is also shown around the bile ducts, reaching 
under the epithelium. There may also be very thin lymphatic vessels accompanying arterioles in the 
parenchyma. In addition, under the Glisson capsule, there is a subperitoneal lymph drainage 
communicating with both the lymphatics in the gallbladder bed and the parenchymal lymph vessels. 
The lymphatic vessels in the portal triad take different routes: Most of them first travel to the hepatic 
lymph nodes and drain into the coeliac lymph nodes and the lymph nodes around the cisterna chyli; 
some reach the thoracic duct directly from the porta hepatis; some drain into the lymph nodes around 
the inferior vena cava. The subcapsular lymphatics drain to the lymph nodes around the inferior vena 
cava and the diaphragmatic hiatus and then reach the thoracic duct directly. Lymphatics coming from 
the left side of the posterior surface of the liver drain into the paracardial group of the left gastric lymph 
nodes, and those coming from the right side directly into the coeliac lymph nodes. Although the lymph 
from the gallbladder and extrahepatic bile ducts mostly drains into the hepatic lymph nodes, a few 
vessels from the common hepatic duct go to the pyloric lymph nodes. Normally, hepatic lymph vessels 
do not anastomose with duodenal and pancreatic lymph vessels. A significant increase in the number of 
lymphatic vessels (lymphangiogenesis) has been reported in various pathological conditions of the liver, 
including cirrhosis, viral hepatitis, lymphedema, cholestasis, portal hypertension, biliary cholangitis, 
and hepatocellular carcinoma[23-29].

Hepatic vein
Most of the venous blood of the liver is drained by the three main hepatic veins (RHV, LHV, and 
intermediate hepatic vein), which open into the suprahepatic part of the superior vena cava. Numerous 
small hepatic veins open into the intrahepatic portion (at the sulcus for the inferior vena cava) of the 
inferior vena cava. The RHV drains liver segments V-VII, the middle hepatic vein (MHV) drains 
segments IV, V, VIII, and the LHV drains segments II and III[3]. Impairment of the hepatic venous 
outflow can be catastrophic. Patients may experience rapid onset jaundice and severe ascites. The 
increased intrahepatic pressure, caused by the inability of the massive blood flow into the liver, causes 
severe centrilobular congestion and subsequent parenchymal necrosis. This clinical condition of hepatic 
venous outflow obstruction is called the Budd-Chiari syndrome (BCS) (Figure 1F)[18]. This definition 
excludes the outflow impairment that results from heart failure or pericardial diseases. The definition 
also excludes sinusoidal obstruction syndrome. The compromised hepatic venous flow results in 
dramatically increased sinusoidal pressure that reverses hepatic drainage into the portal venous system. 
In approximately 75% of the cases, a hematologic abnormality or an underlying thrombotic diathesis 
can be identified[30,31]. CT clearly shows the obstructed hepatic veins and associating parenchymal 
changes[32]. The absence of contrast enhancement in the hepatic vein is the pathognomonic imaging 
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findings on CT[12]. In the acute phase, the liver becomes enlarged with smooth contours and appears 
heterogeneously edematous with parenchymal perfusion abnormalities with the decreased flow in the 
liver periphery and enhanced flow in the central liver parenchyma in the hepatic arterial phase. Patchy 
and decreased contrast enhancement in the liver periphery, in the arterial phase, results from edema 
and congestion in the peripheral regions due to flow stasis in portal vein branches and the liver 
sinusoids[12,19,33]. This finding is related to elevated post-sinusoidal pressure[33]. A heterogeneous 
and mottled mosaic pattern of parenchymal enhancement can also be encountered in congestive 
hepatopathy. Congestion is due to passive stasis of blood within the liver parenchyma secondary to 
impaired hepatic venous outflow due to decompensated cardiac disease[18,31]. Visualization of patency 
of hepatic veins and inferior vena cava differentiates congestive hepatopathy from BCS. A mosaic 
pattern of enhancement with linear and curvilinear areas of poor enhancement is seen in the portal 
venous phase images, described as nutmeg liver. A “flip-flop” pattern may occur in the portal venous 
phase as the central part of the liver demonstrates low attenuation due to contrast wash-out and gradual 
increase of the peripheral attenuation. The caudate lobe may demonstrate better venous enhancement 
due to its unique venous drainage pattern[32]. Associated features of cardiac dysfunction aid diagnosis
[18].

The vascular variants that are of surgical importance include variants of the hepatic vein also: (1) An 
accessory RHV occurs in 52.5% of patients; (2) two accessory hepatic veins in 12%; (3) an accessory vein 
draining the caudate lobe in 12%; (4) an accessory inferior RHV; and (5) early branching of the vein that 
drains the right superoanterior segment (segment VIII) into the MHV.

Significant hepatic venous variants affecting both donors and recipients are seen in approximately 
30% of patients, thus presenting a problem for the surgeon, and may result in a modification of the 
hepatectomy plane[34].

CONCLUSION
CTA may slightly be favourable in hepatic vascular disorders due to being time saving in critically ill 
patients with distended abdomen and pain. For a complete mapping of the hepatic vasculature, CT scan 
is preferable to other imaging modalities. Correct diagnosis and proper intervention are crucial for 
appropriate clinical management. CTA is an effective, high-resolution, noninvasive imaging technique 
that demonstrates the presence of vascular pathology, with a direct impact on treatment decisions 
including patient selection for surgical management. Also, the objective of vascular imaging in patients 
with liver neoplasms is to provide a vascular map for understanding the relationship of the tumor to 
adjacent vessels, which is needed for tumor resection that includes a peripheral tumor-free margin. 
Multiplanar reformation and 3D reconstruction are very helpful in demonstrating the relationship of 
liver tumors to the hepatic veins and inferior vena cava. Awareness of the imaging findings of hepatic 
vascularization is crucial for the correct diagnosis and optimization of the treatment to avoid complic-
ations.
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Abstract
Despite the recent progress of medical technology in the diagnosis and treatment 
of tumors, pancreatic carcinoma remains one of the most malignant tumors, with 
extremely poor prognosis partly due to the difficulty in early and accurate 
imaging evaluation. This paper focuses on the research progress of magnetic 
resonance imaging, nuclear medicine molecular imaging and radiomics in the 
diagnosis of pancreatic carcinoma. We also briefly described the achievements of 
our team in this field, to facilitate future research and explore new technologies to 
optimize diagnosis of pancreatic carcinoma.
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Core Tip: Pancreatic carcinoma remains high incidence and poor prognosis. Molecular imaging enables 
early and precise diagnosis, efficient assessment, non-invasive pathological classification. This paper aims 
to review the recent research progress of nuclear medicine, magnetic resonance imaging and radiomics in 
the diagnosis of pancreatic carcinoma, and also briefly describe our team's work in this field.
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INTRODUCTION
In the past decade, significant progress has been made in the medical technology for the treatment of 
cancers. However, the prognosis of pancreatic carcinoma remains extremely poor due to its insidious 
location, high malignancy, easy metastasis and rapid progression, which increases the difficulty of early 
and accurate assessment. Radical surgical resection rate of pancreatic cancer patients is less than 20%. 
Pancreatic carcinoma is also resistant to radiotherapy and chemotherapy. Moreover, targeted drug 
therapy, and cytotoxic T-lymphocyte-associated protein 4 and programmed death-1/programmed 
death-ligand 1 antibody immunotherapy are ineffective. The five-year survival rate of patients remains 
below 5%-9%, and the number of deaths is the fourth highest among malignant tumors[1]. Early and 
accurate diagnosis as well as efficacious assessment of pancreatic carcinoma have important clinical 
significance.

Conventional imaging techniques makes important significance in theranostic of pancreatic cancer; 
however, these technologies are still deficiencies yet. First of all, magnetic resonance (MR) and 
computed tomography (CT) only detects limited range with regional scan in clinical routine diagnosis of 
pancreatic carcinoma, therefore, many patients with distant metastasis are misdiagnosed or never 
diagnosed. Secondly, the rate of misdiagnosis was high in lymphatic metastasis by MR and CT scan. By 
reason of no static image provided, ultrasound examination is very unfavorable for reading in clinical 
work, even this method has the double advantage of real time imaging and radiation lessness. What's 
more, ultrasound is affected greatly by operators. Finally, some patients who cannot have a proper 
assessment in regional lymphatic metastasis, especially patients after chemotherapy, even whole body 
18F-FDG positron emission tomography (PET)/CT scan.

Molecular imaging has advanced rapidly in recent years. It enables early and precise diagnosis, 
efficacy assessment, non-invasive pathological classification, and acts as an important "bridge" to 
achieve precise diagnosis and treatment[2]. It can meet clinical demands and better protect patient 
privacy compared to genetic testing. This paper aimed to review the recent research progress of nuclear 
medicine, magnetic resonance imaging, molecular imaging and radiomics in the diagnosis and 
treatment of pancreatic carcinoma, and also briefly describe our team's work in this field.

NUCLEAR MEDICINE MOLECULAR IMAGING
Nuclear medicine molecular imaging is based on the principle of injecting microscopic molecular probes 
into the body and selectively targeting them to appropriate sites based on different properties, in order 
to qualify or quantify organs, tissues or lesions for assessing diseases at the molecular level. Molecular 
imaging in nuclear medicine has made significant advances in the treatment of pancreatic carcinoma in 
recent years.

Glucose metabolism imaging
18F-FDG is a glucose analogue, which is rapidly taken up by the glucose-transporter on the cell surface 
after intravenous injection. Various tumor cells, including pancreatic carcinoma, and inflammatory cells 
in the tumor microenvironment absorb a large amount of 18F-FDG, but the uptake is influenced by 
various conditions and the underlying mechanisms are complex[3].

