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Abstract

Pancreatic cancer is one of the most common malignant tumors and remains a treatment-refractory cancer with a poor prognosis. Currently, the diagnosis of pan​creatic neoplasm depends mainly on imaging and which methods are conducive to detecting small lesions. Compared to the other techniques, magnetic resonance imaging (MRI) has irreplaceable advantages and can provide valuable information unattainable with other noninvasive or minimally invasive imaging techniques. Advances in MR hardware and pulse sequence design have particularly improved the quality and robustness of MRI of the pancreas. Diffusion MR imaging serves as one of the common functional MRI techniques and is the only technique that can be used to reflect the diffusion movement of water molecules in vivo. It is generally known that diffusion properties depend on the characterization of intrinsic features of tissue microdynamics and microstructure. With the improvement of the diffusion models, diffusion MR imaging techniques are increasingly varied, from the simplest and most commonly used technique to the more complex. In this review, the various diffusion MRI techniques for pancreatic cancer are discussed, including conventional diffusion weighted imaging (DWI), multi-b DWI based on intra-voxel incoherent motion theory, diffusion tensor imaging and diffusion kurtosis imaging. The principles, main parameters, advantages and limitations of these techniques, as well as future directions for pancreatic diffusion imaging are also discussed.
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INTRODUCTION

Pancreatic cancer is one of the most common malignant tumors with a poor prognosis, of which the 5-year survival rate range is no more than 5%[1] and as low as 0.4% to 2%[2,3]. It is reported that there has been little improvement in survival rate over the past 30 years[4]. Because the pancreas is deep-seated, there is a lack of apparent symptoms in early pancreatic cancer. In most cases, the tumor is diagnosed at an advanced stage, at which point, it does not benefit from radical surgery[2]. The management of pancreatic cancer is still encountered as a significant and unresolved therapeutic challenge.

Currently, the diagnosis of pancreatic neoplasm depends mainly on the imaging, and which methods can be conducive to detecting small lesions. Despite the continuing advances in diagnostic techniques, the early precise diagnosis of pancreatic cancer remains unsatisfactory. Early detection followed by surgical resection offers hope for a cure and is the key to improving pancreatic cancer survival[5]. Unfortu​nately, only 20% of patients are resectable at the time of diagnosis[6]. Computed tomography (CT), Magnetic resonance imaging (MRI), transabdominal and endo​scopic ultrasonography (US and EUS) and endo​scopic retrograde cholangiopancreatography (ERCP) also play an important role in the diagnosis of pancreatic cancer[7-10]. Among them, MRI has irreplaceable ad​van​tages, especially, the advances in MR hardware and pulse sequence design that have improved the quality and robustness of MRI of the pancreas. Today, MRI is an indispensable tool for pancreatic disorders and can provide valuable information unattainable with other noninvasive or minimally invasive imaging techniques[11-13].
With the rapid development of the MRI, diffusion MR imaging, which is based on the microscopic mobility of water molecules in the tissues without contrast administration, is a promising technique that is widely applied in clinical practice. Diffusion MR imaging is also the only available method that can measure the diffusion properties of tissues noninvasively and quantitatively[14,15], such as the diffusion weighted imaging (DWI), and has been helpful for the detection and characterization of pancreatic conditions[16,17]. The DWI technique serves as an excellent adjunct to routine abdominal MR imaging[13], is noninvasive in contrast to EUS and ERCP, and does not employ ionizing radiation like CT[18].

The changes in the composition and/or cellularity of tissues influences the random thermal diffusion of water molecules[19]. Compared to normal pancreatic tissue, pancreatic cancer has a higher cell density, relatively smaller extracellular space and a different blood supply. Thus, the diffusion of molecules in the cancer would be different from that in the normal pancreatic tissue. DWI, one of the functional MRI techniques based on water molecule movement, can depict this change in diffusion and can quantitatively measure the parameters that can represent these diffusion properties. Thus, DWI can reflect biologic abnormalities at an early stage[20].

