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ABBREVIATIONS

AP acute pancreatitis
CE contrast enhancement
CM contrast medium/media
CNR contrast-to-noise ratio
CT computed tomography
CSF cerebrospinal fluid
ERCP endoscopic retrograde cholangiopancreatography
EUS endoscopic ultrasound
Fatsat fat saturation
FLASH fast low-angle shot Gradient Echo sequence
FOV field-of-view
Gd gadolinium chelate
Gd-DTPA gadopentetate dimeglumine
GRE Gradient Echo
HASTE half-Fourier single-shot turbo Spin Echo sequence
HU Hounsfield unit
i.v. intravenous
MAP mild acute pancreatitis
MRA magnetic resonance angiography
MRCP magnetic resonance cholangiopancreatography
MRI magnetic resonance imaging
NP necrotizing pancreatitis
OP oedematous pancreatitis
PAC phased-array body coil
PC pancreatic cancer
ROI region of interest
SAP severe acute pancreatitis
SE Spin Echo
SI signal intensity
SIDR signal intensity difference ratio
SNR signal-to-noise ratio
T tesla
T1 longitudinal or spin-lattice relaxation
T2 transverse or spin-spin relaxation
TrueFISP fast imaging in steady-state free precession sequence
Turbo-FLASH turbo fast low-angle shot Gradient Echo sequence
US ultrasound
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INTRODUCTION

The prognosis for both severe acute pancreatitis and pancreatic cancer (PC) is poor. To improve

treatment results in both diseases, it is important to establish the diagnosis early and accurately.

Acute pancreatitis (AP) varies from mild disease to multiorgan failure and sepsis, and the hazard

lies in its unpredictability. With the latter, selection of the right patients for surgery and avoidance

of useless surgery for unresectable disease is important. Imaging methods are used to detect and

stage these diseases and to assess their prognosis and treatment.

The clinical management of patients with AP is based on the severity of the initial attack. For a long

time, computed tomography (CT) has been an excellent tool for establishing risk factors in patients

with AP (Kivisaari et al 1984). The iodised contrast media (CM) needed for the staging of severity,

however, have been shown to be toxic to the renal and nervous system of a seriously ill patient

(Tervahartiala et al 1992, Bettman 1997). Even the radiation dose of repeated CT examinations

needed to survey the complications of AP may be considerable (Saifuddin et al 1993).

Sensitive detection of a focal pancreatic change requires adequate contrast between normal

parenchyma and abnormal tissue. This has been difficult because of the irregular and variable shape

as well as the position of the pancreas adjacent to the bowel loops, with degrading of the images by

motion of the pancreas and surrounding structures. The established imaging modality in detecting

focal pancreatic lesions is CT, but it provides limited contrast resolution with poor conspicuity of

small non-contour-deforming tumours. Furthermore, predicting with CT whether patients will

benefit from the only curative treatment, surgical resection, has been of limited success (Semelka

1991b). Therefore CT has had no crucial impact on PC patients’ survival rates.

Before pulse sequence optimisation and development of diagnostic criteria, initial reports of

pancreatic magnetic resonance imaging (MRI) were discouraging (Stark et al 1984, Tscholakoff et

al 1987). Rapidly occurring advances in motion artefact reduction, and pulse sequence as well as

coil refinements have improved the quality of pancreatic MRI (Chezmar et al 1991, Mitchell et al

1991, Mitchell et al 1992, Semelka et al 1990, Semelka et al 1991a, Semelka and Ascher 1993,

Campeau et al 1995). Recent clinical studies suggest that MRI offers advantages for detecting and

characterising focal and diffuse diseases of the pancreas (Semelka et al 1996a, Vellet et al 1992,

Göhde et al 1997).
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The pharmacokinetic properties of the gadolinium compounds have proven to be similar to those of

iodinated CM, and they seem to be safe for patients with impaired renal function (Reinton et al

1994). After intravenous administration, these paramagnetic chelates are able to shorten the T1

relaxation times of water molecules and consequently increase the signal intensity (SI) of tissues in

which they distribute. The ability of CM to add a further dimension in the manipulation of inherent

contrast in MRI has been shown to improve the sensitivity and specificity of MRI in a large number

of clinical situations (Nelson and Runge 1995).

The present study was undertaken to elucidate the role of MRI in the detection and characterisation

of focal pancreatic lesions and AP in order to find a safe and reliable alternative for the currently

established method of diagnosis, CT.
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REVIEW OF THE LITERATURE

1. ANATOMY OF THE PANCREAS

1.1. MACROSCOPIC ANATOMY OF THE HUMAN PANCREAS

The pancreas is a soft, oblong gland, 12-15 cm long, lying transversely in the retroperitoneal space

behind the stomach between the duodenum on the right and the spleen on the left.

From an anterior view, the organs related to the pancreas from right to left are: duodenum, liver,

stomach, and spleen above; duodenum, jejunum, and transverse colon below (Fig. 1).

Fig. 1 Anterior relationships of the pancreas

From a posterior view, the pancreas lies between the hilum of the right kidney, the inferior caval

vein, the portal vein, the superior mesenteric vein, the abdominal aorta, the left kidney, and the

hilum of the spleen (Fig. 2).
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Fig. 2 Posterior relationships of the pancreas

The pancreas is formed of a broad, right extremity, the head, a main part, the body, and a narrow,

left extremity, the tail. The ductal system consists of 20 to 30 small lobular ducts, which coalesce to

form the main pancreatic duct (of Wirsung) (Freeny and Lawson 1982). The main pancreatic duct

enters the duodenal wall with the biliary duct at the papilla of Vater in the majority of humans

(90%), the rest having the accessory duct (of Santorini) and the papilla as the main routes for

pancreatic secretion (Steer 1989).

The pancreas obtains its blood supply from the coeliac trunk and the superior mesenteric artery. The

head is supplied by the two arcades of the superior pancreticoduodenal arteries that encircle it, one

coursing anteriorly and the other posteriorly. They arise from the gastroduodenal artery, the first

branch of the common hepatic artery. The inferior pancreaticoduodenal artery takes its origin from

the proximal superior mesenteric artery, and these anastamose to form a collateralization between

the main arterial trunks. The body and tail of the pancreas receive blood from the transverse

pancreatic artery, a branch of the dorsal pancreatic artery which mostly originates from the splenic

artery (40%), but also from the coeliac (22%) or from the superior mesenteric artery (14%) (Freeny

1982). The splenic artery lies on the posterior surface of the body and tail, and anastamoses with the

transverse pancreatic artery. The veins of the pancreas parallel the arteries. Venous blood is drained

by the mesenteric vein and splenoportal system.
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1.2. MACROSCOPIC ANATOMY OF THE PORCINE PANCREAS

The porcine pancreas is divided into the right, middle, junctional, and left lobes (Skjennald 1982).

The right, middle, and junctional lobe form a ring (anulus pancreatis) surrounding the portal vein. In

the pig, as in man, the pancreas is situated retroperitoneally (Thorpe and Frey 1971). The blood

supply resembles that of man, with the exception that there is only one arcade (Skjennald 1982).

The porcine ventral pancreatic duct (of Wirsung) atrophies during fetal development, and the

pancreatic duct then empties into the duodenum via the duct of Santorini, separately from the biliary

duct.

1.3. MICROSCOPIC ANATOMY OF THE PORCINE AND HUMAN PANCREAS

Both endocrine and exocrine structures as well as the ductal system of the pancreas in the pig and

man are very similar. The exocrine pancreas is divided into secretory lobules of approximately five

millimetres in diameter by connective tissue septae. The secretory unit within the lobe is the acinus

(Foulis 1980), each with its own arteriole, venule, and ductule. In the acini, the arterioles divide into

a dense capillary network at the periphery (McCuskey and Chapman 1969). The blind endings of

the terminal ducts are surrounded by acinar cells grouped together to form an acinus. The terminal

ducts empty into intralobular ducts within lobules of pancreatic tissue which, in turn, empty into

interlobular ducts to join the main pancreatic duct.

2. CONTRAST MEDIA

2.1. INTRAVENOUS CONTRAST MEDIA USED IN CT

2.1.1. GENERAL PROPERTIES

The most effective CM in radiography are those that produce the greatest attenuation of x-rays:

materials with high atomic numbers and with photoelectric k-edge absorption peaks that match the

energy of the x-ray beam. CM in radiography provide a direct effect (Hendrick and Haacke 1993).

All recent contrast media (CM) have three iodine atoms attached to their benzene ring. The

hydroxyl groups increase solubility in water and decrease toxicity together with other side chains
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(Sovak 1995). Contrast enhancement (CE) of an organ in CT is measured as an increase in the X-

ray attenuation of the tissue. In CT, the CE value is expressed in Hounsfield units (HU).

The best-known factor of CM which causes complications is osmolality. The efficacy of contrast

agent is essentially related to the iodine content. Increasing the iodine content increases the

likelihood of complications related to osmolality (pain, nausea, and dehydration) (Bettman 1997).

Idiosyncratic (i.e., pseudoallergic, anaphylaxis-like) reactions to CM occur unpredictably and

independently of the dose or concentration of the agent. The exact cause of these allergic-like

reactions remains uncertain (Bush 1996). Chemotoxic reactions to CM are directly dependent on the

dose and concentration of the agent administered. The chemotoxic effect of the CM, tubular damage

(Golman and Holtas 1980, Golman and Almén 1985), partly explains its nephrotoxicity. Its

chemotoxicity and hyperosmolality seem to be the reason for neurotoxicity and cardiac adverse

effects (Bettman 1997).

2.1.2. PHARMACOKINETICS

The water-soluble, iodine-containing CM have an identical biodistribution after intravenous

injection (Dean et al 1978). Intravenously administered CM are distributed in the extracellular fluid,

are largely unmetabolized, and are excreted mostly via the kidneys; they have a short half-life. Only

in patients with severe renal failure, does extrarenal elimination occur (Svaland et al 1992). The CE

of an organ depends on the plasma concentration of the CM, on cardiac output, capillary

permeability, and the amount of extracellular fluid in the organ (Kormano and Dean 1976, Kormano

1981). Contrast differences can be maximised by use of a rapid intravenous injection of CM. In the

pancreatic parenchyma, the extravascular tissue dominates, and rapid diffusion achieves a CE peak

immediately after the injection, within one minute (Nuutinen 1987).

However, injection of CM in large amounts has well-known side-effects. The disease itself, as with

necrotizing pancreatitis, can cause serious deterioration in the blood circulation, which is considered

to be one of the predisposing factors of CM-induced acute renal failure. In an experimental work by

Tervahartiala et al (1992) with rats having acute necrotizing pancreatitis, CM seem to cause

cytoplasmic vacuolisation in the proximal convoluted tubular cells. Ionic compounds are less

lipophilic, which may limit their transport through cellular membranes. The disease clearly

potentiates the CM-induced renal morphologic changes. Renal failure caused by intravenous CM

can be avoided by adequate hydration leading to normal urinary output (Dorf 1995).
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2.2. IMAGE FORMATION IN MRI

Contrast in MRI relates to signal differences in the images. The origin of these differences lies in

the interaction between the intrinsic MR properties of the tissue and the sequences and scan

parameters chosen. The proton density as well as the relaxation times, the T1 and T2, of tissues are

the principal determinants of contrast, but susceptibility, bulk flow, perfusion, diffusion, and

oxygenation state may determine the brightness of a structure, the signal intensity (SI), and hence

the contrast seen on an image. In addition to the intrinsic contrast between tissues, we use extrinsic

contrast agents (Nitz et al 1999).

Spatial contrast is conventionally assessed by measuring SI differences between appropriate tissues

on an MR image. The SIs are scaled according to the pixel with the highest intensity value in each

image (Luoma et al 1993). This rescaling or lack of absolute SI is problematic as far as comparison

of different patients, studies or even images of the same study is concerned. To produce a

dimensionless quantity that does not depend on the absolute SI scale of the image, it is usual to

normalise this difference value. This may be achieved by dividing by an external reference standard

(as used in experimental studies) or an internal reference (as used in the clinical setting). The

contrast-to-noise ratio (CNR) is achieved by dividing the absolute SI by the standard deviation of

the noise in the image, indicating the probability of the SI differences being visible against the

random speckle of the image.

Subcutaneous fat, intra-abdominal fat, and cerebrospinal fluid (CSF) have been used as internal

references for normalising SI measurements (Brailsford et al 1994). The two former depend on the

amount of fibrous tissue and the nutritional status of the individual, and are also located near the

surface coils and further from the abdominal internal organs (e.g., pancreas). With fat suppression,

however, these cannot be used. The location of the CSF is closer to the abdominal structures, but

the pulsatile flow and partial volume effects caused by such tissues as nerve roots may cause

problems in CSF use, especially with T2-weighted Spin Echo (SE) sequences (Luoma et al 1997).