18F-FDG PET/CT has high specificity, accuracy and sensitivity in the diagnosis of pancreatic 
carcinoma, and has important clinical value in the diagnosis, staging, surgical indication and evaluation 
efficacy of pancreatic carcinoma[4]. 18F-FDG PET/CT is more sensitive and accurate than CT in detecting 
tumor metastasis, and its whole-body scan is beneficial for tumor staging[5]. This technique detected 
distant metastases in about one-third of pancreatic carcinoma patients and changed the staging of 
approximately 26.8% of patients[6]. Its standardized uptake value (SUV) quantification and the rate of 
change were significantly correlated with tumor size[7], malignancy[8], vascular invasion[9], and lymph 
node metastasis. In addition, 18F-FDG PET has significant value in efficacy assessment[10] and survival 
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prediction[11]. For example, the patients with baseline SUV < 3.5 (and/or) SUV decrease ≥ 60% had 
better overall survival (OS) and progression-free survival (PFS)[12]. In locally advanced or metastatic 
pancreatic carcinoma, the PFS of patients with SUVmax < 6.8 was significantly longer than that of patients 
with SUVmax ≥ 6.8[13]. 18F-FDG PET/CT-guided radiotherapy with metabolic tumor volume and total 
lesion glycolysis (TLG) can be used as independent factors affecting prognosis[14]. Yamamoto et al[15] 
found that the early postoperative recurrence rate of pancreatic carcinoma in patients with SUVmax ≥ 6.0 
was higher than that of patients with SUVmax < 6.0, and median OS of the former was lower than the 
latter  (Table 1)[16].

With the increasing application of 18F-FDG PET/CT in recent years, several shortcomings have been 
gradually revealed. First, as a non-tumor-specific imaging agent, 18F-FDG PET reflects glucose 
metabolism and is not directly related to the biological properties of the tumor. So non-neoplastic 
lesions such as inflammation, tuberculosis, or even non-specific uptake with increased glucose 
metabolism can lead to false positive results. Second, if the patient has high blood glucose levels, uses 
short-acting insulin or exercises, 18F-FDG can also lead to reduced sensitivity due to increased 
background uptake. In order to address these problems, nuclear medicine researchers have developed a 
series of more specific imaging agents for different targets.

Non-glucose metabolism imaging
The highly specific non-FDG molecular probes with different targets achieve accurate diagnosis of 
pancreatic carcinoma, and also enable non-invasive visualization of the expression of different receptors 
in tumors, facilitating individualized precision medicine. These imaging agents have been particularly 
successful in imaging of integrin receptor, somatostatin receptor, tumor-associated fibroblasts, etc. Our 
team has also conducted in-depth research on PD-L1-targeted imaging, non-radioactive molecular 
imaging and highly specific targeted radiotherapy.

Somatostatin receptor imaging
Somatostatin receptor imaging is mainly used in pancreatic neuroendocrine tumors, with sensitivity of 
86%-100% and specificity of 79%-100%[17]. The precursors of somatostatin receptor (SSTR) imaging 
agents are mainly Tyr(3)-octreotate, 1-Nal(3)-octreotide and D-Phe1-Tyr(3)-octreotide, which have 
different affinities for different somatostatin receptor subtypes[17]. The neuroendocrine tumors with 
high differentiation (G1-G2, Ki-67 < 10%) generally showed high expression of SSTR and positive SSTR 
imaging. Moreover, the degree of malignancy was low, the level of glycolysis was decreased, and the 
metabolism of FGD was only slightly increased or defective, which led to low sensitivity of 18F-FDG PET
[18,19]. In contrast, due to the loss of SSTR and negative SSTR imaging, the increase of malignant degree 
led to increased glycolysis[20], high metabolism of FGD and increased sensitivity of 18F-FDG PET/CT. 
In addition to the above three SSTR agonists, SSTR inhibitors have other advantages such as several 
binding sites, low degradation rate and longer retention in tumors[21] (Table 2)[17].

Fibroblast activation protein imaging
Cancer-associated fibroblasts (CAFs) are a major component of the mesenchyme surrounding epithelial 
cancer cells. Fibroblast activating protein (FAP) is a marker of CAFs. It is highly expressed in tumor 
stromal fibroblasts of most common human epithelial carcinomas, and has lower expression in normal 
tissues[22]. CAFs can form physical and metabolic barriers, which is partly responsible for the resistance 
of pancreatic carcinoma to chemotherapy and radiotherapy, by reducing the therapeutic effect of 
combined chemotherapy on pancreatic carcinoma[23]. High expression of CAFs in pancreatic carcinoma 
is associated with shorter OS and disease-free survival[24,25].

At present, the commonly used FAP-targeted imaging agents are various radionuclide-labeled small 
molecular FAP inhibitors (FAPIs), mainly FAPI-04, FAPI-21 and FAPI-46. The commonly used imaging 
agent 68Ga/18F-labeled FAPI-04 shows a significantly high uptake in pancreatic carcinoma, which has a 
good diagnostic efficacy for the primary focus of pancreatic carcinoma. In a comparative study of 
pancreatic carcinoma and pancreatitis, 68Ga-FAPI-04 PET/MR and 18F-FDG PET/CT positive rates were 
both 100%, but the former SUVmax was significantly higher than the latter SUVmax (P < 0.05). In addition, 
68Ga-FAPI-04 could detect more lymph node metastases, but 18F-FDG was able to detect more liver 
metastases than 68Ga-FAPI-04[26]. 68Ga-FAPI-04 may be superior to 18F-FDG and CT in the diagnosis of 
lymph node, bone, liver, lung, peritoneal and pleural metastases of pancreatic carcinoma[27,28]. Deng et 
al[29] reported a 65-year-old male patient with pancreatic head cancer and liver metastasis. 18F-FDG 
showed slight uptake in the pancreatic lesions and the tenth rib on the right, but not in many low-
density or isodensity nodules in the liver, while 68Ga-FAPI PET/CT showed strong FAPI uptake in the 
pancreatic lesions and the tenth rib on the right, as well as multiple liver lesions.

Our team conducted a comparative study of FAPI and FDG imaging of pancreatic cancer (Figure 1), 
and redesigned FAPI based on new ideas, which is expected to exceed the existing FAPI-04, FAPI-21 
and FAPI-46 in imaging and therapeutic effects. At present, chemical synthesis has been completed and 
radionuclides such as iodine and technetium have been labeled, and further cellular and animal 
experiments will be conducted soon.
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Table 1 Summary of sensitivity and specificity of different imaging modalities for the diagnosis of pancreatic cancer[16]

18F-FDG PET-CT CT MRI EUS
Year Study type Pancreatic cancer–all 

(n) Sens Spec Sens Spec Sens Spec Sens Spec

2016 Retrospective study 139-139 0.78 – 0.76 – – – – –

2014 Retrospective study 33–52 1 0.9 0.92 0.5 0.89 0.75 1 0.88

2009 Meta-analysis 38571 0.9 0.8 – – – – 0.81 0.93

2017 Meta-analysis 3567–5399 0.89 0.7 0.9 0.87 0.93 0.89 0.91 0.86

2014 Retrospective study 80–91 0.68 0.73 – – – – – –

2018 Prospective study 278–583 0.93 0.76 0.89 0.71 – – – –

2015 Retrospective study 50–70 0.92 0.65 0.82 0.65 – – – –

1The study included a total of 3857 patients, but we were unable to obtain the specific number of pancreatic cancer.
This table is adopted from[16]. Sens: Sensitivity, Spec: Specificity. PET: Positron emission tomography; CT: Computed tomography; MRI: Magnetic 
resonance imaging; EUS: Endoscopic ultrasound.

Table 2 Summary of the main clinical key points of the two EANM/ENETS recommended radiopharmaceuticals[17]

Clinical key points

Radiopharmaceuticals Main indication Diagnostic 
accuracy False positive findings

68Ga-TATE, TOC, NOC Staging and restaging any non-insulinoma 
panNET case; detection of the unknown primary 
tumour site or early relapse; evaluation in-vivo 
SRE; selection for PRRT and/or cold SSA

Sensitivity: 86% to 
100%; specificity: 
from 79% to 100%

Pancreatic uncinate process, accessory spleens 
(including intra-pancreatic, splenules, 
infectious/inflammatory findings, non-neuroen-
docrine tumours)

18F-FDG High grade G2, G3 and NEC; prognosis; rapid 
tumour progression in earlier diagnosed G1–G2 
tumours

Sensitivity: 40% in 
G1, 60% in G2; 95% 
in G3 patients

Infectious/inflammatory findings, non-neuroen-
docrine tumours

This table is adopted from[17]. TATE: Tyr(3)-octreotate; NOC: 1-Nal(3)-octreotide; TOC: D-Phe1-Tyr(3)-octreotide; NEC: Neuroendocrine carcinomas.

Integrin receptor imaging
Tumor neovascularization (angiogenesis) is necessary for maintaining the growth of malignant tumors, 
which plays a key role in tumor growth, invasion and metastasis, it is an important target for tumor 
diagnosis and treatment.

Integrin αvβ3 receptor is an important component of the 24 integrins, which is highly expressed on the 
cell surface of tumor neovascular endothelial cells and many solid tumors. However, it has low or no 
expression in mature vascular endothelial cells and most normal tissues and organs in healthy people, 
and plays an important role in angiogenesis, metastasis and tumor invasion[30,31]. The integrin αvβ3 
receptor is highly expressed in about 60% of invasive pancreatic carcinomas, and the small polypeptide 
arginine glycine aspartic acid sequence (RGD) can be targeted to bind to αvβ3 receptor. Using 
radionuclide-labeled RGD peptides, such as 111In, 18F, 68Ga-labeled RGD, can be used to visualize and 
treat pancreatic carcinoma. Our research team has also studied RII and RIT based on molecular probes 
constructed by different radionuclide-labeled RGD and RRL peptides[32].

In addition to the integrin αvβ3 receptor, integrin αVβ6 is also highly expressed in pancreatic 
carcinoma[33]. Radiation molecular pancreatic probes constructed from the radionuclide 99mTc and 111In-
labeled HHK can target αvβ6 with high specificity to achieve early diagnosis of pancreatic carcinoma and 
its metastases[34,35]. Based on previous studies, our research team redesigned the HHK peptide 
(Figure 2). The Gd-DOTA-HHK compound was obtained by chelating Gd3+, which can achieve high 
specific enhancement of tumor αvβ6 receptor during MRI T1WI scanning. Single photon emission CT 
imaging with high sensitivity and MRI with high soft tissue resolution combine perfectly to achieve 
high sensitivity and non-invasive visualization of αvβ6 targets at high resolution.

In addition, some researchers have explored the application of radionuclide labeling dopa, Exendin-4, 
CXCR4, and PSMA in pancreatic carcinoma.
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Figure 1 Two patients with pancreatic cancer imaged with 18F-FDG-positron emission tomography compared with 18F-FAPI-positron 
emission tomography. Patient 1 was a 69-year-old female. Patient 2 was a 70-year-old female. 18F-FAPI-positron emission tomography (PET) detected more 
lesions than 18F-FDG-PET, and also had better contrast. PET: Positron emission tomography.