In this review, the various diffusion MR imaging techniques for pancreatic cancer will be discussed, including DWI, multi-b DWI based on intra-voxel inco​herent motion (IVIM) theory, diffusion tensor imaging (DTI) and diffusion kurtosis imaging (DKI). The prin​ciples, main parameters, advantages and limitations of each technique and the future directions for pancreatic diffusion imaging will also be discussed.

DWI FOR PANCREATIC CANCER

Conventional DWI
Single-shot spin-echo echo-planar (SE-EPI) sequence is the most widely applied in the DW MR imaging (Figure 1). Conventional DWI uses the 2 motion-probing bipolar gradients in 3 directions (x, y, z) and acquires the signal from the 3 directions. The final DW image is derived from the fusion of the 3 images. DWI exploits the random motion of water molecules in biologic tissues. The water molecules diffuse in 3 different compartments: The intracellular, the intravascular, and the interstitial compartment. The diffusion of water molecules depends on the interactions with cell membranes, tissue compartments, and intracellular content[21]. Consequently, the diffusion of water in tissues reflects, to various degrees, a combination of tissue cellularity, tortuosity of extracellular spaces, integrity of cell membranes, and viscosity of fluids[22].
DWI was originally described for the central nervous system[23,24], which is particularly good for the diagnosis of ischemic stroke. In recent years, DWI has presented promising results in the diagnosis of some illnesses of the lower abdomen, such as those of the prostate[25,26]. DWI of the upper abdomen has been a technical challenge due to respiration, bowel peristalsis, blood flow and long acquisition times[18]. The implementation of ultrafast imaging techniques, such as parallel imaging, has made DWI (a combination of pulses and strong gradients) of the upper abdomen a feasible option. It has also been found to be useful in the differentiation of malignancy from benign liver lesions[27,28].

The three main parameters in the DWI are D value, b value and apparent diffusion coefficient (ADC) value. The D value is the diffusion parameter representing the free molecular diffusion and is defined as the average displacement by molecules in a certain direction, per unit of time. The D value can be affected by a variety of physiological factors, including respiration, perfusion, pulse and movement. The b value is referred to as the gradient factor, which can reflect the effect of the diffusion gradient. In the conventional DWI, the various b values can be selected. The low b value is applied more in water molecules with rapid movement or long diffusion distance, but the high b value is applied more in water molecules with slow movement or a short diffusion distance. Thus, the high b value is good for reducing the effect of the movement of water molecules due to perfusion[29]. 

In vivo, there are many factors that can affect the diffusion movement of water molecules, including the b value, D value and T2 shine-through effect. The T2 shine- through effect occurs when tissue with a long T2 relaxation time is characterized by hyperintensity on DWI. The ADC results in standardizing by considering the above factors and would be used to reflect the state of diffusion of water molecules in vivo.

DWI, which can be used for the qualitative and quantitative assessment of tissue diffusivity, can be routinely applied in clinical practice[16]. Recent studies indicate that DWI is also promising in pancreatic imaging[30-34]. These popular research studies also reflect the value of DWI in the diagnosis of pancreatic cancer. Moreover, compared to the other techniques, the sensitivity and specificity for the diagnosis of pancreatic cancer is valuable. Kartalis et al[18] conducted research on the value of DWI for pancreatic cancer, and their results showed that the qualitative DWI of pancreatic cancer has an accuracy of 96%; further, DWI has been shown to have high sensitivity (92%) and specificity (97%), consistent with the findings of Ichikawa et al[30] (96.2% and 98.6%, respectively). Furthermore, a recent study shows that the addition of DWI to conventional MR imaging improves the sensitivity of cancer detection[35]. The sensitivity of DWI was close to that of dynamic gadolinium-enhanced MRI (97.7%), with a higher specificity (85.1%)[36]. Compared to the multidetector CT, positron emission tomography with CT and transabdominal ultrasound, the sensitivity and specificity of DWI are higher[18,37,38]. Although the sensitivity of EUS can reach 100%, it is invasive and has only 50% specificity[39]. Thus, it does not have wide application in clinical practice.