By reducing the duration of the gradient in the direction of flow, the loss of phase coherence due to

complex flow patterns in CSF flow in GRE imaging can be eliminated (Gatenby et al 1993).
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With use of phased-array surface coils, the SIs of abdominal structures depend on the distance of

the region of interest from the coils, and may not necessarily reflect SI elsewhere in the image.

Noise measurements used for the calculations require SI determinations in portions of the images

outside the body, which are not included on the small field-of-view (FOV) images. In addition,

because noise varies considerably with position on multicoil-acquired images, the measurement of

the noise outside the body, which is often performed in body-coil imaging, would not be valid

(Campeau et al 1995, Hayes et al 1992).

2.3. INTRAVENOUS CONTRAST MEDIA IN MRI

2.3.1. GENERAL CONSIDERATIONS

Contrast agents in MRI are used to better delineate regions otherwise invisible to the imaging

technique, as is the case often with small lesions. If the tissue properties of a diseased region are too

similar to those of the surrounding tissue, the use of CM in a dynamic way may reflect the change

in the physiology, and improve the visibility of the disease, even if diffuse. In MRI, the effect of

CM is indirect. No signal is derived from the CM itself; the signal is derived from the hydrogen

nuclei. CM works indirectly by altering the relaxation times of hydrogen nuclei that come into close

proximity with the contrast agent. The most effective CM produce the greatest alteration in

hydrogen relaxation times (Hendrick and Haacke 1993).

T1- and T2-contrast agents are used in abdominal MRI. Superparamagnetic materials, such as

superparamagnetic iron oxides (SPIO) and ultra-small superparamagnetic iron oxides (USPIO),

produce significant signal loss on T2-weighted images due to the shortening of T2 relaxation time,

and are also known as negative enhancers. These have not been used for pancreatic imaging.

Paramagnetic materials such as gadolinium (Gd) chelates manifest magnetic properties only when

placed in an external magnetic field. They reduce T1-relaxivity to a greater extent than T2-

relaxivity, and increase tissue SI (positive enhancers). Depending on concentration, T1 or T2 effects

can dominate the signal. For T1-weighted Spin Echo (SE) methods, triple the standard dose (=0.3

mmol/kg) of Gd still increases the SI. For rapid Gradient Echo (GRE), an even larger dose would

continue to reduce T1.
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In conclusion, as the SI behaviour in MRI in relation to CM is not linear, the magnetic field-

strength, CM dose, and sequence should be taken into consideration (Elster 1997, Rinck and

Mueller 1999).

2.3.2. PHARMACOKINETICS

The biodistribution of Gd chelates is similar to that of iodinated CM (Dean et al 1983). After their

introduction into the vascular bed, they distribute rapidly in the vascular space and freely diffuse

into the extracellular space: therefore their name, extracellular fluid-type CM. The Gd chelates,

which are eliminated from the tissues by renal excretion (Tweedle et al 1988), can be divided into

ionic and non-ionic compounds. Gadopentetate dimeglumine (Gd-DTPA, Magnevist, Schering,

Berlin, Germany), used mostly in this study, belongs to the former group. The non-ionic Gd

complexes include gadoterate meglumine (Gd-DOTA, Dotarem, Guerbet, Paris, France),

gadoteridol (Gd-HP-DO3A, ProHance, Bracco, Milan, Italy), gadoversetamide (OptiMARK,

Mallinckrodt Inc., USA), gadobutrol (Gd-DO3A-butrol, Gadovist, Berlin, Schering) and

gadodiamide (Gd-DTPA-BMA, Omniscan, Nycomed, Oslo, Norway), which was also used in this

study. The non-ionic compounds have lower osmolality, thereby potentially offering greater safety

for high-dose studies and rapid bolus injection (Vogl et al 1998). The safety profile of Gd, with its

low incidence of adverse drug events of approximately 1%, is comparable to that of the modern

non-ionic x-ray CM. It has been shown that glomerular filtration remains the predominant route of

elimination of Gd-DTPA in patients with renal failure (Haustein et al 1992). The disadvantage of

the extracellular-type CM is that image acquisition must be initiated immediately following contrast

agent (=short imaging window), and a short-duration GRE sequence is recommended in pancreatic

imaging (Kettritz et al 1996).

Manganese dipyridoxal-diphosphate mangafodipir trisodium (Mn-DPDP), is a soluble-type

hepatobiliary contrast agent originally designed for MRI of the liver. After administration, a

proportion of manganium (Mn) is released slowly from the chelate and bound to the blood protein.

Uptake occurs primarily in the liver, but it is also seen in other organs, i.e., in the pancreas and

kidneys (Gehl et al 1991). The mechanism of the intracellular uptake of Mn-DPDP in these organs

is not fully understood (Ahlström and Gehl 1997). Most of the Mn is eliminated through the biliary

route, and about 20% is secreted into the urine. It is safe when given as an infusion. Although the

concentrations and formulations of Mn-DPDP presently differ slightly from those in the earlier
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studies, they have a slower and lower enhancement than do the extracellular CM used in our studies

(Kettritz et al 1996).

3. ACUTE PANCREATITIS

3.1. PATHOPHYSIOLOGY OF ACUTE PANCREATITIS

3.1.1. GENERAL FEATURES

AP is an acute inflammatory process of the pancreas, with variable involvement of other regional

tissues or remote organ systems. Severe acute pancreatitis (SAP) is associated with multiorgan

failure and/ or local complications, such as necrosis, abscess, or pseudocyst. Mild acute pancreatitis

(MAP) is associated with minimal organ dysfunction and an uneventful recovery, and it lacks the

features described for SAP (Table 1) (Bradley 1993).

The Atlanta classification system
Severe acute pancreatitis (SAP)

1. Definition: SAP associated with organ failure and/ or local complications.

2. Clinical manifestations: Marked abdominal findings

Three or more Ranson criteria or eight or more APACHE II (Acute

physiology and chronic health evaluation) points

Organ failure defined as shock, pulmonary insufficiency, renal failure, or

gastrointestinal bleeding

Systemic complications such as disseminated intravascular coagulopathy or

severe metabolic disturbances

Local complications, such as necrosis, abscess, or pseudocyst

3. Pathological findings: Most often development of pancreatic necrosis (less commonly

SAP may develop in patients with oedematous pancreatitis)

Table 1.
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Mild acute pancreatitis (MAP)

1. Definition: MAP associated with minimal organ dysfunction and an uneventful

recovery, and lacks the features of SAP described here.

Clinical manifestations: Patients with MAP respond to appropriate fluid administration

with prompt normalisation of physical signs and laboratory values. Failure

to improve within 72 hours after treatment begins should lead to

investigation for complications.

Pathological findings: The predominant macro- and microscopic feature is interstitial

oedema. Infrequently, microscopic areas of parenchymal necrosis.

Peripancreatic fat necrosis may or may not be present.

Table 1. (continued)

The determination of the aetiology of AP episode allows treatment according to the causative

factor. Alcohol accounts for about 70% of the cases in Finland (Jaakkola and Nordback 1993),

whereas gall stone disease is the most common cause of pancreatitis in many western countries, and

may rise in proportion also in the Scandinavian countries with the ageing of the population

(Appelros and Borgström 1999). Rare causes of AP include endoscopic retrograde

cholangiopancreatography (ERCP), metabolic causes (hyperlipidemia, hypercalcemia), obstructive

causes (tumours, pancreas divisum, biliary sludge, stenosis of the sphincter of Oddi) (Mao and

Howard 1996, Appelros and Borgström 1999), as well as trauma, toxins (Nordback and Lauslahti

1991), infections and vascular abnormalities. The aetiology remains unidentified in 10 to 24% of

cases (Steinberg and Tenner 1994, Appelros and Borgström 1999).

Our knowledge of pancreatitis pathophysiology remains incomplete. Important factors that trigger a

sudden attack and explain its severity are:

1. Activation of digestive enzymes and their retention in the acinar cells;

2. Generation and release of inflammatory mediators;

3. Generation of agents affecting vascular permeability contributing to generation of

oedema;

4. Further inflammation of the pancreas and peripancreatic tissues with more

inflammatory mediators and also systemic effects (capillary leak, fever,

hypotension)
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5. Necrosis of the pancreatic gland and peripancreatic tissues (Karne and Gorelick

1999)

Intravasation of pancreatic secretions is related to a temporal mechanical obstruction of the ductal

system, focal disruption of ductules, and rupture of acini. Obstruction of the pancreatic duct in

patients with cholelithiasis is believed to occur when the stone is impacted at the common

biliopancreatic channel, leading to increase in ductal pressure and allowing bile to reflux into the

duct of Wirsung (Steer 1995). Ethanol may sensitise the pancreas to injurious effects of

cholecystokinin (Räty et al 1999), the release of which it also seems to stimulate (Karne and

Gorelick 1999). Probably, toxic metabolites of alcohol oxygenation also play an intermediary or

sensitising role (Nordback et al 1991).

The intravasated secretions have rapid access to the peripancreatic retroperitoneal space, and the

process is at least partially determined by the amount of extravasated fluid and by the

retroperitoneal fascial planes (Beger et al 1997). Fluid escaping from the pancreas forms collections

most often seen in the upper abdomen, but when abundant, it may enter the pelvis or reach the

mediastinum. Since most of the pancreatic gland is situated to the left of the midline, the initial and

larger fluid collections are located in the left pararenal space and the lesser sac.

A number of factors initiate the process of hyperstimulation of the gland, trypsin activation

appearing to be the end-point (Gumaste 1994). Once activated, trypsin activates the other pancreatic

zymogens, resulting in initiation of autodigestion. This leads to a vicious circle, with tissue

destruction, necrosis, and hypoxia enabling the release of more and more active enzymes (Steer

1995). Novel studies have demonstrated that a variety of pro- and anti-inflammatory mediators are

released from the pancreas and various other sources during the course of the disease in a

predictable order. The cascade is initiated by local release of proinflammatory mediators such as

interleukins (-1beta, -6 and –8), which induce a systemic inflammatory response leading to

multiorgan failure (Mayer et al 2000).

3.1.2. PATHOLOGICAL FINDINGS IN ACUTE PANCREATITIS

In MAP the predominant macroscopic and histological feature is interstitial oedema. Rarely,

microscopic areas of parenchymal necrosis may also be found. Peripancreatic fat necrosis may be

present.
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Most often, SAP is a clinical expression of the development of pancreatic necrosis, with focal or

diffuse, patchy or confluent areas of devitalised pancreatic parenchyma and peripancreatic fat.

Haemorrhage in the gland or periglandular tissue is variably present. Microscopically, the disease is

characterised by peripheral parenchymal necrosis with a severe inflammatory reaction

(multinucleated leucocytes and microabscesses). Usually, pancreatic necrosis is confined to the

periphery, with the central ”core” of the gland preserved, but, rarely, in the deeper parts,

coagulation necrosis can be found (Bradley 1993). Vascular changes (thromboses, vessel necrosis)

seem to be a secondary phenomenon (Nordback and Lauslahti 1986), but may contribute to

interstitial haemorrhage. Microangiographic studies of the pancreatic vasculature have revealed that

mild oedematous pancreatitis is not associated with any significant changes in capillary anatomy,

whereas necrotizing pancreatitis causes capillary damage and extravasation of CM into pancreatic

parenchyma (Kivisaari 1979, Nuutinen et al 1988).

3.2. NATURAL HISTORY AND COMPLICATIONS

Of all AP cases, 70 to 80% present with MAP. In some cases, the disease does not seem very

serious at the beginning of the hospitalisation, but the situation may progress to the severe form of

the disease, for reasons known only partly (Sainio et al 1992). These patients may present with so-

called intermediate pancreatitis, with borderline enhancement values on early CE-CT, and need for

repeated examinations.

Of all attacks of AP, 20 to 30% are severe, leading to complications (Steinberg and Tenner 1994,

Beger et al 1997, Paulson et al 1999), with significant morbidity and mortality. In a large study,

60% of the deaths from AP occurred within the first week after admission to hospital, pulmonary

failure being more common than infection among these patients. The rest died after the first week,

with sepsis as the most common cause (Steinberg and Tenner 1994). During the first week of

hospitalisation, multisystem organ failure involving the cardiovascular, pulmonary, and renal

systems may complicate SAP. Sterile and infected pancreatic and peripancreatic necrosis may

manifestate. Infection is an increasing, time-dependent event in the course of the disease (Beger et

al 1997). Therefore, early detection of necrosis and infection followed by prompt supportive

treatment (antibiotics, surgery) reduces the figures for sepsis and thus reduces mortality (Sainio et al

1995). The early forms of pancreatic necrosis are not always amenable to guided percutaneous
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catheter drainage because of the solid nature of the necrotic cavity contents, but a recent report

showed that such drainage provides a safe and effective treatment technique (Freeny et al 1998).