Figure 2 Structure of the redesigned HHK peptide.

MAGNETIC RESONANCE MOLECULAR IMAGING
MRI utilizes magnetic resonance to obtain electromagnetic signals from the human body, which can be 
reconstructed by computer to show the different chemical components in the same tissue. Because MRI 
has the advantages of high soft tissue resolution, non-radiation, unrestricted imaging depth and multi-
sequence imaging, and with the development of MRI-specific imaging agents, it is possible to evaluate 
lesions from multiple dimensions of functional and molecular images by MRI.

Diffusion-weighted imaging
Diffusion-weighted imaging (DWI) is the most widely used conventional MRI technique in addition to 
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T1WI and T2WI. The diffusion movement of water molecules reflects the microstructure of the tumor, 
such as internal cell density, extracellular space and heterogeneity. When the cell density increases, 
edema, fibrosis, etc., affect the cell membrane function, which can be detected due to enhanced signal.

Increased b-value (>1000 s/mm2) DWI can increase lesion detection, but high b-value DWI images 
often exhibit low signal noise ratio, large diffusion-sensitive gradients that tend to distort images and 
longer scan times. The emergence of computed DWI has partially solved the above problem[36]. Liang 
et al[37] explored the value of computed DWI (cDWI) technique in the diagnosis of pancreatic 
carcinoma, and the results initially showed that a b-value of c1000-c1500 s/mm2 at cDWI technique 
could effectively display pancreatic carcinoma as well as maintain the image quality. Compared to DWI, 
intravoxel incoherent motion imaging is based on a biexponential model, which can quantify the 
diffusion and perfusion motions of water molecules separately. It can reflect the diffusion and perfusion 
characteristics of tissue cells, respectively, and has the advantages of fast-imaging, low-noise, and multi-
parameters[38].

MR dynamic enhancement/Perfusion imaging
MR enhanced or perfusion imaging facilitates T-staging of pancreatic carcinoma by observing the 
relationship between the lesion, its surrounding tissue and vascular invasion. Both dynamic contrast-
enhanced MRI (DCE-MRI) and perfusion MRI can provide quantitative information on blood flow 
perfusion of lesions (such as tumor tissue)[39]. The most common forms include T2*-weighted dynamic 
susceptibility contrast (DSC) perfusion and T1-weighted DCE perfusion[40]. However, there are 
significant differences between the two imaging methods, PWI (DCE and DSC) can reflect the tumor 
microenvironment such as blood vessel density and blood flow state by quantitative and functional 
parameters, such as first transit time, mean transit time, time to peak, etc. while dynamic enhancement 
can only obtain time perfusion curves through multi-phase dynamic enhancement, but they are not 
molecular imaging per se.

MR targeted molecular imaging
The basic principle of MR targeted molecular imaging is similar to nuclear medicine molecular imaging. 
The first step is to construct a specific molecular probe, and then introduce it into the body. After the 
probe actively and specifically binds to the imaging target, the lesions containing specific molecular 
targets in the body will be imaged by MRI[41]. Due to the high specificity of the molecular probe, 
delayed scan time, continuous enhancement within the tumor and relatively high signal on T1WI 
during the delayed scan, the specificity of the diagnosis is greatly improved[42,43], which helps to 
improve the detection rate of early microscopic pancreatic carcinoma lesions.

MR molecular probes meet the requirements of high specificity, affinity and signal elements that can 
be detected by MRI, such as T1 contrast agent represented by gadolinium (Gd), manganese, zinc 
chelates (Positive) and T2 contrast agent represented by MNP (Negative). Gd is used as a signal 
component to synthesize paramagnetic molecular imaging probes, mainly to shorten the longitudinal 
relaxation time of hydrogen protons, increase the T1 relaxation rate and produce positive T1WI contrast
[43]. The traditional Gd agent enhanced MRI is diagnosed by the hemodynamic characteristics of lack of 
blood supply in pancreatic carcinoma, with low relaxation rate and lack of tissue specificity[44]. In 
recent years, MNP, as represented by SPION, has been applied in MR molecular imaging studies, 
mainly to shorten the transverse relaxation time, improve the T2 relaxation rate and produce negative 
T2WI contrast. Compared with Gd and SPION, it has better magnetization and biocompatibility, and no 
risk of nephrogenic systemic fibrosis[45,46].

In recent years, MR molecular imaging of pancreatic carcinoma is mainly based on basic scientific 
research. At present, the main targets involved are SSTR[47], urokinase-type plasminogen activator 
receptor[48], insulin-like growth factor-1 receptor, αVβ6, epidermal growth factor receptor, vascular 
endothelial growth factor receptor-2[49], etc., but their prospect of clinical application requires further 
study. In addition, targets such as reticulin-1 (plectin-1)[50], mucin-1[51], MUC4, carcinoembryonic 
antigen-related cell adhesion molecule 6[52], γ-glutamyltransferase 5[53], P32 protein[54], mesothelin
[55], thymus fine cell differentiation antigen-1, cathepsin E, neutrophil gelatinase-associated lipid 
transport protein[56] were also examined, which could lead to a new imaging target for pancreatic 
carcinoma.

The slow progress of MR targeted molecular imaging compared to nuclear medicine molecular 
imaging is mainly due to its own limitations. First, the specificity of the above-mentioned types of 
targets is poor, which affects the specificity of MR molecular imaging[56]. Second, high concentrations 
of Gd molecular probes are required for imaging, which is difficult to achieve when some molecular 
targets are expressed at low levels. Finally, factors such as low blood supply, low perfusion in 
pancreatic carcinoma, denser stromal components in the tumor, and excessive uptake of the molecular 
probe by the reticuloendothelial system such as liver and spleen in vivo decrease the aggregation dose in 
the tumor, thus affecting the effect of MR molecular imaging[57]. It can be optimized from the following 
aspects: (1) Improve the biocompatibility of molecular probes and appropriately prolong their blood 
circulation time to promote more molecular probes to bind to the tumor; (2) The molecular probe 
simultaneously combines more Gd ions to obtain higher relaxation rate[43]; (3) Multi-target molecular 
imaging facilitates specific imaging of lesions[42]; and (4) Reduce the volume and molecular weight of 
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molecular probe to achieve better penetration efficiency, paramagnetic resonance effect, reduce 
immunity and reticuloendothelial system uptake in vivo[42].

Different imaging techniques have their advantages and disadvantages, and their combined 
application can achieve complementary advantages and improve the value of clinical applications[58]. 
In addition, the management of radiopharmaceuticals is extremely strict in some countries, and very 
few radiopharmaceuticals are clinically approved. Therefore, in addition to the research and 
development of various imaging agents with high specificity and high sensitivity mentioned above, AI 
technology to improve diagnostic performance or complement existing technologies may be worth 
exploring.

ARTIFICIAL INTELLIGENCE AND RADIOMICS
AI, artificial intelligence, can be used to mine various medical images for biometric information and 
imaging features that are not easily perceived by physicians. In recent years, the application of AI-based 
radiomics has been used for lesion detection, pathological diagnosis, radiotherapy target delineation 
and curative effect prediction, so as to improve effective treatment decision-making for cancer patients. 
Based on radiomics, the cross-validated support vector machine classification diagnostic model can 
automatically extract quantitative features from MDCT[59]. Liu et al[60] used the AI system of R-CNN 
depth neural network to verify the diagnosis of CT images of pancreatic carcinoma in 100 cases, and 
established an AI diagnosis system of pancreatic carcinoma based on enhanced CT images. The system 
can assist doctors to identify pancreatic carcinoma, normal pancreatic tissue, chronic pancreatitis or 
benign pancreatic tumors. Mori et al[61] constructed 18F-FDG-PET/CT radiomic model to predict the 
recurrence survival value of patients with LAPC after radiotherapy for locally advanced pancreatic 
cancer, which could significantly improve treatment outcome while avoiding over-treatment of patients 
with poorer expected outcomes.

Radiomics based on AI has the potential to supplement information for clinical diagnosis and 
treatment and help solve certain clinical problems, but there are some limitations, such as incorrect 
tumor screening, insufficient design of database, case number and sensitive feature algorithm.

CONCLUSION
Nuclear medicine molecular imaging is based on the principle of injecting microscopic molecular probes 
into the body and selectively targeting them to appropriate sites based on different properties, in order 
to qualify or quantify organs, tissues or lesions for assessing diseases at the molecular level. Molecular 
imaging in nuclear medicine has made significant advances in the assessment of pancreatic carcinoma in 
recent years.
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Abstract
BACKGROUND 
Increased use of functional magnetic resonance imaging (MRI) methods such as 
diffusion-weighted imaging (DWI) and dynamic contrast-enhanced (DCE) MRI 
consisting of sequential contrast series, allows us to obtain more information on 
the microstructure, cellularity, interstitial distance, and vascularity of tumors, 
which has increased the discrimination power for benign and malignant salivary 
gland tumors (SGTs). In the last few years, quantitative DCE MRI data containing 
T1 perfusion parameters (Ktrans, Kep and Ve), were reported to contribute to the 
differentiation of benign or malignant subtypes in SGTs.

AIM 
To evaluate the diagnostic efficacy of DWI and semiquantitative and quantitative 
perfusion MRI parameters in SGTs.