DWI can provide information regarding the cellular density and properties of the extracellular matrix[40,41]. The ADC values seem to reflect not only the underlying tissue microstructure but also the undirected movement of particles in thecapillaries[42]. The ADC value has been shown to be able to serve as a marker of cellularity[41,43]. The ADC value in the normal pancreas has been reported to range from 1.0 to 2.0 × 10-3 mm2/s[44]. Many studies have shown that the ADC value of pancreatic cancer is lower than that of the normal pancreas[13,31,45-52]. There are three reasons that may explain these results[53]. First, tumor cell growth is rapid with high cellularity. Second, tumor cell atypia and the richness of organelles are positively correlated in the pancreatic tumor cells, and the nucleus and organelles are bulkier than that of normal pancreas cells. Thus, to some extent, tumor cell growth may limit the diffusion of water molecules. Third, the decrease of extracellular space from dense cellularity and extracellular fibrosis may also account for the restricted water diffusion[13,20,54-56]. However, Wang et al[54] reported that there is no significant difference in the ADC value between the normal pan​creas and pancreatic cancer. These different results were most likely due to the application of different DWI experimental protocols and processing means[57]. The most important factor is the choice of b value. Kim et al[58] conducted research to determine the effect of the magnitude of b values on the ADC. Their results showed that the calculated ADC value could be affected by the magnitude of the maximum b value and that the higher the maximum b value, the lower the ADC value.

Additionally, the diverse differentiation of pancreatic cancer can be differentiated using DWI. For example, poorly differentiated adenocarcinoma had significantly lower ADCs than those of well/moderately differentiated adenocarcinomas[59].

Recently, DWI techniques have been shown not to be uniform, this controversial conclusion needs further study and differences in the sequence parameters and b values chosen may affect the ADC results. Future prospective studies are required to better determine the most appropriate use of the b value of pancreatic disease. Comparing different b values in a larger series of patients with malignant lesions would probably be of value; the quantification of the ADC of various lesions will be more accurate is feasible b values are used. The ADC values may have considerable overlap between the benign and malignant lesions, indicating that qualitative DWI seems to be more accurate than the quantitative analysis and can be used as an accurate method for the detection of pancreatic cancer[18].

Multi-b DWI based on IVIM theory
The rapid development of DWI monoexponential and biexponential models, of which the theoretical basis of the techniques is that the diffusion of water molecules is characterized by a normal distribution, has been applied to abdominal imaging using DWI. The monoexponential model is the most commonly used in daily practice. However, the biexponential model, which is based on the IVIM theory that was introduced as a technique to reflect both perfusion and diffusion by Le Bihan et al[20] can account for separating tissue diffusivity and tissue microcapillary perfusion. The unique feature of the multi-b DWI based on IVIM is the application of the multiple b value (Figures 2 and 3), which can be used in biexponential models to calculate the IVIM-derived parameters.

Monoexponential models are based on an assump​tion that the diffusion occurs in a free and unrestricted environment in biologic tissue, that is to say, the distri​bution of displacements obeys Gaussian law. Biex​ponential models reflect a combination of tissue perfusion and tissue diffusivity effects. It is now generally accepted that when the b value is relatively low (0-200 s/mm2), the signal of ADC contains two parts; one is the diffusion of water molecules, and the other is the perfusion of water molecules in the capillary in local microcirculation. Further, the effect of perfusion is more sensitive. When the b value is relatively high (200-1000 s/mm2), the attenuation of signal due to the effect of perfusion is slight, at this point, the signal of DWI only approximately reflects the diffusion of water molecules[60]. This is a basic principle of conventional DWI and is the reason that the high b value was selected.

IVIM can accurately describe the relationship bet​ween signal attenuation and b values in the DWI and relatively obtain the parameters that present the effect of diffusion and perfusion in tissue.