The late complications after the second week of illness include formation of pseudocysts and

abscesses.

A pseudocyst is a fluid-filled mass confined by a dense fibrous capsule. It should be distinguished

from poorly defined or only partially loculated fluid collections because their clinical significance

and prognosis differ (Balthazar et al 1994, Lee et al 1998). Acute fluid collections consist of

enzyme-rich pancreatic juice, and occur in about 40% of patients early in the course of AP,

disappearing spontaneously in half of the cases, whereas pseudocysts tend to persist for a long time.

They usually communicate with the pancreatic duct and may rupture spontaneously into the

stomach, small bowel, or peritoneal cavity. Generally they develop late in the course of AP and are

most common in asymptomatic patients indulging in heavy alcohol abuse. They vary in size, shape,

and internal attenuation, and their clinical significance relates to their size and possible

complications, such as rupture, bleeding, or infection (Thoeni and Blankenberg 1993, Morgan et al

1997). Pseudocysts measuring less than 6 cm may be followed up by ultrasound or CT (Beger et al

1997). Larger pseudocysts are drained externally via the percutaneous approach or internally by a

surgical approach. Of all pancreatic cysts, 5 to 10% are ductal neoplasms (including serous

cystadenomas and mucinous tumours both often being misdiagnosed) (Scott et al 2000). Clinical

judgement, including a careful history and radiological examinations, seems to outweigh the cyst

fluid analysis (with cytological findings, tumour markers, enzymes, and viscosity) (Sand et al 1996)

that has been proposed for the differential diagnosis (Lewandrowski et al 1995). Aspiration may

help in the distinction between infected and noninfected fluid collections (Freeny et al 1998).

3.3. EXPERIMENTAL MODELS OF ACUTE PANCREATITIS

The models for inducing experimental pancreatitis can be divided into seven main groups based on

the methods used: 1. Closed duodenal loop and ductal injection; 2. Ductal perfusion and

hypertension; 3. Ischaemia-induced pancreatitis; 4. Immune-reaction-induced pancreatitis; 5. Diet-

induced pancreatitis; 6. Anticholinesterase-induced pancreatitis and 7. Hyperstimulation of the

pancreas. In practice, ductal retrograde injection of bile, bile salts, activated pancreatic enzymes,

blood, bacteria, or combinations of these have been the most commonly used methods. By varying

the pressure and substance of infusion as well as the secretory stimulus of the pancreas, the severity
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of the disease can be altered. Steer (1988) and Nevalainen and Aho (1992) have reviewed the

models in detail.

3.4. DIAGNOSIS OF ACUTE PANCREATITIS

3.4.1. CLINICAL AND LABORATORY EVALUATION

AP is characterised by a sudden onset of abdominal pain (90%), which radiates to the back in about

50% of the patients. Abdominal findings in clinical examination range from mild tenderness to

rebound. Nausea, vomiting, fever, meteorism, tachycardia, ileus, or shock may be present at

admission or during follow-up (Kemppainen et al 1998). AP has remained a clinical diagnosis in

few patients, despite all attempts at definition (Bradley 1993). The diagnosis of AP may be difficult

and may in a small number of patients remain unassessed; the proportion of lethal, undetected AP

before autopsy varies between 6.6 and 86% (Appelros and Borgström 1999).

Clinical suspicion of AP is routinely confirmed by detection of elevated serum amylase levels. It

can, however be normalised at admission in up to 20% of patients with AP (Clavien et al 1989) if

the disease resolves rapidly, or if the pancreatic tissue is extensively necrotic. On the other hand,

hyperamylasemia may be seen in some other acute abdominal hazards as bowel obstruction, bowel

infarction, and perforated ulcer. Because the serum level of amylase does not correlate with the

severity of pancreatitis, it therefore has no prognostic value (Hedström et al 1996). Elevation of

other pancreatic enzymes such as lipase, trypsin with its proenzymes and inhibitors, and

phospholipase A2 is more specific (Sainio et al 1996), and the recently developed urinary

trypsinogen-2 strip test has proven very sensitive (96%) and specific (92%) in the screening of

patients suspected of having AP (Kemppainen et al 1997, Kemppainen et al 1998, Kylänpää-Bäck

et al 2000). For predicting outcome of AP, C-reactive protein is the best single serum factor

available, but because interleukin-6 may predict the severity of AP even at admission, it is gaining

popularity (Kemppainen et al 1998).

The need for identifying patients with clinically severe forms of AP has led to the development of

multifactorial scoring systems combining clinical and laboratory parameters. The first, described by

Ranson in 1974, utilised 11 clinical and objective analytical criteria for the assessment of severity of

AP. Several modifications were later introduced without marked improvements in accuracy. These
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scoring systems providing prediction only at 48 hours after admission cause too long a delay for

therapeutic decision-making, and their complexity limits their routine use. Acute physiology and

chronic health evaluation (APACHE II) can be obtained within less time after the admission and

offers the possibility of serial monitoring, but is even more complicated, with 12 variables and over

100 alternatives. Of the former, a simplified acute physiology and chronic health evaluation (SAP)

score has been developed (Van den Biezenbos et al 1998). These multifactorial scoring systems

reflect systemic alterations (renal, pulmonary, cardiovascular), and have been shown valuable for

groups of patients taken as a whole. These scoring tests, however, are not necessarily useful for

assessing the individual patient with local complications (Tran et al. 1992, De Sanctis et al 1997),

and their routine use in clinical practice is limited because of their intricacy.

3.4.2. DIAGNOSTIC IMAGING OF ACUTE PANCREATITIS

Conventional imaging

In pancreatitis, plain abdominal and chest x-rays have a low sensitivity and specificity. In the proper

clinical setting, left pleural effusion together with gas distended duodenum or proximal loops are

helpful findings. A gas-filled distended transverse colon (cut-off sign) has a low specificity and is

seldom seen in SAP. Contrast studies, such as gastrography or passage, may be used to exclude

gastrointestinal complications associated with SAP.

Ultrasonography

Ultrasonography (US) is insensitive in the diagnosis of AP, but its specificity has been reported to

be high (up to 97%) (Steinberg and Tenner 1994). The evaluation of the pancreatic gland is limited

by operator-dependency and overlying gas, which makes the visualisation impossible in 30 to 40%

of patients (Silverstein et al 1981). It cannot detect pancreatic necrosis. With the use of real-time,

high-resolution equipment, US can be useful as a secondary, complimentary imaging modality

because of its low cost, availability, and ease of use at the bedside. On US, the inflamed pancreas

appears as a diffusely hypoechoic, enlarged structure. Currently, US is used to detect gallstones and

common duct stones or associated cholecystitis. It can be used in the search for peripancreatic fluid

collections, pseudocysts, or other complications of AP. The sensitivity and specificity of US for the

prediction of drainability of pancreatic collections, is, however, lower than that of MRI (Morgan et

al 1997).
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Computed tomography

Contrast-enhanced computed tomography (CE-CT) is the current standard imaging modality for the

diagnosis and evaluation of AP. CE-CT can detect several pancreatic and extrapancreatic

abnormalities that correlate well with the severity of AP, as well as pancreatic necrosis (Kivisaari et

al 1983, Balthazar et al 1990, Johnson et al 1991, Kemppainen et al. 1996). It can differentiate

between mild and necrotizing AP, and, with the ability of estimating the extent of pancreatic and

extrapancreatic necrosis, it can provide an accurate preoperative map before possible surgical

intervention.

The normal pancreas is sharply defined, demonstrating either a smooth or an irregular acinar

configuration. An unenhanced pancreas has a CT attenuation value between 30 and 50 Hounsfield

units (HU). After intravenous administration of (400mg I/kg body weight) CM, the enhancement

pattern at a peak of pancreatic arterial perfusion is homogeneous, with an increase in attenuation of

over HU (Kivisaari et al 1991). Slight differences in the attenuation values in different parts of the

gland (<30 HU) may be accepted as variants of the normal. Incorrect estimation of severity may,

however, result from placement the measurement points in paraseptal fatty tissue or calcifications

(Sainio et al 1997). Slight variation exists in the size and shape of the gland, with an enlarged tail

seen in some individuals and an atrophic smaller gland in the elderly. The head of the pancreas

measures about 3 cm, the body 2 cm and the tail 1 cm in the anteroposterior diameter with a gradual

transition in most individuals. Nondilated (< 2 mm in diameter) parts of the pancreatic duct can be

seen normally. Normal peripancreatic fat has a homogeneous, low attenuation.

A normal pancreas may be seen in 14 to 28% of patients with clinically diagnosed AP. This

presentation occurs in patients with mild symptoms and transitory elevation of amylase levels who

recover rapidly without complications.

CE-CT can reveal localised oedema or diffuse enlargement of the pancreas and/or mild

peripancreatic changes (Silverstein et al 1981) in patients with mild to moderate forms of AP. The

contours of the gland become shaggy, and the parenchyma may be heterogeneous. Adjacent to the

body and tail of the pancreas may develop small intraglandular or retroperitoneal fluid collections

(Balthazar et al 1994). A segmental or focal form of pancreatitis affecting mainly the pancreatic
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head is seen in 18% of patients, and is commonly associated with cholelithiasis or milder forms of

the disease (Lorén et al 1999).

In SAP there is lack of normal enhancement of a part or of the entire gland, which is consistent with

pancreatic necrosis (Kivisaari et al 1983, Johnson et al 1991, Balthazar et al 1994). This is usually

associated with large peripancreatic exudates dissecting into the mesocolon, the small bowel

mesentery, and along fascial planes. In most patients, there also occur marked peripancreatic

changes, oedema in mesenteric and perirenal fat, pleural effusion, and bowel paralysis (Kivisaari et

al 1984). The necrosis often involves the pancreatic body and tail and often spares the head because

of its rich collateral network (Paulson et al 1999). This tendency probably accounts for the better

outcome of patients with left-sided necrosis than of those with necrosis of the pancreatic head or

entire pancreas on early CE-CT (Kemppainen et al 1996).

Patients that develop episodes of acute exacerbation of chronic pancreatitis have milder attacks.

Signs of chronic pancreatitis (calcifications and pancreatic ductal irregularity) and associated

peripancreatic inflammation together with small fluid collections may also be evident.

Three previous studies by the same group (Foitzik et al 1994a, Foitzik et al 1994b, Schmidt et al.

1995) have suggested that CM in experimentally induced AP may reduce total capillary flow and

make the attack more severe. The mortality of those rats that received CM was higher. A

retrospective analysis of 57 patients (McMenamin and Gates 1996) suggesting that iodinated CM

might worsen attacks of AP could not exclude the possibility of the selection of AP patients to CE-

CT because of subtle clinical clues. In many institutions only patients with signs of severe clinical

pancreatitis go on to non-contrast CT, of whom only patients with grave signs receive CM

(Balthazar et al 1994). Experimental (Kaiser et al 1995) and clinical studies (Rau et al 1995) have

shown that administration of CM did not exacerbate the severity of AP. As iodinated CM are

clearly able to produce an adverse effect on renal function (Bettman 1997), care must be taken not

to administer these to dehydrated patients.

The need for grading patients with different forms of AP has led to the development of CT scoring

systems such as the Balthazar score (Table 2), CT severity index (CTSI) (Balthazar et al 1990), and

Schröder score (Table 3) (Schröder et al 1985). In a previous work comparing these scores and the

Simplified Acute Physiology (SAP) score, the former were better in predicting a favourable

outcome. However, to identify patients with severe outcome, there was no clear benefit from using
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the established CT scores as opposed to the clinical SAP score (Van den Biezenbos et al 1998).

Regions of pancreatic necrosis found surgically correlate with lack of enhancement of pancreatic

parenchyma on CT, but peripancreatic or small, focal, and superficial parenchymal necrosis was not

detected on CT. Low CE of the pancreas in CT is associated with severe disturbances in the

pancreatic microcirculation (Nuutinen et al 1986). Lack of enhancement can be helpful to the

surgeon, not only in predicting prognosis but also in planning surgery. However, as even extensive

nonenhancement may resolve spontaneously without surgery, and also peripancreatic necrosis alone

can become infected and require surgery, preoperative consideration cannot be based solely on CE-

CT (Johnson et al 1991).