METHODS 
Diffusion MRI [apparent diffusion coefficient (ADC) value] with a 1.5 T MR 
machine, semiquantitative perfusion MRI [time intensity curve (TIC) pattern], and 
quantitative perfusion MRI examinations (Ktrans, Kep and Ve) of 73 tumors in 67 
patients with histopathological diagnosis performed from 2017 to 2021 were 
retrospectively evaluated. In the ADC value and semiquantitative perfusion MRI 
measurements, cystic components of the tumors were not considered, and the 
region of interest (ROI) was manually placed through the widest axial section of 
the tumor. TIC patterns were divided into four groups: Type A = Tpeak > 120 s; type 
B = Tpeak ≤ 120 s, washout ratio (WR) ≥ 30%; type C = Tpeak ≤ 120 s, WR < 30%; and 
type D = flat TIC. For the quantitative perfusion MRI analysis, a 3D ROI was 
placed in the largest solid component of the tumor, and the Ktrans, Kep and Ve values 
were automatically generated.

https://www.f6publishing.com
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RESULTS 
The majority of SGTs were located in the parotid glands (86.3%). Of all the SGTs, 68.5% were 
benign and 31.5% were malignant. Significant differences were found for ADC values among 
pleomorphic adenomas (PMAs), Warthin's tumors (WTs), and malignant tumors (MTs) (P < 0.001). 
PMAs had type A and WTs had type B TIC pattern while the vast majority of MTs and other 
benign tumors (OBTs) (54.5% and 45.5%, respectively) displayed type C TIC pattern. PMAs 
showed no washout, while the highest mean WR was observed in WTs (59% ± 11%). Ktrans values of 
PMAs, WTs, OBTs, and MTs were not significantly different. Kep values of PMAs and WTs were 
significantly different from those of OBTs and MTs. Mean Ve value of WTs was significantly 
different from those of PMAs, OBTs, and MTs (P < 0.001).

CONCLUSION 
The use of quantitative DCE parameters along with diffusion MRI and semiquantitative contrast-
enhanced MRI in SGTs could improve the diagnostic accuracy.

Key Words: Diffusion-weighted imaging; Dynamic contrast-enhanced imaging; Magnetic resonance imaging; 
Perfusion imaging; Salivary gland tumor; Tumor

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, the diagnostic features of diffusion-weighted imaging and semiquantitative and 
quantitative perfusion magnetic resonance imaging (MRI) parameters were evaluated in salivary gland 
tumors. The apparent diffusion coefficient (ADC) values of pleomorphic adenomas (PMAs) were 
significantly higher than those of Warthin's tumors (WTs), other benign tumors (OBTs), and malignant 
tumors (MTs). On semiquantitative MRI, PMAs were distinguished from all other tumors by their long 
Tpeak times and lack of washout. WTs had the shortest Tpeak and highest washout ratio values. For 
quantitative perfusion MRI parameters, the Kep value of WTs was significantly higher than those of other 
tumors. The Ve values of WTs and OBTs differed significantly from those of PMAs and MTs.

Citation: Gökçe E, Beyhan M. Diagnostic efficacy of diffusion-weighted imaging and semiquantitative and 
quantitative dynamic contrast-enhanced magnetic resonance imaging in salivary gland tumors. World J Radiol 
2023; 15(1): 20-31
URL: https://www.wjgnet.com/1949-8470/full/v15/i1/20.htm
DOI: https://dx.doi.org/10.4329/wjr.v15.i1.20

INTRODUCTION
Salivary gland tumors (SGTs) account for about 2.0%-6.5% of all head and neck tumors. Approximately 
70% of them originate from the parotid glands, and a small number have submandibular, sublingual, 
and minor salivary gland origins. While the majority of tumors from the parotid glands are benign, 
malignancies are more common in those located in other glands. Preoperative characterization of SGTs 
is important for treatment planning. The choice of surgery method for SGTs is closely associated with 
the histology of the tumor. Diagnosis is mostly based on combined evaluation of clinical features and 
findings from physical examinations, imaging and cytological observations. Fine-needle aspiration 
biopsy (FNAB) is the most commonly used method for cytological examinations but complex 
pathologies can result in false positives and false negatives in malignant tumors (MTs)[1,2]. Conven-
tional magnetic resonance imaging (MRI) is very useful for identifying the tumor location, morphology, 
extension, and its association with the nerves and inner structure[1-3]. However, diagnosing MTs and 
benign tumors (BTs) by conventional MRI can be difficult due to overlapping findings[1,2,4]. In recent 
years, an increase has been reported in diagnostic accuracy in SGTs for distinguishing between MTs and 
BTs with the use of diffusion-weighted imaging (DWI) and dynamic contrast-enhanced (DCE) MRI 
techniques[1,5-9]. DCE MRI is used to track an exogenous, paramagnetic contrast agent in tissues and 
has been a powerful tool in the characterization of tumor hemodynamics[1,3,10,11]. As a semiquant-
itative method in DCE MRI, patterns have been established by measuring time to peak (Tpeak) and 
washout ratio (WR) on the time intensity curve (TIC)[1,3]. Tpeak is closely related to microvessel count 
while WR reflects the stromal cellularity grade. On quantitative DCE MRI, on the other hand, perfusion 
parameters such as Ktrans [volume transfer constant between blood plasma and the extracellular 
extravascular space (EES)], Kep (flux rate constant between the EES and plasma), and Ve (EES fractional 
volume) are used[1,3]. Although there are many studies dealing with diffusion and semiquantitative 
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DCE MRIs in SGTs, the number of quantitative MRI studies is limited[12-15]. In the present study, the 
diagnostic value of diffusion MRI and semiquantitative and quantitative perfusion MRI parameters was 
evaluated in SGTs.

MATERIALS AND METHODS
Patients
The study was conducted retrospectively following approval by the local ethics committee (20-KAEK-
105). A total of 67 patients with tumors originating from or involving the salivary glands were included. 
The study included patients who had swelling of the face or in the salivary glands, who were subjected 
to MRI, diffusion MRI, and perfusion MRI examinations at our hospital between April 2017 and 
February 2021 and who were diagnosed histopathologically after FNAB, Tru-cut biopsy, or surgical 
removal. For this study, patients whose neck and maxillofacial MRI examination reports included the 
description of a mass in the salivary glands were surveyed in picture archiving and communication 
systems. A total of 33 patients were excluded: 2 patients with intra-lesion hemorrhage due to FNAB 
before the MRI examination, 16 patients who had contrast-enhanced MRI but did not have perfusion 
MRI series, and 15 patients whose diagnosis was not confirmed histopathologically. Thus, a total of 73 
MTs and BTs, which originated from major and minor salivary glands in 67 patients, were included in 
the study (Figure 1).

MRI scanning and measurements
MRI was performed on a 1.5 T superconducting MRI system [General Electric (GE) Signa Explorer 
Software Version 25; GE Healthcare, Milwaukee, WI, United States, 2016] with head and neck array 
coils. Routine MRI sequences included axial T1-weighted [time to repetition/time to echo (TR/TE), 456 
ms/8.1 ms], in phase axial T2-weighted (TR/TE, 3711 ms/82.8 ms), sagittal T2-weighted (TR/TE, 4499 
ms/88.2 ms), and coronal T2-weighted (TR/TE, 4380 ms/84.6 ms). DCE MRI was performed with a T1-
weighted 3D fast spoiled gradient echo sequence [TR/TE/time to inversion, 3.8 ms/1.3 ms/15 ms; flip 
angle, 20°]. The contrast agent Gd-DTPA (Dotarem, Guerbet, France) was injected after the fourth 
dynamic sequence acquisition at a rate of 2.0 mL/s via the right antecubital vein. The contrast agent was 
administered at a dose of 0.2 mmoL/kg body weight. Immediately after the injection of the contrast 
agent, a 20 mL saline flush was carried out at the same injection rate. In total, 18-21 dynamic sequence 
acquisitions with 30 dynamic images per sequence were performed with total scanning time ranging 
from 3 min and 11 s to 5 min and 24 s. The location, morphology, and internal structure of the tumor 
were evaluated by conventional MRI (Figures 2A and B, 3A and B, 4A and B, 5A and B).

DWI was performed using a multislice echo-planar single-shot spin-echo sequence, on the axial plane 
(TR/TE = 5476 ms/95.4 ms, field of view = 26 cm, matrix = 96 × 128, section thickness = 4-5 mm, and 
interslice gap = 4 mm). Three diffusion gradients were applied sequentially in the x, y, and z directions 
with b values of 0 and 1000 s/mm2 (Figure 2B). The acquisition time varied from 60 s to 120 s. The 
apparent diffusion coefficient (ADC) maps were generated automatically.

"GE Advantage Windows Workstation 4.7" was used to determine ADC values on diffusion MRI and 
to perform measurements in semiquantitative and quantitative perfusion MRI. Image analysis and 
region of interest (ROI) measurements were carried out on a consensus basis by two neuroradiologists 
(Erkan Gökçe and Murat Beyhan with more than 12 and 7 years of work experience, respectively) who 
were not aware of the clinical status of the patients. On ADC value measurements, cystic components of 
the tumors were not considered, the ROI was manually placed through the widest axial section of the 
tumor, and the ADC value was determined as mm2/s (Figures 2C, 3C, 4C and 5C). Semiquantitative 
analysis of DCE MRI was based on TIC (Figures 2D and E, 3D and E, 4D and E, 5D and E). Tpeak was 
measured as the time from the point where the lesion began to show contrast enhancement to the point 
with the highest level of contrast enhancement. TICs were evaluated in four different categories based 
on Yabuuchi et al[10]: Type A = Tpeak > 120 s; type B = Tpeak ≤ 120 s, WR ≥ 30%; type C = Tpeak ≤ 120 s, WR 
< 30%; and type D = flat TIC. To confirm the accuracy of TIC and perfusion biomarker analyses, ROIs 
were drawn in a way to avoid the vascular and cystic parts of the tumors. Quantitative perfusion DCE 
MRI parameters were measured using the Tofts kinetic model[16]. For quantitative perfusion MRI 
analysis, a 3D ROI was placed in the largest solid component of the tumor, and the Ktrans, Kep and Ve 
values were generated automatically(Figures 2F-H, 3F-H, 4F-H, 5F-H).

Statistical analysis 
Statistical analyses were performed using SPSS 18.0 software (IBM, Chicago, IL, United States) and 
MedCalc statistical software version 20.009 (MedCalc software bvba, Ostend, Belgium). For each 
parameter, the conformity of the groups to the normal distribution was evaluated by the Shapiro-Wilk 
test, and the Levene test was used to evaluate the homogeneity of variances. Data are expressed as the 
mean ± SD or frequency and percent. One-way ANOVA was used for the groups with a normal distri-
bution for comparison of the groups, and Bonferroni correction was applied in multiple comparisons. 
The Kruskal-Wallis test was used to compare the groups that did not fit the normal distribution, and 
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Figure 1  Patient inclusion and exclusion flowchart.