Standard ADC value (or conventional ADC value) can be obtained from IVIM. Additionally, there are three main parameters in the IVIM, including D value, D* value and f value (perfusion fraction). D value is the true diffusion coefficient, also called the structural diffusion constant D value or slow ADC value, which reflects the tissue microstructure[48] and is the actual diffusion effect of water molecules. The D* value, also referred as the pseudo diffusion coefficient, perfusion-related coefficient or fast ADC value, is the diffusion parameter due to the perfusion effect of the incoherent microcirculation within the voxel[61]. The diffusion and perfusion can affect the signal intensity attenuation on DWI, and the proportion of the perfusion effect is defined as the perfusion fraction (Figure 4).

Diffusion-based IVIM has recently gained interest as a method to detect and characterize pancreatic lesions, and multi-b DWI based on IVIM theory shows very promising results and should be further investigated[48,62]. The f values were reported to make a contribution to distinguishing between normal pancreatic parenchyma and pancreatic neoplasm[45,49,50,63,64], and the f value proved to be the superior DWI-derived parameter for the differentiation of mass-forming pancreatitis and pancreatic carcinoma[50].

Many studies indicated that the IVIM-derived para​meter’s f value was a superior parameter for differen​tiating pancreatic tumors from the normal pancreas compared to the conventional ADC values and that the f value is lower in pancreatic cancer[48,51]. Lemke et al[63] conducted research to study the vascular contribution to the measured ADC value and to validate the IVIM theory; their results showed that the perfusion fraction f in the blood-suppressed pancreatic tissue decreased, possibly because the normal pancreas has a rich blood supply and will lead to a high f value. However, pancreatic cancer can destroy the normal pancreatic tissue and the vessel, and the decrease of vessel density may lead to the decreased f value, even if research shows that the f value in the IVIM-approach proved to be the best parameter for the differentiation between the normal pancreas and pancreatic cancer[48,51].
Compared to the f value, there is relatively less research on D value and D* value in pancreatic tumors. The structural diffusion constant D value reflects the tissue microstructure. The value of the D value for pancreatic cancer is controversial. Lemke et al[48] found that the D value showed no significant difference in pancreatic carcinoma and the healthy pancreas. Concia et al[49] found that the D’ value (D value was estimated by D’ value) hardly differed in neuroendocrine pancreatic tumors and chronic pancreatitis. Klauss et al[50] reported that the D value cannot distinguish pancreatic carci​noma from mass-forming chronic pancreatitis. Klauss et al[42] reported that D value correlates with the histopathological grade of fibrosis in pancreatic lesions, which is the most characteristic histopathological fea​ture of pancreatic carcinoma, compared with healthy pancreatic tissue, and concluded that D value can be used to monitor novel therapy approaches that inhibit the formation of fibrosis. In 2014, Hwang et al[65] reported that the D value may be a better marker of cellularity than ADC. Until now, this was the only research on the D* value in pancreatic cancer. In 2014, Kang et al[51] used IVIM-derived parameters for the differentiation of common pancreatic tumors and concluded that the D* value and f values were more useful parameters in the differentiation of pancreatic adenocarcinomas from neuroendocrine tumors than were the ADC and D values.
DTI FOR PANCREATIC CANCER

The sequence of DTI is similar to that of the DWI, and both are a SE-EPI sequence. The DTI also applies the two motion-probing bipolar gradients on either side of the refocusing 180° pulse. The difference or the unique feature is that the DTI acquires images from multiple directions. Thus, in clinical practice, a minimum of 6 non-collinear images is needed, but 12 or more images are often collected to increase the accuracy of the measure (Figure 5, Figure 6R and S).

The DTI based on the diffusion of water molecules is anisotropic, which can be illustrated by the fact that the diffusion can be greater in one direction than in other directions and is termed “anisotropic” due to some factors, such as cell membranes, fibers, and myelin[66]. Conversely, without barriers, the random Brownian movement of water molecules is uniform in all directions or “isotropic”. In general, DWI experiments yield an average ADC over three orthogonal directions, ignoring the anisotropy of tissue in the diffusion process[11,67].Though the DTI model also assumes the diffusion distribution to be Gaussian, the same as the DWI, the DTI can measure the magnitude and directionality of water diffusion in tissue quantitatively[66]. The “tensor” in DTI refers to a mathematical construct for representing the magnitude of directional water diffusion in a three-dimensional volume[17].