Balthazar score

Grade A: Normal

Grade B. Focal or diffuse enlargement of the pancreas

Grade C: Pancreatic gland abnormalities associated with peripancreatic

inflammation

Grade D: Fluid collection in a single location

Grade E: Two or more fluid collections and/or the presence of gas in or

adjacent to the pancreas

Table 2.

Schröder score

Oedema around part of the pancreas

Oedema around the entire pancreas

Oedema of mesenteric fat

Oedema of perirenal fat

Ascites

Bowel distension (fluid levels)

Pleural effusion

(Maximum score: 7)

Table 3.
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Endoscopic retrograde cholangiopancreatography

Endoscopic retrograde cholangiopancreatography (ERCP) was first described by McCune et al

(1968). In the beginning it was mainly a diagnostic procedure, but lately different treatment

procedures such as papillotomy, stone removal and crushing, dilatation of a stricture, and stent

positioning have become the main indications for ERCP (Ghazi et al 1989). The development of US

and CT has replaced ERCP as the only non-surgical method for the investigation of pancreatic

pathology, and the advent of MRI and especially magnetic resonance cholangiopancreatography

(MRCP) has reduced the significance of ERCP as the method for the evaluation of pancreatic ductal

pathology (Outwater and Gordon 1994). In AP, the role of ERCP is differential diagnosis, with

associated treatment procedures when indicated.

The performance of ERCP is technically demanding, because selective cannulation of bile and

pancreatic ducts sometimes may be difficult. This leads frequently to multiple injections of CM.

Successful cannulation of the duct is possible in only 70 to 90% of patients. Prestenotic or

preocclusive opacification may be impossible or deficient.

Complications of ERCP include AP (Appelros and Borgström 1999, Goebel et al 2000),

haemorrhage, perforation, cholangitis, cholecystitis, bile leakage, papillary obstruction, pseudocyst

infection, sepsis, cardiopulmonary complications, and even death (Freeman et al 1996).

Magnetic resonance imaging

General considerations

MRI combines the advantages of cross-sectional imaging techniques, such as US and CT, with the

ability to visualise the pancreaticobiliary tree, as in ERCP. MRI of the pancreas was developed in

the early 1980s, but has not been widely used for the diagnosis of acute pancreatitis. The first

attempts focused on measuring T1 and T2 times of the pancreas (Stark et al 1984, Tscholakoff et al

1986, Jenkins et al 1987, Smith et al 1989), but the relaxation times of the normal and diseased

pancreas overlapped. Respiratory motion and bowel peristalsis, artefacts from pulsation, and limited

signal-to noise ratio (SNR), were factors causing poor spatial resolution in the earlier studies

conducted mostly at low field-strengths. Even experimental studies for the differentiation of
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necrotic from oedematous tissue were made using magnetic resonance spectroscopy at low field-

strengths (Paajanen et al 1987, Tsay et al 1987), with disappointing results. Magnetic resonance

spectroscopy at high field-strengths is being used for the characterisation of metabolic changes in

experimental acute pancreatitis (Nordback et al 1995).

Techniques

Due to advances in scanner and sequence technology, MRI of the pancreas has, over the last

decade, greatly improved (Helmberger and Gryspeerdt 1998). Both axial and coronal planes are

being used in the evaluation. T1-weighted fat-suppressed images are good in depicting the

pancreatic borders and parenchyma (Semelka et al 1991a, Mitchell et al 1995, Winston et al 1995).

On fat saturation (fatsat) T1-weighted images, the normal pancreas appears as relatively bright due

to the presence of aqueous protein. On non-fatsat T1-weighted images, normal parenchyma may

appear isointense with liver, particularly in the older patient. T1-weighted images without fatsat are

useful in the evaluation of peripancreatic inflammatory changes in AP (Brown and Semelka 1995).

For the evaluation of the function of pancreatic parenchyma, Gd-enhanced images are acquired. The

normal peak enhancement occurs at 30 to 45 sec (Hamed et al 1992, Brailsford et al 1994). The

evaluation of the viability of the pancreatic parenchyma succeeds best on immediate post-contrast

images (Göhde et al 1997) obtained with novel fast Gradient Echo (GRE) T1-weighted breath-hold

sequences such as fast low-angle shot (FLASH), Turbo-FLASH, fast field echo (FFE), or fast

multiplanar spoiled gradient-recalled imaging (FMPSPGR).

Recently, phased-array multicoil (PAC) systems for volume imaging have been developed (Hayes

et al 1992, Campeau et al. 1995). Improvements in SNR and CNR are provided by the multicoil

system. The SIs of abdominal structures depend on the distance of the region of interest from the

coils. Use of a PAC is beneficial with pulse sequences that have inherently low SNR, such as the

GRE sequences. One possible advantage of the PAC is that abdominal wall motion and the

respiratory artefacts are reduced with the wrapped-around coil. Disadvantages are the incomplete

coverage of the abdomen, the inhomogeneous SI, and the expense of the additional system

Whereas T2-weighted fast SE images were found to be superior to conventional SE T2-weighted

images, motion artefacts still remained the major limiting factor. A recent innovation in fast SE

imaging has been the half-Fourier single-shot turbo Spin Echo (HASTE or SSFSE) technique,
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which provides images free of motion artefacts in a subsecond acquisition time (Semelka et al

1996b, Takehara 1999). On T2-weighted images, normal pancreas appears isointense with liver

parenchyma.

The fluid-sensitive sequences have undergone particularly rapid improvement and have become a

routine part of the MRI examination (Takehara et al 1994, Soto et al 1995). The range of heavily

T2-weighted sequences includes GRE (e.g., PSIF, TrueFISP, SSFP, CE-FAST, CE-GRASS), fast

SE (2D/3D fast SE), and multi-echo, “echoplanar (EPI)-hybrid” sequences (RARE, HASTE,

SSFSE). In addition, methods can be distinguished according to their acquisition time (breath-hold

vs. non-breath-hold) and the means of image acquisition (e.g., thick slab, projection imaging vs.

multi-slice 2D and 3D reformation). These sequences produce adequate representation of the

pancreatic duct (Irie et al 1998, Helmberger and Gryspeerdt 1998). The sensitivity for the detection

of ductal dilatation and stenoses varies between 87% (Soto et al 1995) and 100% (Barish et al 1995,

Becker et al 1997, Lomas et al 1999). The limitation of MRCP is that ascites or fluid collection may

obscure ductal anatomy (Arslan et al 2000), which, however, may be partly overcome by use of

multi-oblique methods (Takehara 1999).

Imaging findings in AP

The SI of uncomplicated, acutely inflamed pancreatic parenchyma appears normal with normal

enhancement on fatsat T1-weighted images. On precontrast T1-weighted images, peripancreatic fat

appears dusky, which is consistent with inflammatory changes. Typical morphological changes

include focal enlargement, hyperintense strands in the peripancreatic fat tissue and increased SI of

the pancreas on T2-weighted images, which is attributed to the oedema of the parenchyma.

In more advanced cases, fluid can accumulate in peripancreatic tissue and the lesser sac. It is best

visualised on unenhanced T1-weighted images, the fluid appearing as hypointense strands against a

background of hyperintense fat (Semelka et al 1991b, Gehl et al 1994). T2-weighted images with

fatsat also demonstrate the peripancreatic fluid well (Gryspeerdt et al 1998). More severe

pancreatitis may cause tracking of fluid along the gastrohepatic, gastrocolic, and gastrosplenic

ligaments as well as the transverse mesocolon and mesenteric root. These fluid accumulations may

resolve or progress, but do not constitute pseudocysts until a capsule develops 2 to 6 weeks later.

Pseudocysts are well shown on T1-weighted images as hypointense, nonenhancing, and on T2-

weighted images as bright, oval lesions (Brown and Semelka 1995). MRI is inferior to CT in the
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detection of small gas bubbles and calcifications, but on GRE images, susceptibility artefacts

caused by air seem to assist in the recognition of gas bubbles (Mirowitz 1998).

In patients with AP, the percentage of pancreatic necrosis is an important prognostic indicator

(Balthazar et al 1990). Dynamic gadolinium-enhanced MRI may be useful for this determination, as

necrosis is exquisitely sensitive to CE (Saifuddin et al 1993, Ward et al 1997).

Besides pseudocysts, other complications such as duodenal stenosis and narrowing as well as

gastric varices can be seen on MRI. Erosion of an artery with bleeding or formation of a

pseudoaneurysm can be seen as hyperintense on T1- and as a signal void on T2-weighted images,

allowing differentiation from pseudocysts. Gastric varices appear as multiple tortuous structures

with signal void, whereas on T2-weighted images, the thrombosed splenic vein exhibits

hyperintensity. Other splenic involvements (haemorrhage, haematoma, rupture, and infarction) can

be evaluated with MRI (Gryspeerdt et al 1998).

Possible role of magnetic resonance imaging in AP

MRI can be used for the evaluation of pancreatic and peripancreatic inflammatory changes, even

subtle ones. The sensitivity of MRI may exceed that of CT, suggesting a role for MRI in the

evaluation of those patients suspected of having AP who have a negative CT examination (Semelka

and Ascher 1993). MRI is superior to CT in demonstrating the extent of fluid accumulation on

coronal images as well as the characterisation of the complex nature of associated fluid collections

and correct prediction of drainability (Morgan et al 1997).

The sensitivity of MRCP in detecting gallbladder stones exceeds 90% (Regan et al 1998), and

common bile duct stones ranges from 78 to 93% (Regan et al 1998, Becker et al 1998, Stiris et al

2000). MRI may be used in the search for underlying abnormalities such as pancreas divisum,

annular pancreas, and anomalous junction of the common bile duct and pancreatic duct, as well as

biliary cysts (Kim et al 2000). It is useful in the diagnosis of an underlying, unsuspected pancreatic

carcinoma which is, however, a far less frequent cause of pancreatitis than alcohol abuse or biliary

abnormalities (Fulcher and Turner 1999).

MRCP can be included in the current MRI protocol as a primary investigation tool for patients with

suspected AP. It offers a noninvasive, reproducible alternative without the limitations and
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disadvantages of ERCP, such as the need for sedation and analgesia, the risk of induction of AP, the

frequent failure of cannulation, the lack of visualisation of the pancreatic duct distal to an occlusion,

and the need for a separate cannulation of the biliary system (Outwater and Gordon 1994). In AP,

MRCP is able to show the duct of Wirsung, and whether or not it is dilated, as well as the

surrounding fluid. It also reveals communicating and noncommunicating cysts routinely, and offers

additional information about the content of the cyst and the relationship to other organs, when used

together with T1- and T2-weighted MRI (Fulcher and Turner 1999, Kim et al 2000). Because it can

be used for screening and assessing the need for further interventional procedures, ERCP will

become an exclusively therapeutic instrument (Helmberger and Gryspeerdt 1998).

4. PANCREATIC CARCINOMA

4.1. GENERAL FEATURES

The pancreas contains functioning cells of both exocrine and endocrine origin. Either cellular line

may be the origin of a pancreatic neoplasm. Ductal adenocarcinoma (PC), arising from the exocrine

cells is the most common pancreatic neoplasm, accounting for over 90% of all pancreatic tumours.

First, the incidence of PC was increasing in Finland and several other countries (American Cancer

Society 1991), but has remained fairly steady since the 1970s (Finnish Cancer Registry database

1999). The age-adjusted incidence rate for pancreatic carcinoma in Finland in 1996 was 8.6/100 000

for men and 6.5/100 000 for women. Patients with pancreatic carcinoma have a poor prognosis,

with less than 2% surviving for 5 years (Pukkala et al 1997). The incidence increases steadily with

age, reaching a peak in the seventh and eighth decades of life. The risk for PC is significantly

elevated in subjects with chronic pancreatitis (Lowenfels et al 1993). The association between PC

and chronic pancreatitis is very important from the clinical point of view, because the latter may

mask the carcinoma, leading to delay in correct diagnosis (Hyöty 1992).

Surgery has maintained its role as the primary treatment of PC, although only 5 to 22% have

resectable tumours at the time of diagnosis (Warshaw and Swanson 1988). The goal for

preoperative staging of PC should be to ascertain the optimal treatment for each patient. The aim is

to determine which tumours are potentially resectable, which cannot be resected but are still

localised, and which have already metastasised to distant sites. As non-surgical palliation (Martin et

al 1998) may be utilised for many patients in the latter situation, confirming the unresectability
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nonoperatively is important in order to avoid mere exploratory laparotomy (Warshaw and

Fernandez-del Castillo 1992).