Figure 2 A 72-year-old male patient with a Warthin’s tumor in the right parotid gland. A: On axial plane T2-weighted image, a mildly hypointense 
(compared to the gland), smooth-contoured mass localized in the center of the parotid gland is observed; B: On the diffusion-weighted image, the mass appears to be 
hyperintense; C: ADC value was 0.8 × 10-3 mm2/s on the apparent diffusion coefficient map; D: The mass is hyperperfused on color-coded perfusion image; E: Type 
B time intensity curve shows a washout ratio of 75%; F, G, and H: Ktrans, Kep, and Ve values on quantitative perfusion images were 0.617 min-1, 6.438 min-1, and 0.073, 
respectively. ADC: Apparent diffusion coefficient.

Bonferroni correction was applied in multiple comparisons. The area under curve (AUC), sensitivity, 
specificity, positive predictive value (PPV), negative predictive value (NPV), and cut-off values of 
diagnostic parameters were calculated for each tumor group by performing receiver operating charac-
teristic curve (ROC) analysis.
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Figure 3 A 38-year-old male patient with a pleomorphic adenoma in the right submandibular gland. A: On sagittal plane T2-weighted image, a 
hyperintense (compared to the gland), smooth, slightly lobule-contoured mass is observed; B: On contrast-enhanced axial plane T1-weighted image, intense contrast-
enhancement is observed in the mass; C: The mass is hyperintense on the apparent diffusion coefficient map due to facilitated diffusion (ADC value: 1.7 × 10-3 mm2

/s); D: The mass is hypoperfused on color coded perfusion image; E: The tumor has type A time intensity curve; F, G, and H: Ktrans, Kep, and Ve values on quantitative 
perfusion images were 0.211 min-1, 0.383 min-1, and 0.593, respectively. ADC: Apparent diffusion coefficient.

Figure 4 A 76-year-old female patient with diffuse large B cell lymphoma and a mass in the left submandibular gland region. A: On axial T2-
weighted image, a smooth-contoured mass with homogeneous internal structure and an intensity similar to that of the submandibular gland is observed; B: Axial 
contrast-enhanced image shows the intense homogeneous contrast enhancement of the mass; C: On the apparent coefficient mapping image, the mass features 
prominent diffusion restriction (ADC value: 0.6 × 10-3 mm2/s); D: The mass is hyperperfused on color coded perfusion image; E: Type B time intensity curve shows a 
48% washout ratio; F, G, and H: Ktrans, Kep, and Ve values on quantitative perfusion images were 1.058 min-1, 3.391 min-1, and 0.356, respectively. ADC: Apparent 
diffusion coefficient.

RESULTS
The age range of the 67 patients (40 male and 27 female) included in the study was 12-93 years (mean 
age = 56.9 ± 15.8 years). One patient had three lesions in the salivary glands, while four patients had two 
and the remaining 62 had one lesion. Thus, 73 lesions in 67 patients were evaluated. The majority of the 
lesions (86.3%) were located in the parotid glands, while a small number (4.1%) originated from minor 
salivary glands. The locations, numbers, and frequencies of SGTs are shown in Table 1. Approximately 
two-thirds of the lesions (68.5%) were benign (Figures 2 and 3), and one-third (31.5%) was malignant 
(Figures 4 and 5). Warthin's tumors (WTs) (36.0%) were the most common BTs, followed by 
pleomorphic adenomas (PMAs) (28.0%). Of the MTs, squamous cell cancer (47.8%), adenoid cystic 
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Table 1 Locations, numbers, and frequencies of salivary gland tumors

Location n (%)

Unilateral parotid gland 61 (83.6)

Submandibular gland 6 (8.2)

Minor salivary gland 3 (4.1)

Bilateral parotid gland 2 (2.7)

Sublingual gland 1 (1.4)

n: Number of salivary gland tumors

Figure 5 A 79-year-old male patient with squamous cell cancer in the left parotid gland. A: On axial plane T1-weighted image, an irregularly 
contoured, hypointense mass involving skin and subcutaneous tissues is observed; B: On axial contrast-enhanced T1-weighted image, the mass shows an intense 
heterogeneous contrast enhancement; C: ADC value on the apparent diffusion coefficient map was 1.1 × 10-3 mm2/s; D: The mass is heterogeneously hyperperfused 
on color coded perfusion image; E: Type C time intensity curve shows a 10% washout ratio; F, G, and H: Ktrans, Kep, and Ve values on quantitative perfusion images 
were 0.993 min-1, 1.659 min-1, and 0.612, respectively. ADC: Apparent diffusion coefficient.

cancers (13.0%), and malignant lymphomas (13.0%) were the most common. The numbers of benign and 
malignant SGTs are provided in Table 2. The ADC values of PMAs were significantly higher than those 
of WTs, other benign tumors (OBTs), and MTs (P < 0.001). However, there was no significant difference 
in ADC values for OBTs, WTs, and MTs. Significant differences were not found for ADC values of all 
BTs and MTs. The mean ADC values of SGTs are shown in Table 3.

An evaluation of Tpeak values of semiquantitative perfusion MRI parameters revealed that PMAs 
reached Tpeak significantly later (mean Tpeak = 202.74 ± 21.48 s) than WTs, OBTs, and MTs while the 
difference between OBTs and MTs for Tpeak values was not significant. WTs reached Tpeak significantly 
earlier than other tumors. With regard to WR, no washout was observed in PMAs. WTs had the highest 
mean WR value (59% ± 11%), which was significantly different from the mean WR values of MTs and 
OBTs. PMAs had type A and WTs had type B TIC pattern, while the majority of MTs and OBTs (54.5% 
and 45.5%, respectively) exhibited type C TIC pattern. Semiquantitative DCE MRI parameters of SGTs 
are provided in Table 4.

For quantitative perfusion MRI parameters, Ktrans values of PMAs, WTs, OBTs, and MTs were not 
significantly different. The Kep value of WTs, on the other hand, was significantly higher than those of 
other tumors (P < 0.001). For Ve value, WTs and OBTs differed significantly from PMAs and MTs (P < 
0.001). An evaluation of all BTs and MTs showed significant differences for Kep and Ve values (P < 0.05) 
but not for Ktrans values. Quantitative DCE MRI parameters of SGTs are shown in Table 3.

The results of ROC analysis and cut-off values used for the parameters of DWI, semiquantitative and 
quantitative MRI of PMAs, WTs, and malignant SGTs are given in Table 5.
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Table 2 Numbers of benign and malignant salivary gland tumors

Benign SGTs n (%) Malignant SGTs n (%)

Warthin’s tumor 18 (24.7) Squamous cell carcinoma 11 (15.1)

Pleomorphic adenoma 14 (19.2) Adenoid cystic carcinoma 3 (4.1)

Inflammatory process 12 (16.4) Malignant lymphoma 3 (4.1)

Lipoma 4 (5.5) Adenocarcinoma 1 (1.4)

Benign cystic lesions 1 (1.4) Mucoepidermoid carcinoma 1 (1.4)

Carcinoma ex pleomorphic adenoma 1 (1.4)

Other benign lesions 1 (1.4) Acinic cell carcinoma 1 (1.4)

Follicular dendritic cell sarcoma 1 (1.4)

Salivary duct carcinoma 1 (1.4)

Total 50 (68.5) 23 (31.5)

SGTs: Salivary gland tumors; n: Number of salivary gland tumors

Table 3 Mean ADC values and quantitative dynamic contrast-enhanced magnetic resonance imaging parameters of different 
histopathologic salivary gland tumors

Pleomorphic adenoma Warthin’s tumor Other benign tumors Malignant tumors P value

ADC (× 10−3 mm2/s) 1.61 ± 0.26 (a) 0.72 ± 0.09 (b) 0.77 ± 0.19 (b) 0.96 ± 0.33 (b) < 0.001

Ktrans (min−1) 0.42 ± 0.35 0.75 ± 0.55 0.57 ± 0.37 0.77 ± 0.56 0.131

Kep (min−1) 0.69 ± 0.33 (a) 6.2 ± 3.13 (b) 1.95 ± 0.94 (c) 1.72 ± 0.92 (c) < 0.001

Ve 0.65 ± 0.25 (a) 0.11 ± 0.04 (b) 0.3 ± 0.12 (c) 0.48 ± 0.24 (ac) < 0.001

Data are shown as the mean ± SD. One-way ANOVA was used. abc: Indicates that means with the same letters in the same column are not significantly 
different; P < 0.05 indicates a statistically significant difference among the groups. ADC: Apparent diffusion coefficient; Ktrans: Volume transfer constant 
between blood plasma and the extracellular extravascular space; Kep: Flux rate constant between the EES and plasma; Ve: EES fractional volume; EES: 
Extracellular extravascular space.

Table 4 Semiquantitative dynamic contrast-enhanced magnetic resonance imaging parameters of different histopathologic salivary 
gland tumors

TIC Pattern, n(%)

A B C D
Tpeak (s) WR (%)

Pleomorphic adenomas 14 (70.0) 0 (0) 0 (0) 0 (0) 202.74 ± 21.48 (a) -

Warthin’s tumors 0 (0) 18 (66.7) 0 (0) 0 (0) 20.26 ± 11.72 (b) 59.33 ± 10.99 (a)

Other benign tumors 4 (20.0) 4 (14.8) 10 (45.5) 0 (0) 74.94 ± 75.47 (c) 17.89 ± 14.99 (b)

Malignant tumors 2 (10.0) 5 (18.5) 12 (54.5) 4 (100) 60.60 ± 55.78 (c) 18.48 ± 18.38 (b)

P value < 0.001 < 0.001 < 0.001

Data are shown as the mean ± SD. One-way ANOVA was used. abc: Indicates that the means with the same letters in the same column are not significantly 
different. TIC: Time intensity curve; Tpeak: Time to peak; WR: Washout ratio; n: Number of salivary gland tumors.