DTI can not only reveal the degree of the restriction of water molecules in the diffusion movement but can also evaluate the different direction of diffusion. In a recently popular model, the DTI can provide some details on the microstructure of tissues that are not available in conventional imaging[68-70]. The major advantages of DTI are that it can assess the directionality of the diffusion of water molecules in biological tissue[71]. Thus, the DTI can evaluate more comprehensively and accurately the diffusion movement of water molecules in tissue. DTI also provides another non-invasive characterization of tissue microstructural properties in vivo[68].

DTI can demonstrate the subtle abnormalities of some diseases, and degrees of anisotropy have been reported to correlate with the microstructural changes in neural tissues[72,73] and even the peripheral nervous system[70]. DTI is also applied in myocardial infarction[74], prostate cancer[75,76], kidneys[77], liver[78], breast cancer[79], to name just a few. Indeed, it was reported that DTI would provide significant characterization of tissue microstructure and pathophysiology[80-82]. Each voxel in a DTI data set contains vector information that reflects the directionality and magnitude of diffusion in the underlying tissue.

There are five main parameters in the DTI, including mean diffusivity (MD), three eigenvalues 1, 2, 3, and fractional anisotropy (FA). MD is the average of the ADC in all directions and can represent the degree of diffusion. In theory, MD more truly reflects the water molecules’ diffusion ability than ADC, but in clinical practice, the mean diffusivity is expressed as ADC. The FA represents the fraction of the magnitude of tensor that is due to anisotropic water diffusion[83]. That is to say, FA represents the diversity of diffusion direction, which is calculated by the three above eigenvalues[84].

In 2014, Nissan et al[57] used the DTI for patients with pancreatic-ductal-adenocacinoma, and their results indicated that the parameters of DTI (1, 2, 3 and the ADC value) were lower than the values of the corresponding diffusion coefficients in the distal normal pancreatic tissue of the patients[57]; this outcome suggested that the fast diffusion component is dominated by the microcapillary perfusion process[63]. The results were consistent with those of previous DWI studies reporting lower ADC values in pancreatic cancer attributed to their higher cellularity[45-47].

DKI FOR PANCREATIC CANCER

The high b value is the most important feature of the DKI (Figure 6S and t). The DWI and IVIM are based on an assumption that the diffusion of water molecules obeys the normal distribution in vivo. However, Wu et al[85] reported that in biological tissue, complex cellular microstructures make water diffusion a highly hindered or restricted process, especially at high b values, where the distribution of displacements does not obey a Gaussian distribution. DKI was recently reported to be an extension to the Gaussian DT model[14], and it has become more popular in recent years.

DKI uses the same pulse sequences as that of conventional DWI, but with b values that are some​what larger than those usually selected[86]. DKI is a straightforward extension of DTI, which requires only minor changes in data acquisition and processing[87,88]. The theory of DKI is based on the above principles, which describes the non-Gaussian diffusion behavior in tissues[14]. The literature has even reported that the DKI parameters, such as the radial or axial kurtosis, are more sensitive to brain physiology changes than the well-known DTI parameters in some white and gray matter structures[14]. In the white and gray matter structures, the DKI shows a better detection and characterization of various changes[89]. Hence, the DKI, which can measure the kurtosis excess of that distribution, allows for a more accurate description of the diffusion properties of neural tissues than the DTI model[87].
In the model, DKI can obtain the parameters that can also be derived from DWI and DTI, such as ADC and FA. Its main parameter is the mean kurtosis (MK). MK is a complex micro parameter that is associated with the complexity of the tissue structure. The high MK represents the more complex tissue structure[14].

There is less research on DKI for pancreatic cancer. However, in 2012, Rosenkrantz et al[90] used DKI in prostate cancer, and their preliminary findings suggest an increased value for DKI compared with that of standard DWI in prostate cancer assessment. In theory, the pancreatic cancer occurs with tumor cell invasion and the proliferation of interstitial cells and connective tissue. The change in the tissue structure leads to the change of MK value.