Approximately 60% of pancreatic adenocarcinomas occur in the head, 15% in the body, and 5% in

the tail; 20% have diffuse involvement. Histologically, PC has a dense cellularity and sparse

vascularity. Cystic areas due to peritumoural necrosis may occur (Mergo et al 1997). Autopsy

studies show that for every primary cancer, four metastatic tumours are found in the pancreas

(Ferrozzi et al 1997, Mergo et al 1997, Warshaw and Fernandez-del Castillo 1992). The primary

tumours most often responsible for these metastases are renal cell carcinoma (30%), bronchogenic

carcinoma (23%), breast carcinoma (12%), soft-tissue sarcoma, colonic carcinoma, and carcinoid

tumour (Klein et al 1998). Pancreatic involvement may also be due to contiguous invasion from

adjacent organs (e.g., stomach, bile ducts) or local lymph nodes (Helmberger et al 1999).

Multicystic lesions of the pancreas are usually not due to the tumour but to pancreatitis (Lundstedt

and Dawiskiba 2000). Cystic neoplasms of the pancreas consist of serous microcystic neoplasm and

mucinous macrocystic neoplasm, comprising less than 10 to 15% of all cystic lesions of the

pancreas and 1% of cancers (Mergo et al 1997, Warshaw and Fernandez-del Castillo 1992). Primary

malignant epithelial neoplasms of the pancreas can occur either in the exocrine or the endocrine

cells of the islets of Langerhans, but are far more frequent in the former. Nonepithelial tumours are

exceedingly rare (Warshaw and Fernandez-del Castillo 1992).

4.2. DIAGNOSIS OF PANCREATIC CARCINOMA

4.2.1. CLINICAL AND LABORATORY EVALUATION

In the early stages, patients are often asymptomatic, or may have dyspepsia or mild abdominal pain.

Pain, jaundice, or both are present in over 90% of the patients, and these features in combination

with weight-loss form the classic symptoms of the disease. Carcinoma of the distal pancreas may

remain painless until it has metastasised. AP is occasionally the first manifestation of PC (Warshaw

and Fernandez-del Castillo 1992).

Several tumour markers show good organ specificity, but their concentrations may be elevated in

benign and malignant conditions. CA 19-9 is the most extensively studied in PC. It is widely

available and used for the diagnosis and follow-up. High levels are also present in patients with
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other gastrointestinal cancers, and on the other hand, in the early stages of PC, the levels are

frequently normal. If the cancer is completely removed, the CA 19-9 levels fall, thereby suggesting

its usefulness for prognosis and follow-up of PC. Other markers have been studied, such as the

carcinoembryonic antigen, CA 195, and the ratio of testosterone to dihydrosterone in men, but at

present no serum marker is sufficiently sensitive or specific to be considered reliable for screening

purposes (Warshaw and Swanson 1988, Gattani et al 1996).

Tissue diagnosis of a pancreatic mass can be made nonsurgically by means of percutaneous fine-

needle aspiration (FNA) or core-needle biopsy under US or CT guidance, by endoscopic

transgastric or endoscopic transduodenal biopsy. At operation, a specimen for frozen section

histology can be obtained with an incisional biopsy or core-needle biopsy, or the latter may be

replaced by an intraoperative fine-needle aspiration cytology specimen to avoid the complications

associated with the thick core needle. Although uncommon (only 3%), the complications of FNAB

reported include haemorrhage and AP, infection, and tumour seeding of the needle track. In selected

cases, FNA is superior to core-needle or open biopsy in terms of cost, procedure-associated

morbidity, and timeliness of diagnosis (Dodd et al 1997). The average sensitivity of these methods

in detecting pancreatic carcinoma varies from 30% to 90% with virtually 100% specificity (Hyöty

1992, Thoeni and Blankenberg 1993).

4.2.2. DIAGNOSTIC IMAGING OF PANCREATIC NEOPLASMS

Ultrasonography

Ultrasonography (US) was the first method to permit direct imaging of the pancreas. High-

resolution, real-time US enables precise demonstration of the pancreatic parenchyma and pancreatic

ducts, liver, gallbladder, and bile ducts. It is probably the best method for screening of masses in the

region of the pancreas (Thoeni and Blankenberg 1993). US, aside from the absence of ionising

radiation, has the advantage of being able to distinguish changes in echogenicity, which in some

cases make a small tumour apparent before it changes the contour of the gland (Klöppel and Maillet

1989). US is considered the fastest and least costly examination of the pancreas. It has, however,

significant limitations. It is highly operator-dependent, and there are no contrast media for improved

visualisation of the pancreas currently available. US may be limited in patients who are obese, or

who have a gas-distended abdomen or surgical dressings and drains. The assessment of the

pancreatic tail and retroperitoneum is often inadequate. More recently, endoscopic US has been
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used for the diagnosis of pancreatic tumours and has been shown to be very accurate in the

diagnosis and local staging of pancreatic carcinomas (Muller et al 1994, Legmann et al 1998); it can

also be used for obtaining FNAB (Habr and Akerman 2000). It is, however, not suitable for

detection of distant metastases, due to the limited penetration of ultrasound from the endoscopic

echoprobe. Nevertheless, endoscopic US may have a role supplementary to that of other imaging

methods in assessing resectability.

Computed tomography

At present, CT is the method of choice for assessment of the pancreas. Although US may

demonstrate pancreatic neoplasms, CT relies less on the experience of the observer and on the body

habitus of the patient (Balthazar and Chako 1990). Staging of tumours is better achieved by CT,

related to its superior evaluation of the retroperitoneum and higher anatomic resolution for the

extent of a tumour beyond its margins (Thoeni and Blankenberg 1993, Zeman et al 1997, Taoka et

al 1999). The sensitivity of CT in detection of PC is over 89% (Bluemke et al 1995, Choi et al 1997,

Legmann et al 1998). The accuracy of CT in unresectability is nearly 100% (Hommeyer et al 1995,

Diehl et al 1998, Nishiharu et al 1999), but in patients with potentially resectable tumours, the

accuracy of CT findings compared with those of surgery is not as impressive - ranging from 16% to

72% (Megibow 1992, Freeny et al 1993, Muller et al 1994).

Dynamic bolus-enhanced incremental CT protocols have mostly been replaced by spiral CT, in

which the patient undergoes continuous scanning during table advancement. Spiral (helical) CT

provides high-quality images of the pancreas during a single breath-hold, with excellent resolution

of fine detail such as the pancreatic duct (Bluemke et al 1995). Slipping technology enables

continuous rotation of the x-ray source and detector around the patient. Volume data are acquired

that can be reconstructed in the axial plane at variable section-intervals at any point in the scanned

volume (Dupuy et al 1992). The recently developed multi-slice technology enables even faster

scanning and better reformations. Helical CT is well suited to image the upper abdominal region

because it eliminates respiratory misregistration. Compared with ”conventional” CT, it shows

superior vascular opacification with smaller amounts of CM. The study can be designed using

multiple phases and different section thickness to evaluate the clinical questions (Megibow 1992,

Ibukuro et al 1996, Graf et al 1997, Keogan et al 1997, Lu et al 1997, Legmann et al 1998, Chong et

al 1998, Phoa et al 1999). Intravenous CM should be used to assess the pancreatic parenchyma

accurately. Oral CM helps to avoid the confusion of nonopacified bowel loops with intraperitoneal
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fluid collections and to define more clearly the boundaries of the parenchyma. Multiprojection

volume reconstruction (MPVR) for analysis of vascular structures can be performed; it allows use

of multiple projections within a volume of interest and variable viewing algorithms (minimum-,

average or maximum intensity projection) to obtain CT angiograms (Diehl et al 1998). Recently, a

minimum-intensity MPVR technique to produce images of the pancreatic and biliary ducts,

computed tomographic cholangiopancreatography (CTCP), has been introduced, with a quality

approaching that of ERCP (Raptopoulos et al 1998, Soto et al 1999).

CT findings of PC include tumour mass with associated pancreatic or bile duct dilatation. Ancillary

findings are local tumour extension (blurred fat planes around the superior mesenteric artery),

invasion of nearby organs and vessels, or metastases. The masses often demonstrate a low-density

central zone caused by the hypovascular, scirrous tumour surrounded by normal parenchyma or

inflammation due to obstructive pancreatitis. Cystic areas due to associated peritumoural

pancreatitis may be encountered (Mergo et al 1997). Pancreatic duct obstruction may often produce

atrophy of the pancreatic parenchyma. Occasionally, no low-density mass is present, but a dilated

duct can be identified proximal to an imperceptible tumour. In the case of a cystic tumour, solid-

appearing lesions within the cystic suggest malignancy. It is difficult to differentiate serous from

mucinous cystadenocarcinomas (Lundstedt and Dawiskiba 2000). In addition, if the cystic lesions

are extremely small, the lesion may have a solid appearance (Scott et al 2000). The majority of

metastases in the pancreas appear as discrete, marginated, round or ovoid masses with smooth

margins and mostly heterogeneous enhancement (Klein et al 1998). Some metastases form multiple

nodules, and some are diffuse, making the differential diagnosis of pancreatic tumours more

complicated (Ferrozzi et al 1997). Local extension or invasion, metastatic lymph nodes, and hepatic

metastases or ascites are ancillary findings. Biductal obstruction is caused not only by pancreatic

neoplasms, but may be encountered in cholangio-, ampullary, or duodenal carcinoma, chronic

pancreatitis, and stenosis of the papilla (Thoeni and Blankenberg 1993, Fulcher and Turner 1999).

Endoscopic Retrograde Cholangiopancreatography

ERCP has played an invaluable role, particularly in distinguishing malignant from "inflammatory

tumours", since its introduction 30 years ago. It allows direct visualisation and biopsy of tumours of

the ampulla and duodenum as well as palliative stenting within one and the same procedure (Trede

et al 1997). In patients with PC, the pancreatogram is seldom normal (in less than 3%) (Freeny and

Lawson 1982). Distal bile duct abnormalities are also frequently observed, because the majority of
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tumours are located at the head of the pancreas. Typically, the duct becomes encased or obstructed

by the carcinoma. Other findings may include necrosis of the duct with extravasation and

contiguous involvement of the common bile duct (Warshaw and Fernandez-del Castillo 1992). It

can be difficult to distinguish between PC and chronic pancreatitis, since the two diseases may

share many clinical and radiological characteristics, including some ductal abnormalities.

Aspirating, brushing or washing the pancreatic duct selectively for a cytology specimen is a most

helpful differential diagnostic procedure.

Magnetic resonance imaging

Current state-of-the-art MRI of the pancreas implemented on high-field scanners permits a

comprehensive evaluation of pancreatic tumours, including detection of small non-organ deforming

tumours, assessment of biliary and pancreatic ducts, local peripancreatic and vascular invasion, and

hepatic as well as distant metastases (Kelekis and Semelka 1997).

The examination should include a T1-weighted (preferably multi-slice breath-hold Gradient Echo)

sequence, which provides good T1 contrast and permits imaging of the whole organ during dynamic

CM administration. On T1-weighted sequences, the lesion appears hypointense to the surrounding

slightly hyperintense normal tissue, with increased contrast when the fatsat technique is used, as

adding fatsat raises the normal pancreatic SI (Semelka and Ascher 1993, Winston et al 1995,

Mitchell et al 1995). In the presence of long-standing obstruction of the pancreatic duct, the

pancreatic parenchyma distal to the tumour is often lower in SI than is the normal pancreatic tissue

on T1-weighted images. This is due to a decrease in proteinaceous fluid content of the pancreas

resulting from chronic pancreatitis changes (Kelekis and Semelka 1997). After CM, in the early

phase images, most tumours enhance less than the normal pancreas, thus helping in their

identification (Pavone et al 1999). On delayed images, PC often shows more enhancement, as is

commonly seen in neoplasms of desmoplastic origin. Peripancreatic oedema related to pancreatitis

is hyperintense on dynamic MRI, whereas desmoplastic reaction and tumour are hypointense

(Mergo et al 1997). PC occurring in the head usually presents earlier than tumour in the body or tail,

as it causes abrupt obstruction of the common bile and pancreatic ducts (”double duct sign”), which

may be appreciated on MR images.

On T2-weighted sequences, the SI of tumours is variable, and lesion conspicuity is usually poor

compared with that of T1-weighted imaging. The role of T2-weighted imaging has increased since
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the advent of single-shot breathing-independent sequences (HASTE and SSFSE). The T2 technique

can be used to demonstrate 1) the contour of the pancreas, 2) the biliary and pancreatic ducts, 3)

small cystic lesions, and 4) the internal architecture of cystic lesions (thin septae) (Kelekis and

Semelka 1997).