DISCUSSION
In recent years, diffusion MRI has been an essential complement to conventional sequences in the 
radiological evaluation of SGTs[1,3,6-10,13-15,17,18]. Diffusion MRI allows us to evaluate the cellularity 
in tissues and the changes that physiological processes create on microstructural features. As malignant 
or benign SGTs include a highly heterogeneous group, their ADC values could also be highly variable. 
In cell-rich tumors such as WT and lymphoma, ADC values are low, but tumors containing hetero-
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Table 5 Comparison of pleomorphic adenomas, Warthin’s tumors, and malignant salivary gland tumors by ROC analysis using ADC, 
Tpeak, Ktrans, Kep, and Ve values

Variable Cut-off AUC (95% CI) Sensitivity Specificity PPV NPV P value
Pleomorphic adenomas

ADC value > 1.1 0.977 (0.911-0.998) 1.000 0.898 0.700 1.000 < 0.001

Tpeak > 120 0.947 (0.868-0.986) 1.000 0.898 0.700 1.000 < 0.001

Ktrans ≤ 0.46 0.702 (0.584-0.804) 0.857 0.627 0.353 0.949 0.005

Kep ≤ 1.14 0.926 (0.840-0.974) 0.929 0.831 0.565 0.980 < 0.001

Ve ≥ 0.4 0.849 (0.746-0.922) 0.929 0.729 0.448 0.977 < 0.001

Warthin’s tumors

ADC value ≤ 0.8 0.742 (0.626-0.837) 0.944 0.582 0.425 0.970 < 0.001

Tpeak ≤ 19.1 0.869 (0.769-0.936) 0.667 0.909 0.706 0.893 < 0.001

WR > 43 0.981 (0.917-0.999) 0.944 0.909 0.773 0.980 < 0.001

Ktrans > 0.3 0.577 (0.455-0.692) 0.889 0.346 0.308 0.905 0.291

Kep > 2.44 0.973 (0.905-0.997) 1.000 0.855 0.692 1.000 < 0.001

Ve ≤ 0.17 0.958 (0.883-0.991) 1.000 0.909 0.783 1.000 < 0.001

Malignant tumors

ADC value > 0.7 0.541 (0.420-0.658) 0.783 0.440 0.391 0.815 0.569

Tpeak ≤ 120 0.531 (0.410-0.649) 0.913 0.360 0.396 0.900 0.648

WR ≤ 49 0.562 (0.441-0.678) 1.000 0.300 0.397 1.000 0.351

Ktrans > 0.53 0.599 (0.477-0.712) 0.652 0.600 0.429 0.789 0.194

Kep ≤ 3.7 0.592 (0.471-0.706) 1.000 0.300 0.397 1.000 0.160

Ve > 0.35 0.702 (0.584-0.804) 0.696 0.660 0.485 0.825 0.001

ADC (× 10−3 mm2/s): Apparent diffusion coefficient; Tpeak (s): Time to peak; Ktrans (min−1): Volume transfer constant between blood plasma and the 
extracellular extravascular space; Kep (min−1): Flux rate constant between the EES and plasma; Ve: EES fractional volume; AUC: Area under the ROC curve; 
CI: Confidence interval; PPV: Positive predictive value; NPV: Negative predictive value; WR (%): Washout ratio; EES: Extracellular extravascular space.

geneous components such as PMA have higher ADC values[1,13]. In many DWI studies involving 
SGTs, ADC values were reported to be useful in distinguishing BTs and MTs[6-8,17,19-21]. However, 
there are also studies reporting that DWI was not sufficient to make this distinction but ADC values 
could be useful in distinguishing some subtypes of MTs or BTs[10,22-24]. An evaluation of mean ADC 
values of all BTs and MTs in the present study showed that ADC values of BTs (0.98 × 10-3 ± 0.43 mm2/s) 
and MTs (0.95 × 10-3 ± 0.31 mm2/s) were similar and did not differ significantly. However, when specific 
tumoral subgroups were evaluated, significant differences were found in the mean ADC values among 
PMAs, WTs, and MTs (P < 0.001). In a ROC analysis using an ADC cut-off value of > 1.1 × 10-3 mm2/s 
for PMAs, the AUC, sensitivity, and specificity were 97.7%, 100%, and 89.8%, respectively. A ROC 
analysis of WTs using an ADC cut-off value of ≤ 0.8 × 10-3 mm2/s, on the other hand, resulted in AUC, 
sensitivity, and specificity values of 74.2%, 94.4%, and 58.2%, respectively. These values were 54.1%, 
78.3%, and 44.0%, respectively, for MTs with an ADC cut-off value of > 0.7 × 10-3 mm2/s. In the present 
study, the mean ADC value of malignant lymphomas was 0.56 × 10-3 ± 0.05 mm2/s, which was well 
below the average ADC value of all MTs. This finding indicated that diffusion MRI could be more 
useful in distinguishing the subgroups within both BTs and MTs than contributing to a more general 
distinction between MTs and BTs.

In addition to diffusion MRI, the parameters of semiquantitative DCE MRI (TIC patterns) have also 
been frequently used in recent years for the differential diagnosis of SGTs[9,12,20,25,26]. On DCE MRI, 
TIC is obtained from signal intensity changes before the contrast agent administration, during the 
transition of contrast agent from the capillary bed to extravascular-intercellular distance, and during the 
washing of contrast agent from the tissue[1,18]. TIC patterns are correlated with tumor cellularity and 
vascularity[1,5,18,27]. PMAs have progressive contrast-enhancement due to low microvessel count and 
cellularity-stromal grade, and their washout patterns are mostly negative and, to a lesser degree, in the 
form of a plateau[1,27]. In the present study, type A TIC pattern (curve pattern with progression 
towards the late phases) was observed in all PMAs. Tpeak values ranged from 161.80 s to 251.70 s. The 
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average Tpeak value of PMAs (202.74 ± 21.48 s) was significantly longer compared to the Tpeak values of all 
other SGTs. In ROC analysis of PMAs using a cut-off value of Tpeak > 120 s, AUC, sensitivity, specificity, 
PPV, and NPV were 94.7%, 100%, 89.8%, 70.0%, and 100%, respectively. WTs feature rapid contrast 
enhancement and washout due to their high microvessel count and cellularity-stromal grade. In the 
present study, type B TIC pattern (Tpeak ≤ 120 s, WR ≥ 30%) was observed in all WTs. Tpeak values ranged 
from 10.80 s to 46.40 s, while WR varied from 31% to 75%. The mean Tpeak of WTs (20.26 ± 11.72 s) was 
significantly shorter than that of other parotid lesions. The average WR value of WTs (59.33% ± 10.99%) 
was significantly higher than that of any other tumors. In ROC analysis of WTs using a cut-off value of 
WR > 43%, AUC, specificity, and PPV were quite high (98.1%, 94.4%, and 90.9%, respectively). Due to 
their high microvessel count and lower cellularity-stromal grade, MTs have rapid enhancement but 
their washouts tend to be slower than those of WTs[1,27]. In the present study, the mean Tpeak value of 
MTs (60.60 ± 55.78 s) was significantly shorter than the Tpeak value of PMAs. The mean WR value of MTs 
(18.48 ± 18.38%) was significantly lower than that of WTs, but was not different from the mean WR 
value of OBTs. In ROC analysis of MTs with cut-off values of Tpeak ≤ 120 s and WR ≤ 49%, sensitivities 
were quite high (91.3% and 100%, respectively) but specificities were quite low (36.0% and 30.0%, 
respectively). A survey of semiquantitative DCE MRI studies in the literature showed that PMAs 
generally had type A pattern, while WTs had type B and MTs had type C TIC patterns[4,5,26]. TIC 
patterns are considered to have a higher diagnostic accuracy in distinguishing subgroups in SGTs 
compared to their power to distinguish all BTs from MTs. However, it was mentioned that TIC patterns 
had higher specificity especially in PMAs and WTs while their specificity in MTs was lower[4,18,25,26]. 
In their study with all SGTs, Lam et al[26] showed that all MTs except lymphomas showed type C TIC 
pattern (Tpeak < 150 s and WR < 30%), while 70% of lymphomas had type B TIC pattern (Tpeak < 150 s and 
WR ≥ 30%). Similar to the findings of Lam et al[26], 66.7% of lymphomas in the present study showed 
type B TIC pattern. However, unlike their findings, some other MTs showed types A, B, and D TIC 
patterns. There are also studies in the literature reporting that all WTs had type B TIC pattern[4,10,12]. 
In accordance with their findings, 100% of WTs in the present study featured type B TIC pattern. 
Subtypes of SGTs in the present study generally had similar TIC patterns to those reported in the 
literature.

The literature contains several studies on quantitative DCE perfusion MRI parameters (Ktrans, Kep, and 
Ve) in SGTs[3,14,15,28]. In these studies, mean Ktrans values for PMAs ranged from 0.101 ± 0.069 min−1 to 
0.217 ± 0.036 min−1, mean Kep values from 0.245 ± 0.160 min−1 to 0.567 ± 0.048 min−1, and mean Ve values 
from 0.360 to 0.590 ± 0.478, while mean Ktrans values for WTs varied between 0.105 min−1 ± 0.064 min−1 

and 0.464 ± 0.036 min−1, mean Kep values between 0.729 ± 0.112 min−1 and 2.299 ± 1.312 min−1, and mean 
Ve values between 0.1439 ± 0.093 and 0.272 ± 0.013. For MTs, mean Ktrans values varied from 0.130± 0.035 
min−1 to 0.327 ± 0.030 min−1; mean Kep values from 0.463 ± 0.103 min−1 to 0.784 ± 0.064 min−1; and mean Ve 
values from 0.264 ± 0.119 to 0.445 ± 0.025. In all of these studies in the literature, the Ktrans values of 
PMAs were lower than those of other SGTs[3,14,15,28]. Xu et al[3] found that the mean Ktrans value of 
PMAs was slightly different from that of WTs (P = 0.05). Yabuuchi et al[14] found no significant 
differences among Ktrans values of other SGTs. Huang et al[15] found that the Ktrans values of PMAs were 
significantly lower than those of other SGTs. Similar to the results of Yabuuchi et al[14], in our study, 
mean Ktrans value of PMAs was the lowest among all SGTs, but it was not significantly different from 
those of other tumors. In the studies by Xu et al[3], Yabuuchi et al[14], and Huang et al[15], the mean Kep 
value was the lowest in PMAs and highest in WTs. Kep values of PMAs, WTs, and MTs in the studies of 
both Xu et al[3] and Yabuuchi et al[14] were significantly different. However, in the study by Huang et al
[15], the Kep value of only WTs was significantly different from those of other tumors. In another study 
by Huang et al[28], significant differences were found in Kep values between WTs and PMAs, and 
between WTs and OBTs. Similar to the results of those studies in the literature, the mean Kep value in the 
present study was the lowest in PMAs and highest in WTs, and Kep values of PMAs and WTs were 
significantly different from those of other tumors[3,13,14,28]. Xu et al[3], Yabuuchi et al[14], and Huang 
et al[15] found that mean Ve values of WTs were significantly lower than those of other tumors. Similar 
to the results of their studies, the mean Ve value of WTs in the present study was significantly lower 
than those of other tumors[3,14]. In another study by Huang et al[28], unlike other studies, the Ve value 
of WTs and the Ve values of PMAs and OBTs were found to be significantly lower. In ROC analysis 
using a cut-off value of Kep ≥ 2.44 min−1 for WTs, the AUC, sensitivity, and specificity were 97.3%, 100%, 
and 85.5%, respectively. On the other hand, in ROC analysis using a cut-off value of Ve ≤ 0.17, quite high 
AUC, sensitivity, and specificity values (95.8%, 100%, and 90.9%, respectively) were obtained. High Kep 
and low Ve values in WTs are explained by the limited extravascular and extracellular space in these 
tumors. As many studies in the literature and the present study revealed, ADC and TIC patterns of WTs 
could overlap with those of MTs[11]. However, similar to the findings of the studies in the literature, the 
present study showed that quantitative perfusion MRI parameters Kep and Ve could contribute greatly to 
distinguishing WTs from MTs[3,14,15]. Nevertheless, our findings need to be verified by future 
quantitative perfusion MRI studies performed with larger series.