ADVANTAGES AND LIMITATIONS FOR THESE DIFFUSION MR IMAGING FOR PANCREATIC CANCER

In pancreatic cancer, tumor cell growth will lead to changes in cellularity, tumor cell atypia, organelles, and extracellular space. All of these factors can change the water molecules’ movement and restrict water diffusion. Extending the diffusion MR imaging, the diffusion of water molecules can be described more accurately and comprehensively. The conventional DWI can reflect the diffusion in one direction. The multi-b value DWI is based on the IVIM theory, which is generated by the blood flow in the tortuous microcirculation of the normal pancreatic tissue[51] and thus can reflect both perfusion and diffusion. The DTI can measure the magnitude and directionality of water diffusion in tissue quantitatively. DKI describes the non-Gaussian diffusion behavior in tissues.

However, we should be aware of the limitations of this technique: (1) Generally, in daily work, abdominal MRI suffers from interference and motional artifacts due to breathing[91,92]; (2) The gradient eddy currents in the EPI protocols can lead to the B0 field inhomogeneity and susceptibility differences[93,94]. Using a dielectric pad and a bellows belt for respiratory triggering can reduce geometrical distortions. DWI has been mostly acquired using single-shot echo planar imaging (ss EPI) to minimize motion-induced artifacts[95]; and (3) the choice of b value can also limit the technique. Currently, the ADC of the pancreas still does not reach unanimity; some scholars think the ADC, which was derived from the low b value, presents only a small part of the diffusion movement, which leads to contamination of other forms of IVIM, such as perfusion in the capillary bed. The perfusion will affect the diffusion when the b value is low, even though it can characterize the anatomy and the details of the lesion[55]. Finally, low b values result in increased ADC values[19,20]. Conversely, Kim et al[58] indicated that the high b value can be useful in clinical practice. The high b value means that it needs a longer echo time (TE), implying that it will lead to decreasing the SNR and increasing artifacts. Poor image quality will affect observation[18]. Using a high b value, the ADC value may be closer to the real state. In clinical practice, the choice of b value is controversial. As a compromise, a b value of 500 s/mm2 was chosen[18]; however, the higher b value of 1000 s/mm2 has been reported as good for malignant abdominal tumors[96] and the detection of pancreatic adenocarcinoma[32,96]. The choice of b value to minimize motion artifacts and to improve the SNR in pancreas is very important. Higher b values may be more sensitive to reflect true diffusion[30,97]. In clinical practice, taking the two factors into the consideration, a feasible b value can be selected depending on your purpose of study.

CONCLUSION

The proposed method may hold great promise for the non-invasive, non-contrast-enhanced imaging of pancreas lesions and may eventually become a screening tool for pancreatic cancer. MR is well suited to the quantitative and non-invasive measurement of diffusion. Diffusion MR imaging techniques are increasingly varied, from the simplest and most commonly used techniques to the more complex, such as from DWI to DKI. The diffusion MR imaging for pancreatic cancer revealed valuable advantages, such as high sensitivity and specificity. Moreover, diffusion MR imaging can aid in differentiating the different type of differentiation. These techniques go beyond traditional macrostructural volumetric methods and provide valuable information about underlying tissue integrity and organization at the microstructural and biochemical levels.

At present, a major issue with diffusion MR imaging is the lack of standardization of the protocol[98]. The IVIM-derived parameters in pancreatic cancer are controversial. For example, it is unknown how fibrosis affects diffusion parameters[42,52]. Further studies evaluating the behavior of IVIM-derived parameters in the diagnosis and treatment of pancreatic cancer are needed for standardization. One important point to bear in mind in future studies is that larger sample sizes, including imaging and histopathological workup are needed. The clinical report of utilization of the DTI and DKI in pancreatic cancer is still rare, and the potential of DTI to reveal the complex microstructure and physiology of the pancreas and detect pathological changes has not been investigated. Much work remains in solving the challenges inherent to tractography, which may certainly be a very promising technique that may be likely to contribute greatly to our understanding of nerve invasion.