As with other imaging modalities, MRI suffers from its inability to characterise focal pancreatic

lesions. On MR images, focal hypertrophic pancreatitis can mimic PC. The role of fatsat and Gd

enhancement has been explored (Semelka et al 1991, Johnson and Outwater 1999), but in most

cases lesion characterisation is impossible. Even the fact that chronic pancreatitis predisposes to PC

does not make the distinction easier (Warshaw and Fernandez-del Castillo 1992). The only absolute

indication of malignancy is the presence of liver metastases. Metastases in the pancreas may

involve peripancreatic lymph nodes or may invade the pancreas. Pancreatic metastases may be

diffusely micronodular, multifocal, or solitary, but they can have a similar appearance to PC on

MRI, as well. Some of them can be hyperintense on T1- and/or T2-weighted images, depending on

the vascularity of the original tumour (the renal cancer deposits show strong CE (Kelekis and

Semelka 1997). Because the imaging features overlap, a single case of a pancreatic mass is not easy

to characterise.

Local extension of PC is best demonstrated on non-fatsat T1-weighted images as a low-SI mass

displacing the surrounding high-SI fat. On the interstitial-phase (>1 min post contrast) T1-weighted

fatsat images, the intermediate-SI tumour is visible against the low-SI fat. These sequences also

show well the invasion of adjacent organs (Kelekis and Semelka 1997).

The crucial point in local staging is the detection of lymph nodal and vascular involvement. Lymph

nodal involvement, based on size criteria, can be detected by use of MRI with an accuracy similar

to or less than that of CT (De Jaegere et al 1999). Evaluation should include the peripancreatic

nodes, the path of diffusion towards porta hepatis, and lymph nodes of the hepatoduodenal

ligament. Pathological lymph nodes are well seen on T2-weighted fatsat and CE T1-weighted fatsat

images as structures of moderately high SI in a background of low-SI fat (Kelekis and Semelka

1997). Vascular invasion is diagnosed based on loss of perivascular fat planes as a criterion. Use of

both axial and coronal planes for the careful analysis helps to detect any possible contacts between

tumour and vessels. Flow void of the vessels on SE and high SI on CE GRE sequences allow for

proper visualisation of the vascular structures. Immediate CE GRE images are best for showing

arterial, and 45-s postgadolinium GRE T1-weighted images are useful for the evaluation of venous
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patency. Magnetic resonance angiography (MRA) has recently become available for noninvasive

vascular imaging, providing time-efficient, multiplanar anatomic assessment (McFarland et al

1996). The reduction in major artefacts (pulsatility artefacts) has allowed for excellent images of

venous and arterial splanchnic vessels. Pancreatic adenocarcinoma tends to infiltrate major

extrapancreatic vessels, which can be well evaluated from MRA images (Catalano et al 1998).

However, although these images should be considered only indicative of vascular patency, MRA

may play a role in providing the surgeon with a preoperative vascular map.

Liver metastases from PC are generally irregular in shape on T1-weighted images (with or without

fatsat) and minimally hyperintense on T2-weighted images, and after CM injection, demonstrate

immediate, irregular rim enhancement. PC metastasises to the liver, regional lymph nodes,

peritoneum, and lungs, in order of decreasing frequency (Kelekis and Semelka 1997).

MRCP, by depicting pancreatic and biliary ducts noninvasively, can be used for patients who have

undergone gastroduodenal surgery and in whom ERCP cannot therefore be performed. MRCP can

satisfactorily substitute ERCP, with the advantage of being totally noninvasive, of much shorter

duration, and less expensive (Catalano et al 1998). Techniques have been discussed briefly above.

The typical appearance of PC, sudden obstruction of the duct with a double duct sign, can be

helpful in the differential diagnosis between pancreatitis and neoplastic lesion, but is not

pathognomonic (Pavone et al 1999).
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AIMS OF THE STUDY

The purpose of the current experimental and clinical study was to assess the value of high-field

magnetic resonance imaging in the detection and assessment of severity of acute pancreatitis as well

as to explore imaging characteristics and staging of pancreatic carcinoma. The emphasis was on:

1) The value and stability of relative SI measurements with the use of repeated, non-contrast MRI

at 1.0 T in piglets with experimental porcine acute pancreatitis and patients with clinical acute

pancreatitis.

2) The correlation between histological findings and imaging features as well as SI measurements

with the use of unenhanced and dynamic contrast-enhanced MRI at 1.0 T in experimental

porcine acute pancreatitis.

3) The clinical utility of MRI at 1.0 T and at 1.5 T in the grading of severity of acute pancreatitis

according to relative SI measurements and different CT classification systems applied for MRI.

4) The conspicuity of pancreatic cancer by means of SI measurements with the use of two dynamic

T1-weighted GRE sequences at 1.0 T, and with fast T1-weighted and T2-weighted sequences at

1.5 T. CNR measurements of focal pancreatic lesions suitable for both T1- and T2-weighted

sequences, fat suppression, and a phased-array body coil were studied.

5) Rationalisation of the pancreatic MRI protocol by evaluation of the performance of fast T1- and

T2-weighted pulse sequences with and without fatsat, and the impact of contrast enhancement,

in terms of the detection and staging of pancreatic cancer.
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MATERIALS AND METHODS

1. EXPERIMENTAL STUDIES ON ACUTE PANCREATITIS (I - II)

1.1. ANIMALS

Twenty piglets of both sexes, each weighing 15 to 22 kg, were studied (I-II). Each animal was

imaged before induction of acute pancreatitis, and served as its own healthy control. The animals

first underwent a non-contrast, dynamic MRI, and in the same examination a dynamic, contrast-

enhanced MRI.

In nine animals, experimental oedematous acute pancreatitis was induced, and 24 hours after the

induction of the disease, a new MR examination, both non-contrast and enhanced with gadolinium,

was carried out.

Acute necrotizing pancreatitis was induced in 11 piglets. Each animal was re-examined five to six

hours after the induction of the disease.

1.2. METHODS

1.2.1. ANAESTHESIA

The animals were kept on a standard diet and fasted overnight before the MRI examinations and the

induction of the disease, which were performed under general anaesthesia. Anaesthesia was induced

with intramuscular ketamine hydrochloride (Ketalar, Parke Davis, 30 mg/kg), and followed by

small doses of sodium pentobarbital (Mebunat, Orion) and azaperone (Stressnil, Orion) to maintain

the anaesthesia. The animals were intubated and connected to a ventilator (Servo or Manley)

supplying oxygen and nitrous oxide.
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1.2.2. INDUCTION OF ACUTE PANCREATITIS

After laparotomy, the main pancreatic duct was cannulated with a baby nasogastric tube via a

duodenotomy. Secretin (Secretin, Kabivitrum, 75 IU) was used intravenously to visualise the

opening of the pancreatic duct into the duodenal lumen, and the duct was cannulated. To induce

necrotizing pancreatitis (NP), 20 ml of 15% sodium taurocholate at a pressure of 70 cm H2O was

infused via the cannula. Oedematous pancreatitis (OP) was induced by infusing autologous bile

diluted 1:10 with saline (1ml/kg) at a pressure of 40 cm H2O. After induction of the disease, the

duodenotomy and abdominal incision were closed in layers.

1.2.3. MR IMAGING

The MRI examination was performed at 1.0 T with a 42 SP Magnetom (Siemens, Erlangen,

Germany). A standard body coil was used for the transverse sectional imaging. A T1-weighted SE

sequence (TR/TE 450/15 ms, matrix 192 x 256, 4 acquisitions, slice thickness 10 mm with a 2-mm

gap) was initially used to find the level of the pancreas. A pre-excited T1-weighted Turbo-FLASH

(fast low-angle shot; TR/TE 6.6/3 ms; flip angle 8 degrees, matrix 128 x 128; 2 acquisitions, slice

thickness 10 mm without gap). Acquisitions of 6-s duration were repeated 10 times at 15-s intervals

to obtain a dynamic series lasting 150 s. The examination was first performed without and then with

an intravenous bolus injection of Gd-DTPA (Magnevist, Schering, Berlin, Germany, 0.3 mmol/kg

body weight) into a femoral vein catheter. The MRI protocol was same for the healthy piglets and

for those piglets with acute pancreatitis.

1.2.4. HISTOLOGY

After having been imaged, a tissue sample was taken from each diseased pancreas for histological

examination. The samples were fixed in 4% bicarbonate-buffered formaldehyde (pH 7.2) and

embedded in paraffin. The sections were deparaffinised and stained with haematoxylin and eosin

and examined for pancreatic changes by an independent pathologist. The degree of inflammatory

reaction, haemorrhage and necrosis were separately scored from these samples and the combined

score was used as an adjunct for determining the diagnosis.
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1.2.5. ANALYSIS OF THE IMAGES

The pancreatic and peripancreatic appearances were assessed from the MR images. Regions of

interest (ROIs) ranging in size from 0.5 to 4 cm2 were measured in the pancreas. Signal intensities

(SI) were made comparable with a reference standard (arachidonic acid above the abdomen or a

measurement of the SI of the subcutaneous fat).

1.2.6. STATISTICAL ANALYSIS

Statistical analysis was based on the analysis of variance for repeated measures. The logarithmic

transformation was used, and the sphericity was tested. The before-after-effect for each group was

analysed using the matched-pair t-test, where the response was the sum of individual repeated

values. The approach was analogous to the analysis of AUC (area under curve). The limit for

significance was p < 0.05. The analysis was carried out on a VAX/VMS computer using BMDB

Statistical software (Stat.Soft. Inc., Los Angeles, USA, Version 1993).

2. CLINICAL STUDIES (III - V)

2.1. PATIENTS

2.1.1. PATIENTS WITH ACUTE PANCREATITIS (III)

The diagnosis of AP was based on consistent clinical findings combined with elevated amylase

levels and/or radiological, operative and autopsy findings, and exclusion of other diseases. The

clinically based Atlanta classification system for AP (Bradley 1993), was utilised for classifying the

patients as having either mild acute pancreatitis (MAP) or severe acute pancreatitis (SAP) (Table 1).

The MR imaging findings were also classified according to the Balthazar (Table 2) and Schröder

(Table 3) (Schröder et al 1985) classification systems. The suspicion of SAP with > 3 points on

Schröder score was confirmed by contrast-enhanced CT (CE-CT).

At 1.0 T, 14 patients (age-range 20 to 64, mean 41.7 years) treated for AP at the Second

Department of Surgery, Helsinki University Central Hospital (HUCH), underwent dynamic

contrast-enhanced MRI (CE-MRI) of the pancreas a mean of 2.6 days (range 1 to 4) after
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admittance to hospital; nine patients, all male, had MAP. Five patients, four male and one female,

suffered from SAP. Six healthy volunteers, three of each sex (mean age 32.7 years), were imaged

with the same protocol.

Fifteen patients (age-range 16 to 70, mean 38.7 years) treated for AP were included for the study

using an 1.5 T magnet unit. MRI was conducted on the average during the day 4.5 (range 1 to 9) of

hospitalisation. Six patients suffered from MAP, one of them female. Nine subjects (seven male and

two female) had SAP. Two patients, each with a normal pancreas, who were undergoing routine

MRI (for upper abdominal symptoms) with the same protocol and two healthy volunteers were

taken at random for the control group, one male and three female, mean age 42.3 years (range 39 to

49).

2.1.2. PATIENTS WITH FOCAL LESIONS OF THE PANCREAS (IV)

At 1.0 T, we examined 22 patients (8 male and 14 female, age range 38 to 78 years, mean 63 years)

(Table 1). The final diagnosis was based on fine needle aspiration biopsy (FNAB) (12 cases) or a

histological section (9 cases) taken at surgery (n = 5), autopsy (n = 2) or by percutaneous biopsy (n

= 2). The diagnosis of one case was based on radiological (ultrasound and CT) findings and clinical

follow-up. Except for one unknown primary malignancy, the patients were examined for

adenocarcinoma of the pancreas or the papilla of Vater (one case).

A 1.5 T MR equipment was used for 29 patients (14 male and 15 female, age range 30 to 87 years,

mean 59 years) with 33 focal lesions of the pancreas (Table 1). In 12 subjects the diagnosis was

based on FNAB taken with ultrasound or CT (n = 2) guidance, and in seven on a histological

section taken during surgery. Ten patients had a diagnosis based on imaging and clinical follow-up,

two of them with operative verification. The solid lesions comprised 15 adenocarcinomas, three

ampullary carcinomas, one cholangiocarcinoma and one unknown carcinoma. Of the nine patients

with pancreatic pseudocysts, two subjects had two cysts, and one of subjects was re-examined.