There are some limitations in this study. First, the parameters (number of dynamic series, acquisition 
time, etc.) varied on perfusion MRI series due to the retrospective nature of the study. Second, most of 
the tumors in our study were benign SGTs, and the number of MTs in the primary salivary gland was 
relatively low, which may have resulted in an overestimation of the diagnostic accuracy. Third, the 
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manual definition of ROI might have increased the variability in quantitative measurements. Although 
the cystic-necrotic components of the lesions were excluded from the ROI in our study, contamination of 
these areas can lead to significant changes in quantitative values, even if it is small in manual 
measurements. Fourth, for the measurements of ADC values and semiquantitative and quantitative 
DCE perfusion MRI parameters, interobserver agreement could not be evaluated in the study as the 
measurements were made by two observers with consensus.

CONCLUSION
Combined use of quantitative DCE MRI along with diffusion MRI and semiquantitative DCE MRI could 
help radiologists in the differential diagnosis of different subtypes of SGTs by providing higher 
diagnostic accuracy.

ARTICLE HIGHLIGHTS
Research background
Conventional magnetic resonance imaging (MRI) provides more data than other radiological modalities 
in determining the extent of tumor spread in salivary gland tumors (SGTs) and assessing its relationship 
to vascular and neural structures, but falls short of distinguishing subtypes of SGTs. As the malignant or 
benign nature of SGTs affects the treatment protocol, it is important to differentiate between malignant 
(MTs) and benign tumors (BTs) noninvasively with high diagnostic accuracy.

Research motivation
In recent years, advanced MRI techniques such as diffusion-weighted imaging (DWI) and semi-
quantitative MRI have been increasingly used in the radiological evaluation of SGTs. However, various 
studies on quantitative dynamic contrast-enhanced (DCE) perfusion MRI parameters (Ktrans, Kep, and Ve) 
in SGTs are limited. Therefore, in this study, the effectiveness of advanced MRI applications, including 
all three methods, in the diagnosis of SGTs was evaluated in light of the literature.

Research objectives
To determine the diagnostic efficiency of DWI and DCE (semiquantitative perfusion) MRI and 
quantitative perfusion MRI parameters in SGTs.

Research methods
Apparent diffusion coefficient (ADC) values of SGTs on DWI were measured with manually inserted 
regions of interest, excluding the cystic components of the tumors. Time intensity curve (TIC) patterns 
were created for semiquantitative perfusion MRI based on Tpeak and washout ratios (WRs) of tumors. On 
quantitative DCE MRI, perfusion parameters such as Ktrans [volume transfer constant between blood 
plasma and extracellular extravascular space (EES)], Kep (flux rate constant between the EES and 
plasma), and Ve (EES fractional volume) were used.

Research results
The ADC values of pleomorphic adenomas (PMAs) were significantly higher than those of Warthin's 
tumors (WTs), other benign tumors (OBTs), and MTs (P < 0.001). However, there was no significant 
difference in ADC values for OBTs, WTs, and MTs. PMAs had type A and WTs had type B TIC pattern 
while the vast majority of MTs and OBTs (54.5% and 45.5%, respectively) displayed type C TIC pattern. 
PMAs showed no washout, while the highest mean WR was observed in WTs. For quantitative 
perfusion MRI parameters, the Kep value of WTs was significantly higher than those of other tumors (P < 
0.001). For the Ve value, WTs and OBTs differed significantly from PMAs and MTs (P < 0.001). Ktrans 
values of PMAs, WTs, OBTs, and MTs were not significantly different.

Research conclusions
DWI and semiquantitative and quantitative perfusion MRI, which provide more information on the 
microstructure, cellularity, interstitial distance, and vascularity of tumors, have increased the discrim-
ination power for subtypes of SGTs.

Research perspectives
Although there is some overlap in the findings of the subtypes of SGTs obtained by advanced MRI 
methods, the combined use of DWI and semiquantitative and quantitative perfusion MRI will increase 
the power for distinguishing subtypes of SGTs.



Gökçe E et al. DWI and DCE MRI in SGTs

WJR https://www.wjgnet.com 30 January 28, 2023 Volume 15 Issue 1

ACKNOWLEDGEMENTS
We thank Demir O and Gürpınar AB for their help with the statistical analyses.

FOOTNOTES
Author contributions: Gökçe E designed the study; Beyhan M supervised the study; Gökçe E and Beyhan M 
participated in literature research and manuscript preparation, and read and approved the final version.

Institutional review board statement: This study was reviewed and approved by the Ethics Committee of the Tokat 
Gaziosmanpasa University Faculty of Medicine (20-KAEK-105).

Informed consent statement: Patients were not required to give informed consent for the study as figures from 
picture archiving and communication systems were studied retrospectively.

Conflict-of-interest statement: All the authors report no relevant conflicts of interest for this article.

Data sharing statement: No additional data are available.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by 
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-
NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license 
their derivative works on different terms, provided the original work is properly cited and the use is non-
commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: Turkey

ORCID number: Erkan Gökçe 0000-0003-3947-2972; Murat Beyhan 0000-0002-8630-4632.

S-Editor: Liu XF 
L-Editor: Wang TQ 
P-Editor: Liu XF

REFERENCES
Gökçe E. Multiparametric Magnetic Resonance Imaging for the Diagnosis and Differential Diagnosis of Parotid Gland 
Tumors. J Magn Reson Imaging 2020; 52: 11-32 [PMID: 32065489 DOI: 10.1002/jmri.27061]

1     

Lobo R, Hawk J, Srinivasan A. A Review of Salivary Gland Malignancies: Common Histologic Types, Anatomic 
Considerations, and Imaging Strategies. Neuroimaging Clin N Am 2018; 28: 171-182 [PMID: 29622112 DOI: 
10.1016/j.nic.2018.01.011]

2     

Xu Z, Zheng S, Pan A, Cheng X, Gao M. A multiparametric analysis based on DCE-MRI to improve the accuracy of 
parotid tumor discrimination. Eur J Nucl Med Mol Imaging 2019; 46: 2228-2234 [PMID: 31372671 DOI: 
10.1007/s00259-019-04447-9]

3     

Zheng N, Li R, Liu W, Shao S, Jiang S. The diagnostic value of combining conventional, diffusion-weighted imaging and 
dynamic contrast-enhanced MRI for salivary gland tumors. Br J Radiol 2018; 91: 20170707 [PMID: 29902075 DOI: 
10.1259/bjr.20170707]

4     

Yabuuchi H, Fukuya T, Tajima T, Hachitanda Y, Tomita K, Koga M. Salivary gland tumors: Diagnostic value of 
gadolinium-enhanced dynamic MR imaging with histopathologic correlation. Radiology 2003; 226: 345-354 [PMID: 
12563124 DOI: 10.1148/radiol.2262011486]

5     

Lechner Goyault J, Riehm S, Neuville A, Gentine A, Veillon F. Interest of diffusion-weighted and gadolinium-enhanced 
dynamic MR sequences for the diagnosis of parotid gland tumors. J Neuroradiol 2011; 38: 77-89 [PMID: 20542568 DOI: 
10.1016/j.neurad.2009.10.005]

6     

Abdel Razek AA, Samir S, Ashmalla GA. Characterization of Parotid Tumors With Dynamic Susceptibility Contrast 
Perfusion-Weighted Magnetic Resonance Imaging and Diffusion-Weighted MR Imaging. J Comput Assist Tomogr 2017; 
41: 131-136 [PMID: 27636248 DOI: 10.1097/RCT.0000000000000486]

7     

Yuan Y, Tang W, Tao X. Parotid gland lesions: Separate and combined diagnostic value of conventional MRI, diffusion-
weighted imaging and dynamic contrast-enhanced MRI. Br J Radiol 2016; 89: 20150912 [PMID: 26892378 DOI: 
10.1259/bjr.20150912]

8     

Mikaszewski B, Markiet K, Smugała A, Stodulski D, Szurowska E, Stankiewicz C. Diffusion- and Perfusion-Weighted 
Magnetic Resonance Imaging-An Alternative to Fine Needle Biopsy or Only an Adjunct Test in Preoperative Differential 
Diagnostics of Malignant and Benign Parotid Tumors? J Oral Maxillofac Surg 2017; 75: 2248-2253 [PMID: 28412261 
DOI: 10.1016/j.joms.2017.03.018]

9     

Yabuuchi H, Matsuo Y, Kamitani T, Setoguchi T, Okafuji T, Soeda H, Sakai S, Hatakenaka M, Nakashima T, Oda Y, 
Honda H. Parotid gland tumors: Can addition of diffusion-weighted MR imaging to dynamic contrast-enhanced MR 
imaging improve diagnostic accuracy in characterization? Radiology 2008; 249: 909-916 [PMID: 18941162 DOI: 