In addition to the use of advanced DTI or DKI for pancreatic cancer, future advancements will come from continued study. Further standard diffusion MR imaging can benefit the accurate detection and staging of pancreatic cancer and provide the imaging evidence for clinical treatment.
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Figure 1  Diffusion weighted imaging sequence. Diffusion weighted imaging (DWI) applies the two motion-probing bipolar gradients on either side of the refocusing 180°pulse. The degree of diffusion weighting depends on the G (the amplitude of the gradients),  (their duration) and Δ (the interval between gradients). This factor is quantitatively expressed by a parameter b, where b = 2G22 (Δ - /3) and  is a constant of the gyromagnetic ratio. Assuming that the water molecules in tissues are motionless, the effects of the two motion-probing bipolar gradients can cancel each other. Thus, for the free molecular diffusion of water molecules, the displacement can be depicted by the DWI. RF: Radio frequency.
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Figure 2  Images in a 47-year-old man with pancreatic moderately differentiated adenocarcinoma in the head of the pancreas (white arrows). A: Axial T1-weighted fat-suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C-F: Axial slab three-dimensional liver acquisition with volume acceleration dynamic contrast-enhanced; G: MRCP shows the biliary obstruction; H: The pathology of the lesion is shown as pancreatic moderately differentiated adenocarcinoma; I-P: Multi-b DWI imaging (b = 0, 50, 100, 300, 500, 800, 1000 and 1500). MR: Magnetic resonance; DWI: Diffusion weighted imaging; MRCP: Magnetic resonance cholangiopancreatography.
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Figure 3  Images in a 63-year-old man with a focal lesion in the head of the pancreas. MR imaging suggests that it is a malignancy. A: Axial T1-weighted fat-suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C-G: Axial slab three-dimensional liver acquisition with volume acceleration dynamic contrast-enhanced shows that the tumor invades the mesenteric artery, mesenteric vein and splenic vein; H: MRCP shows the biliary obstruction; I-P: Multi-b DWI imaging (b = 0, 50, 100, 300, 500, 800, 1000 and 1500). MR: Magnetic resonance; DWI: Diffusion weighted imaging; MRCP: Magnetic resonance cholangiopancreatography.
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Figure 4  Images in a 65-year-old woman with a focal lesion in the neck of the pancreas. Magnetic resonance (MR) imaging suggests that it is a malignancy. A: Axial T1-weighted fat-suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C and D: Axial slab three-dimensional liver acquisition with volume acceleration dynamic contrast-enhanced; E-L: Multi-b DWI (b = 0, 50, 100, 300, 500, 800, 1000 and 1500); M-P: Standard ADC = 1.52 × 10-3 mm2/s, slow ADC = 1.39 × 10-3 mm2/s, fast ADC = 63 × 10-3 mm2/s and f = 7.2% generated by the post-processing from the multi-b DWI. DWI: Diffusion weighted imaging; ADC: Apparent diffusion coefficient.
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Figure 5  Conventional diffusion weighted imaging (A): The bipolar gradients in three directions; the diffusion tensor imaging bipolar gradients in the six non-collinear directions (solid black arrows) (B).
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Figure 6  Images in a 52-year-old man with a focal lesion in the body and tail of the pancreas. MR imaging suggests that it is a malignancy. A: Axial T1-weighted fat-suppressed gradient-echo MR image; B: Axial T2-weighted fat-suppressed fast spin-echo MR image; C-G: Three-dimensional liver acquisition with volume acceleration dynamic contrast-enhanced; H: MRCP shows the dilated main pancreatic duct in the body and tail of pancreas; I-P: Multi-b DWI imaging (b = 0, 50, 100, 300, 500, 800, 1000 and 1500); Q and R: DKI imaging (b = 500 and 800) using 30 diffusion gradients directions; S and T: DKI (b = 1500 and 2000) using 30 diffusion gradients directions. MR: Magnetic resonance; DWI: Diffusion weighted imaging; DKI: Diffusion kurtosis imaging; MRCP: Magnetic resonance cholangiopancreatography.
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