2.1.3. PANCREATIC MALIGNANCIES (V)

Of all subjects examined at our institute between January 1995 and July 1998, 36 examined at 1.5 T

MRI using a pancreatic protocol and examined also within a month with spiral CT, were
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retrospectively selected for this study. Secondary and cystic pancreatic malignancies were excluded

from the study. The patients included comprised two groups:

1) Fifteen patients (age range 49-77, average 61.5 years, 9 female and 6 male). 12 of these

had an adenocarcinoma, one an unknown primary, and two had an ampullary carcinoma of the

pancreas. The tumours were 1 to 5.6cm (average 2.9) in diameter, and were located in the head of

the pancreas, except for two in the body. The diagnosis was based on histology in ten patients,

cytology in four, and duodenoscopy and stenting in one. Twelve of these patients were operated on.

2) 21 controls (age range 17-73, average 46.2 years, six female and 15 male) without

pancreatic carcinoma (PC) during a 12-month follow-up period.

Control group A: 12 controls with pancreatitis. Out of these, 11 had acute pancreatitis, and

one chronic pancreatitis. The former diagnosis was made according to the internationally accepted

clinically based classification system of acute pancreatitis (1), while the latter was based on a

histological sample taken during surgery.

Control group B: Nine other controls examined with upper abdominal MRI. Four of these

were examined for pancreatic symptoms (two having a suspected spasm in the sphincter of Oddi, at

ERCP; one suspected insulinoma, and one suspected chronic pancreatitis; each of the latter patients

had an intact pancreas at operation). Five controls were examined for various abdominal diseases

without pancreatic involvement, as verified by histology (n=2), cytology (n=1), clinical and

radiological follow-up (n=1) or autopsy (n=1). These diseases comprised cholangiocarcinoma

(n=2), carcinoma of the colon (n=1), malignant lymphoma (n=1), acute myelogenic leukaemia

(n=1).

Operated patients (V)

Of the 36 subjects, 15 underwent surgery. These were 12 patients with PC, out of whom four went

through pancreaticoduodenectomy and eight a palliative operation. One control with chronic

pancreatitis underwent a hepaticojejunostomy, and two subjects who had undergone a resection of

the pancreatic tail were found to have a normal pancreas.
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2.2. IMAGING PROTOCOL

2.2.1. IMAGING OF ACUTE PANCREATITIS (III)

At 1.0 T, MRI was performed with the Magnetom SP 42 (Siemens, Erlangen, Germany) by use of

a body coil. A T1-weighted Spin Echo (SE), T2-weighted SE or T2-weighted Short TI Recovery

(STIR) sequence was used initially to determine the level of the pancreas. A pre-excited T1-

weighted Turbo-FLASH (fast low-angle shot) multi-breath-hold sequence with two acquisitions

(in one case, one acquisition) and three 10-mm slices without a gap was used in the axial plane

(Table 2, Study III). Nine 6-second (in one case 3-second) acquisitions at 15-second intervals were

repeated to obtain a dynamic series lasting over 2 min (135 s). The repeated acquisitions without

contrast medium (CM) were performed in 11 patients in order to show that the method was

sufficiently stable. Another series was performed after an i.v. bolus injection of gadopentetate-

dimeglumine (Gd-DTPA; Magnevist o.1 mmol/kg, from Schering). The pancreatic MR findings of

all sequences were recorded together, and time-SI curves of the Turbo-FLASH series constructed.

A phased-array body coil was used with the 1.5 T MR equipment at 1.5 T (Magnetom Vision,

Siemens, Erlangen). The patients underwent several of the following breath-hold sequences

included in our MR protocol of the pancreas: 1) T2-weighted TrueFISP2D(70) (fast imaging with

steady-state free precession), 2) T2-weighted HASTE (half-Fourier single-shot turbo Spin Echo)

with fatsat, and 3) T1-weighted FLASH2D(80). The appearance of each pancreas was established,

and the parenchymal response to the bolus of Gd either as Gd-DTPA (Magnevist, Schering) or

Gadodiamide (Omniscan, Nycomed, Oslo, Norway) was assessed by use of 4) T1-weighted

FLASH2D(50) fs sequence in the axial plane, which was repeated before and 2 to 3 times

immediately after injection of CM. The receiver gain was held constant between pre- and

postcontrast sequence acquisitions in all cases (Table 2, Study III).

2.2.2. IMAGING OF FOCAL PANCREATIC LESIONS AT 1.0 T (IV)

MRI was performed with the Magnetom SP 42 (magnetic field gradient strength 10 mT/m)

(Siemens, Erlangen) in the transverse plane with a standard body coil. After the T1-weighted SE

(Spin Echo) and STIR (short TI inversion recovery) sequences, each patient underwent one T1-

weighted Gradient Echo (GRE) breath-hold sequence (flip angle , FA, in parenthesis). We used the
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spoiled 2D FLASH(75) (fast low-angle shot) and 2D FLASH(80) sequences for comparison (Table

2, Study IV). Acquisitions were repeated before as well as 30s and 60s after the rapid intravenous

bolus injection of 0.1 mmol/kg Gd (Gadopentetate, Magnevist, Schering) followed by a saline flush.

The 2D FLASH(75) sequence was abandoned after six patients because of insufficient image

quality. Adequate T2-weighted breath-hold sequences were not available at the time of the study.

2.2.3. IMAGING OF FOCAL PANCREATIC LESIONS AT 1.5 T (IV - V)

A phased-array body coil (PAC) was used with the Magnetom Vision MRI unit (magnetic field

gradient strength 25mT/m) (Siemens, Erlangen). The PAC consists of four circularly polarised

radio-frequency coils, each with its own receiver channel. Two side-by-side overlapping flexible

coils are placed anteriorly and two posteriorly. The image data from the coils are combined to

create an image with a field of view (FOV) corresponding to the sum of all coils. Each patient

underwent several of the following five breath-hold sequences in the axial or coronal plane: 1) T2-

weighted 2D TrueFISP(70) (fast imaging with steady-state free precession), 2) T2-weighted

HASTE (half-Fourier single-shot turbo Spin Echo) with fat saturation, echo train length 36, 3) T1-

weighted 2D FLASH(80), 4) T1-weighted 2D FLASH(50) with fat saturation (fatsat), and 5) the

latter with images obtained after an intravenous bolus injection of 0.1 mmol/kg Gd (Gadopentetate,

Magnevist, Schering or Gadodiamide, Omniscan, Nycomed), followed by a rapid saline flush

(Table 2, Study IV). With Gd, acquisitions were repeated with a 30s-interval at the level of the

pancreas.

2.3. ANALYSIS OF THE IMAGES

2.3.1. ACUTE PANCREATITIS (III)

The morphological findings for the patients were classified according to Balthazar and Schröder

CT classifications applied for MRI.

The SI measurements were obtained with an operator-defined region of interest (ROI) ranging

from 0.4 to 1.0 cm2, set on the most representative area of the pancreas. SIs of the images at 1.0 T

were made comparable by measurement of SI of the patient’s subcutaneous fat. At 1.5 T, the
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measurements made on the FLASH2D(50) fatsat images were related to the SI of the cerebrospinal

fluid (CSF) in the same slice. A reception profile of the coil was made.

2.3.2. SI MEASUREMENTS OF FOCAL PANCREATIC LESIONS (IV)

Each study was reviewed with the pathology report or intraoperative note and case record to

confirm the location of the mass before measurements. The visible and indirect signs of the lesion

were noted when setting a circular operator-defined region of interest (ROI) ranging in size from 2

to 4 cm2 on the lesion.

At 1.0 T: The signal intensities (SI) of the pancreas and the focal lesion were measured on the same

or the nearest possible slice. SI measurements were performed on the most representative image of

the stack of slices at each acquisition. The SI difference (SIDR) between the focal lesion and the

rest of the pancreas was related to the SI of the subcutaneous fat.

At 1.5 T, A) the crude SIs of the pancreas, B) the noise in the pancreas, C) the crude SIs of the focal

lesions, D) the difference between the lesional and pancreatic SI, and E) the pancreas-to-lesion

contrast-to-noise ratio (CNR) were defined. CNR was calculated as the SI difference between the

focal lesion and pancreas divided by noise. The standard deviation of the SI of the pancreas was

used as noise, because the use of a rectangular FOV precluded measurement of noise outside the

body.

2.3.3. PANCREATIC CANCER (V)

The MR images were interpreted separately in a retrospective fashion. For each patient, images

obtained with different pulse sequences were placed into separate unmarked film jackets and

stacked in random order. The MR analysis was made separately on a sequence-by-sequence basis

by three radiologists, who were totally blinded to the patient data. After the separate readings, each

observer read the whole examination of each patient, again without knowing any data. Two of the

readers were specialists, while one of them was a resident during the time of the image evaluation.

The results of the interpretation were recorded on forms produced for the project. The criteria for

the detection of a pancreatic malignancy were: size of the pancreas from atrophy to oedema (scale

1-4, correspondingly), signal intensity (SI) of the mass lesion or aberrant region within the pancreas
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(with grading as higher, equal or lower in relation to the surrounding pancreas; visibility of a mass

or a tumour (yes/no); state of the pancreatic and bile ducts (normal/dilated); presence or absence of

pleural effusion and intra-abdominal fluid. Originally, the observers wrote their diagnostic proposal

(normal, acute or chronic pancreatitis or cancer) on the form, and this was later changed into a

dichotomic variable (cancer/ no cancer) (Table 2, Study V). The gold standard for the diagnosis was

derived from the clinical record of the patient, which was handled correspondingly in the statistical

analyses.

The peripancreatic tissues and major vessels were evaluated for infiltration and encasement. The

presence of lymph node and liver metastases was also assessed according to the experience of each

radiologist. Any single positive finding indicated potentially unresectable disease. The

intraoperative status was used as a gold standard to judge the ability of fast MR imaging to assess

resectability.

2.4. STATISTICAL ANALYSIS

2.4.1. ACUTE PANCREATITIS (III)

Statistical analysis was based on analysis of variance for repeated measures both in crude form and

after the logarithmic transformation. The contrast enhancement (CE) was analysed by subtraction of

the nonenhanced SI from the enhanced SI of each case at all repeating points. A logarithmic

transformation was made for these results. Post-hoc comparisons were made according to Tukey´s

test.

2.4.2. FOCAL PANCREATIC LESIONS (IV)

Statistical analysis was based on the analysis of variance for repeated measures (1.0 T) and on the

two-way analysis of variance (1.5 T). A post-hoc analysis was performed using Scheffe’s tests. The

analysis was carried out using STATISTICA/W software (Version `98, StatSoft Inc, Tulsa, OK,

USA). Differences were considered significant at p < 0.05.
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2.4.3. DETECTION OF PANCREATIC CANCER (V)

Logistic regression analysis was used to study the relationships between the binary outcome

variables (1. Radiological diagnosis: pancreatic cancer/no cancer, 2. Clinical diagnosis with similar

grading, 3. Diagnostic performance: correct/ incorrect, 4. Radiological invasion: correct/ incorrect)

and the qualitative explaining variables. First, all independent variables were forced into the model

simultaneously. For the radiological and clinical diagnoses, independent values with p-values >

0.10 were eliminated backwards one-by-one in each logistic regression model starting from the

largest value until the final model was reached. The results are supported by odds ratios and their

95% confidence intervals. The sensitivity, specificity, and accuracy of the sequences for the

detection and staging of a malignancy were assessed. Agreement between the radiologists was

measured by the kappa coefficient. The computation was carried with SPSS/Win (Version 9.0)

software. The missing cases in the analyses were due to absent patient data or insufficient image

quality.

2.5. ETHICAL ASPECTS

The experimental studies were performed by permission of the government of Uusimaa County and

the ethics committee of the hospital. The clinical studies were conducted in accordance with the

Helsinki Declaration, and the ethics committee of the department of radiology, Helsinki University

Central Hospital, approved their protocol.
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RESULTS

1. EXPERIMENTAL STUDIES (I - II)

1.1. MACROSCOPIC FINDINGS AND HISTOLOGY

On gross examination, nine of the samples appeared firm and were pale or white in colour. They

were slightly oedematous, but contained no apparently necrotic areas. Microscopically, the samples

did not present with any significant parenchymal necrosis. However, some minor liponecrosis of the

peripancreatic fat tissue was encountered. Additionally, none or very minor inflammation was

evident in the pancreatic acinar regions, whereas the surrounding fat tissue exhibited a slight to

moderate inflammatory reaction. Slight haemorrhaging was observed only in the surrounding fat

tissue. The conclusive diagnosis for these findings was OP.

Eleven samples, on gross examination, were soft and largely brown in colour and contained

extensive soft and necrotic areas. The microscopic sections of these samples consisted of large areas

of necrotic pancreatic parenchyma and some liponecrosis of the surrounding fat tissue. A moderate

inflammatory reaction and varying degrees of haemorrhage were seen. These findings best

corresponded to the diagnosis of NP.

One case in each group presented with a type of pancreatitis not intended, and these two cases were

excluded from the study.