10     

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0003-3947-2972
http://orcid.org/0000-0003-3947-2972
http://orcid.org/0000-0002-8630-4632
http://orcid.org/0000-0002-8630-4632
http://www.ncbi.nlm.nih.gov/pubmed/32065489
https://dx.doi.org/10.1002/jmri.27061
http://www.ncbi.nlm.nih.gov/pubmed/29622112
https://dx.doi.org/10.1016/j.nic.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/31372671
https://dx.doi.org/10.1007/s00259-019-04447-9
http://www.ncbi.nlm.nih.gov/pubmed/29902075
https://dx.doi.org/10.1259/bjr.20170707
http://www.ncbi.nlm.nih.gov/pubmed/12563124
https://dx.doi.org/10.1148/radiol.2262011486
http://www.ncbi.nlm.nih.gov/pubmed/20542568
https://dx.doi.org/10.1016/j.neurad.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27636248
https://dx.doi.org/10.1097/RCT.0000000000000486
http://www.ncbi.nlm.nih.gov/pubmed/26892378
https://dx.doi.org/10.1259/bjr.20150912
http://www.ncbi.nlm.nih.gov/pubmed/28412261
https://dx.doi.org/10.1016/j.joms.2017.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18941162


Gökçe E et al. DWI and DCE MRI in SGTs

WJR https://www.wjgnet.com 31 January 28, 2023 Volume 15 Issue 1

10.1148/radiol.2493072045]
Gökçe E, Beyhan M. Advanced magnetic resonance imaging findings in salivary gland tumors. World J Radiol 2022; 14: 
256-271 [PMID: 36160835 DOI: 10.4329/wjr.v14.i8.256]

11     

Eida S, Sumi M, Nakamura T. Multiparametric magnetic resonance imaging for the differentiation between benign and 
malignant salivary gland tumors. J Magn Reson Imaging 2010; 31: 673-679 [PMID: 20187211 DOI: 10.1002/jmri.22091]

12     

Munhoz L, Ramos EADA, Im DC, Hisatomi M, Yanagi Y, Asaumi J, Arita ES. Application of diffusion-weighted 
magnetic resonance imaging in the diagnosis of salivary gland diseases: A systematic review. Oral Surg Oral Med Oral 
Pathol Oral Radiol 2019; 128: 280-310 [PMID: 31029591 DOI: 10.1016/j.oooo.2019.02.020]

13     

Yabuuchi H, Kamitani T, Sagiyama K, Yamasaki Y, Hida T, Matsuura Y, Hino T, Murayama Y, Yasumatsu R, Yamamoto 
H. Characterization of parotid gland tumors: Added value of permeability MR imaging to DWI and DCE-MRI. Eur Radiol 
2020; 30: 6402-6412 [PMID: 32613285 DOI: 10.1007/s00330-020-07004-3]

14     

Huang N, Xiao Z, Chen Y, She D, Guo W, Yang X, Chen Q, Cao D, Chen T. Quantitative dynamic contrast-enhanced MRI 
and readout segmentation of long variable echo-trains diffusion-weighted imaging in differentiating parotid gland tumors. 
Neuroradiology 2021; 63: 1709-1719 [PMID: 34241661 DOI: 10.1007/s00234-021-02758-z]

15     

Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E, Knopp MV, Larsson HB, Lee TY, Mayr NA, Parker GJ, Port 
RE, Taylor J, Weisskoff RM. Estimating kinetic parameters from dynamic contrast-enhanced T(1)-weighted MRI of a 
diffusable tracer: Standardized quantities and symbols. J Magn Reson Imaging 1999; 10: 223-232 [PMID: 10508281 DOI: 
10.1002/(sici)1522-2586(199909)10:3<223::aid-jmri2>3.0.co;2-s]

16     

Celebi I, Mahmutoglu AS, Ucgul A, Ulusay SM, Basak T, Basak M. Quantitative diffusion-weighted magnetic resonance 
imaging in the evaluation of parotid gland masses: A study with histopathological correlation. Clin Imaging 2013; 37: 232-
238 [PMID: 23465973 DOI: 10.1016/j.clinimag.2012.04.025]

17     

Assili S, Fathi Kazerooni A, Aghaghazvini L, Saligheh Rad HR, Pirayesh Islamian J. Dynamic Contrast Magnetic 
Resonance Imaging (DCE-MRI) and Diffusion Weighted MR Imaging (DWI) for Differentiation between Benign and 
Malignant Salivary Gland Tumors. J Biomed Phys Eng 2015; 5: 157-168 [PMID: 26688794]

18     

Milad P, Elbegiermy M, Shokry T, Mahmoud H, Kamal I, Taha MS, Keriakos N. The added value of pretreatment DW 
MRI in characterization of salivary glands pathologies. Am J Otolaryngol 2017; 38: 13-20 [PMID: 27806890 DOI: 
10.1016/j.amjoto.2016.09.002]

19     

Tao X, Yang G, Wang P, Wu Y, Zhu W, Shi H, Gong X, Gao W, Yu Q. The value of combining conventional, diffusion-
weighted and dynamic contrast-enhanced MR imaging for the diagnosis of parotid gland tumours. Dentomaxillofac Radiol 
2017; 46: 20160434 [PMID: 28299943 DOI: 10.1259/dmfr.20160434]

20     

Eida S, Sumi M, Sakihama N, Takahashi H, Nakamura T. Apparent diffusion coefficient mapping of salivary gland tumors: 
Prediction of the benignancy and malignancy. AJNR Am J Neuroradiol 2007; 28: 116-121 [PMID: 17213436]

21     

Elmokadem AH, Abdel Khalek AM, Abdel Wahab RM, Tharwat N, Gaballa GM, Elata MA, Amer T. Diagnostic 
Accuracy of Multiparametric Magnetic Resonance Imaging for Differentiation Between Parotid Neoplasms. Can Assoc 
Radiol J 2019; 70: 264-272 [PMID: 30922790 DOI: 10.1016/j.carj.2018.10.010]

22     

Habermann CR, Arndt C, Graessner J, Diestel L, Petersen KU, Reitmeier F, Ussmueller JO, Adam G, Jaehne M. 
Diffusion-weighted echo-planar MR imaging of primary parotid gland tumors: Is a prediction of different histologic 
subtypes possible? AJNR Am J Neuroradiol 2009; 30: 591-596 [PMID: 19131405 DOI: 10.3174/ajnr.A1412]

23     

Faheem MH, Shady S, Refaat MM. Role of magnetic resonance imaging (MRI) including diffusion weighted images 
(DWIs) in assessment of parotid gland masses with histopathological correlation. Egypt J Radiol Nucl Med 2018; 49: 368-
373 [DOI: 10.1016/j.ejrnm.2018.03.001]

24     

Ogawa T, Kojima I, Ishii R, Sakamoto M, Murata T, Suzuki T, Kato K, Nakanome A, Ohkoshi A, Ishida E, Kakehata S, 
Shiga K, Katori Y. Clinical utility of dynamic-enhanced MRI in salivary gland tumors: Retrospective study and literature 
review. Eur Arch Otorhinolaryngol 2018; 275: 1613-1621 [PMID: 29623392 DOI: 10.1007/s00405-018-4965-9]

25     

Lam PD, Kuribayashi A, Imaizumi A, Sakamoto J, Sumi Y, Yoshino N, Kurabayashi T. Differentiating benign and 
malignant salivary gland tumours: Diagnostic criteria and the accuracy of dynamic contrast-enhanced MRI with high 
temporal resolution. Br J Radiol 2015; 88: 20140685 [PMID: 25791568 DOI: 10.1259/bjr.20140685]

26     

Abdel Razek AAK, Mukherji SK. State-of-the-Art Imaging of Salivary Gland Tumors. Neuroimaging Clin N Am 2018; 28: 
303-317 [PMID: 29622121 DOI: 10.1016/j.nic.2018.01.009]

27     

Huang N, Chen Y, She D, Xing Z, Chen T, Cao D. Diffusion kurtosis imaging and dynamic contrast-enhanced MRI for the 
differentiation of parotid gland tumors. Eur Radiol 2022; 32: 2748-2759 [PMID: 34642805 DOI: 
10.1007/s00330-021-08312-y]

28     

https://dx.doi.org/10.1148/radiol.2493072045
http://www.ncbi.nlm.nih.gov/pubmed/36160835
https://dx.doi.org/10.4329/wjr.v14.i8.256
http://www.ncbi.nlm.nih.gov/pubmed/20187211
https://dx.doi.org/10.1002/jmri.22091
http://www.ncbi.nlm.nih.gov/pubmed/31029591
https://dx.doi.org/10.1016/j.oooo.2019.02.020
http://www.ncbi.nlm.nih.gov/pubmed/32613285
https://dx.doi.org/10.1007/s00330-020-07004-3
http://www.ncbi.nlm.nih.gov/pubmed/34241661
https://dx.doi.org/10.1007/s00234-021-02758-z
http://www.ncbi.nlm.nih.gov/pubmed/10508281
https://dx.doi.org/10.1002/(sici)1522-2586(199909)10:3<223::aid-jmri2>3.0.co;2-s
http://www.ncbi.nlm.nih.gov/pubmed/23465973
https://dx.doi.org/10.1016/j.clinimag.2012.04.025
http://www.ncbi.nlm.nih.gov/pubmed/26688794
http://www.ncbi.nlm.nih.gov/pubmed/27806890
https://dx.doi.org/10.1016/j.amjoto.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28299943
https://dx.doi.org/10.1259/dmfr.20160434
http://www.ncbi.nlm.nih.gov/pubmed/17213436
http://www.ncbi.nlm.nih.gov/pubmed/30922790
https://dx.doi.org/10.1016/j.carj.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19131405
https://dx.doi.org/10.3174/ajnr.A1412
https://dx.doi.org/10.1016/j.ejrnm.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29623392
https://dx.doi.org/10.1007/s00405-018-4965-9
http://www.ncbi.nlm.nih.gov/pubmed/25791568
https://dx.doi.org/10.1259/bjr.20140685
http://www.ncbi.nlm.nih.gov/pubmed/29622121
https://dx.doi.org/10.1016/j.nic.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/34642805
https://dx.doi.org/10.1007/s00330-021-08312-y


Published by Baishideng Publishing Group Inc 

7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA 

Telephone: +1-925-3991568 

E-mail: bpgoffice@wjgnet.com 

Help Desk: https://www.f6publishing.com/helpdesk 

https://www.wjgnet.com

© 2023 Baishideng Publishing Group Inc. All rights reserved.

mailto:bpgoffice@wjgnet.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