1.2. IMAGING FINDINGS

On the T1-weighted SE sequence, the healthy and diseased pancreata were clearly visible in all 18

cases. On the contrast-enhanced Turbo-FLASH sections of one piglet with OP, no pancreas was

found, and this case was excluded from the data of that series. In piglets with OP, only slight

pancreatic enlargement, with indistinct margins, was evident on the SE sequence, but the Turbo-

FLASH sequence did not reveal these minor changes.
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Pancreatic oedema, mesenteric fat oedema, perirenal fat oedema, peritoneal exudate, and bowel

distension were seen in piglets with NP as well as low-contrast intensity on the contrast-enhanced

series. The findings were not as clearly visible on the Turbo-FLASH images as on the SE sequence.

Neither necrotic foci, nor intrapancreatic haemorrhage could be differentiated from the surrounding

viable tissue on either sequence.

1.3. SI MEASUREMENTS

For the two groups of healthy piglets, no significant SI differences were found between the groups

on non-contrast images (Fig. 4, Study I). Without contrast medium, the SIs of the two types of

pancreatitis did not differ statistically significantly (Fig. 5, Study I). The mean SIs of the pancreata

in the healthy piglets and piglets with acute pancreatitis differed almost significantly (for OP,

p=0.054; NP, p= 0.083). The inflamed or necrotic pancreatic tissue had a lower SI than the normal

gland (Fig. 6, Study I). The stability of the measurements as measured with the coefficient of

variation (CV) ranged between 4.5% and 16.9% for the healthy piglets, and between 16.0% and

21.1% for the piglets with OP, and 14.6% to 33.9% for the piglets with NP.

With CM, the SIs of the pancreata showed a declining curve according to time. The SI curve for the

piglets with NP was significantly lower than that for OP or healthy piglets (Fig. 3, Study II). The

SIs of the piglets in which OP was induced did not differ statistically significantly in their healthy

and diseased states (p = 0.420). The corresponding difference for the piglets with NP induced was

significant (p = 0.0124).

2. CLINICAL STUDIES (III - V)

2.1. ACUTE PANCREATITIS (III)

2.1.1. IMAGING CLASSIFICATIONS OF ACUTE PANCREATITIS

The morphological CT-classifications according to Balthazar and Schröder, when applied for MRI

showed considerable overlapping between the MAP and SAP groups (Table 3, Study III).
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2.1.2. SI MEASUREMENTS IN ACUTE PANCREATITIS

At 1.0 T, without CM, no statistically significant differences between the repetitions existed in the

SIs of the two groups. The mean SI-curve for the healthy controls was at a higher level than those of

the two types of AP, but the difference was not statistically significant (Fig. 1, Study III).

The mean post-contrast SIs of the healthy were at a higher level than those of the patients with

MAP, who, again, had a profile plot at a greater level than that of the SAP group. The mean curve

of the SAP patients showed an irregular pattern, whereas the healthy controls and patients with

MAP had more stable curves. Despite these evident trends, no statistical difference was reached

because of the small number of subjects (Fig. 1, Study III).

At 1.5 T, a post-hoc test showed the non-contrast SIs of the controls to be at a higher level than

those of the patients with AP. The difference between the controls and the MAP patients was almost

significant (p = 0.142), and the corresponding p-value (0.009) for the SAP patients was significant

(Fig. 4, Study III).

With CM, the post-hoc tests after logarithmic transformation showed a statistically significant

difference between the SIs of the two groups of AP. The SIs of the controls were at a higher level

than those of the SAP patients (statistically significant difference; p < 0.001) and MAP patients

(almost statistically significant difference; p = 0.179) (Fig. 4, Study III).

The contrast-enhancement of each group was at a different level, but behaved in an analogous

manner. After a post-hoc test, the CE curves for the controls and SAP patients were at almost

statistically significantly different levels (p = 0.057). The CE curves made for the two types of AP

did not statistically differ.

2.1.3. PROFILE PLOT

Two SI profiles for a uniform phantom placed in the middle of four surface body-array coils are

shown in Fig. 5, Study III. The profiles were made for the T1-weighted 2D FLASH(50) fatsat

sequence and the T2-weighted HASTE sequence. The SIs form U-shaped curves in proportion to

the distance of the ROI from the surface coils. The variation in the SIs was below 5% with the 2D

FLASH(50) fatsat and below 9% with the HASTE sequence, if the distance from the coils was over
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9 cm. In the middle of the phantom, the SI was only 34% of the maximum with the 2D FLASH(50)

fatsat and 39% of the maximum with the HASTE sequence.

2.2. FOCAL PANCREATIC LESIONS (IV)

2.2.1. SIGNAL DIFFERENCES AT 1.0 T

The T1-weighted 2D sequences FLASH(75) and FLASH(80) did not differ statistically in their

signal behaviour. The contrast medium raised the mean signal intensity difference ratios (SIDRs) of

the whole material significantly according to the analysis of variance (p = 0.005). The

measurements at the two time-points after Gd injection did not differ statistically (Fig. 1, Study IV).

2.2.2. SIGNAL DIFFERENCES AT 1.5 T

Background pancreas

The sequences differed statistically significantly from each other (p < 0.0001), but the crude SIs of

the pancreata hosting either a pseudocyst or a carcinoma did not differ from each other. TrueFISP

showed much lower SIs and HASTE much higher SIs than the FLASH sequences without CM,

which, according to the measurements, were quite equal. The effect of the CM on the SIs of the 2D

FLASH(50)fatsat sequence at 30s (p = 0.008) and at 60s (p = 0.002) was statistically significant

(Fig. 2.A, Study IV).

The analysis of variance for the SDs of the pancreata showed a significant difference between the

sequences (p = 0.010), but the diseases did not differ statistically significantly from each other.

Mean SDs with TrueFISP were on a lower level than the rest except for the 2D FLASH(50)fatsat

without CM and with CM at 60s (Fig. 2.B, Study IV).

Carcinoma and pseudocysts

The sequences differed statistically significantly in their behaviour by lesions (p < 0.0001). Because

of the skewed distribution, a square-root transformation was made. The post-hoc analysis showed

that the significant difference was due to TrueFISP and HASTE, which could separate the cystic
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lesions from cancer (p < 0.0001). The 2D sequences FLASH(80) or fat-saturated FLASH(50), even

enhanced, did not differ statistically significantly from each other (Fig. 2.C, Study IV).

Difference between normal pancreata and lesions

The statistical analysis made for the crude SI-differences between the pancreas and the lesion

showed a significant difference between the sequences (p < 0.0001). The TrueFISP (p = 0.007) and

HASTE (p <0.0001) sequences could classify the lesions. With the benign cystic lesions, the two

T2-weighted sequences differed statistically significantly from each other (p = 0.003) as did also the

FLASH(80) from the the fat-saturated FLASH(50) with CM at 30s (p = 0.009) and 60s (p = 0.019).

The T1-weighted sequences without CM showed no statistical differences between each other, nor

did the CM have a statistically significant effect on the SI differences of the 2D FLASH(50) fatsat

(Fig. 2.D, Study IV).

According to the CNRs, the sequences were significantly different (p <0.0001) and behaved

differently between the benign cystic, and malignant solid lesions (p < 0.0001). TrueFISP, (p =

0.001) and HASTE (p <0.0001) could separate the benign from malignant lesions. The two T2-

weighted sequences differed statistically significantly from each other. With the benign cystic

lesions, the FLASH(80) differed from the fat-saturated FLASH(50) with CM at 30s (p = 0.006) and

60s (p = 0.004). The T1-weighted sequences without CM did not show statistical differences

between each other, nor did the CM have a statistically significant effect on the SI differences of the

FLASH(50) fatsat (Fig. 2.E, Study IV).

2.3. DETECTION OF PANCREATIC CANCER (V)

2.3.1. THE RADIOLOGICAL DIAGNOSIS

To study the formation of the final radiological diagnosis from individual imaging criteria, multiple

variables were tested (Table 2, Study V). The radiological diagnosis was a pancreatic cancer in 166

readings and a non-malignant state of the pancreas in 361 readings, and 120/221 (54.3%) of the

cancer diagnoses were correct. The result depended on the reader (p = 0.03) but not on the

sequence. The sensitivity, specificity or accuracy of any single sequence or the entire examination

did not differ significantly. A visible tumour (p < 0.001; OR 142.72; 95 % CI 55.23, 368.81) or the
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dilation of the duct of Wirsung (p = 0.005; OR 3.58; 95 % CI 1.48, 8.65) did have a statistically

significant association with the radiological diagnosis of malignancy (Table 3, Study V).

2.3.2. POSSIBLE MRI FEATURES OF A VERIFIED PC

The radiologically estimated size of the pancreas was a statistically significant predictor of the

clinical diagnosis, atrophy significantly increasing the possibility of malignancy (p < 0.001; OR

13.91; 95% CI 4.06, 47.71 for severe and OR 18.00; 95% CI 5.42, 59.72 for mild pancreatic

atrophy). Even a normal-sized pancreas was associated with a PC (p < 0.001; OR 12.18; 95% CI

4.20, 35.33). Moreover, positively associated with a clinical diagnosis of malignancy were a

dilation of the pancreatic (p < 0.001; OR 7.30; 95% CI 3.86, 13.84) or bile ducts (p < 0.001; OR

11.28; 95% CI 6.42, 19.80) as well as the presence of intra-abdominal fluid (p = 0.04; OR 2.09;

95% CI 1.02, 4.26) (Table 3, Study V).

The SI of the tumour had neither a statistically significant association with the radiological nor the

clinical diagnosis.

2.3.3. DIAGNOSTIC PERFORMANCE

Of the proposed (radiological) diagnoses, 380/527 (72.1%) were correct. The sequence did not

influence statistically significantly the making of a correct diagnosis (consisting of true-positive and

true-negative diagnoses). A statistically significant difference existed between the readers (p =

0.003), the resident being less accurate than the others (Table 4, Study V).

2.3.4. THE INVASION

In terms of invasion evaluation, 170/234 (72.6%) of the readings were correct. HASTE was inferior

(p = 0.008) to the other sequences in showing correctly the tumour invasion which was surgically

verified. No other clear differences existed between the sequences (Tables 5 and 6, Study V).
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2.3.5. INTEROBSERVER AGREEMENT

The whole material consisted of 546 observations, 527 of them complete. A kappa value > 0.60

indicates good concordance, kappa 0.40 to 0.59 fair concordance, and < 0.40 poor concordance.

The average weighted kappa was 0.54 for pancreatic atrophy, 0.32 for the SI of the tumour or

aberrant region, 0.28 for the visibility of the tumour; 0.62 for the state of the pancreatic duct, 0.60

for the bile ducts, 0.11 for the presence of pleural effusion, and 0.42 for the intra-abdominal fluid;

and 0.34 for the radiological diagnosis.
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DISCUSSION

1. METHODS USED IN THE STUDY

1.1. ACUTE PANCREATITIS

The pig is a suitable animal in which to study the pancreas. With only one important exception, the

main pancreatic duct draining directly into the duodenum, the digestive system of the pig closely

resembles that of man. In our piglets we used two different models of experimental acute

pancreatitis (Nuutinen et al 1986, Nuutinen 1987). These models are generally accepted and are

being widely employed in animal experiments. The pancreas of a piglet is big enough for further

examinations, e.g., ROI measurements in MRI. The piglets were of standard weight, with a standard

MRI schedule and sampling for histology.

Histological studies were conducted by an independent pathologist who used the degree of necrosis,

inflammatory reaction, and haemorrhage to verify the two basically different degrees of severity of

acute pancreatitis achieved by the experimental models (Nevalainen and Aho 1992). Histological

samples contained no significant parenchymal necrosis in oedematous pancreatitis. However, one

piglet of each group of pancreatitis was excluded because the intended type of disease was not

achieved. The reason for this may have been incorrect pressure of the infused agent in the induction

of pancreatitis.

Diagnosis of AP was based on consistent clinical findings combined with elevated amylase levels,

on exclusion of other diseases; the assessment of severity was based on the Atlanta classification

system (Bradley 1993) (III, V). The protocol of our institution includes confirmation of the

suspicion of SAP (with > 3 points on the Schröder score) by contrast-enhanced CT (Schröder et al

1985). The bolus injection of CM and SI gain of the MRI equipment was kept constant in each

study to enable consecutive measurements.
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1.2. FOCAL LESIONS OF THE PANCREAS

Pancreatic pseudocysts, found in patients with a verified acute pancreatitis, were chosen for the

comparison of measurements, because they do not usually form a differential diagnostic challenge

for a radiologist. Therefore they were suitable for revealing the SI discrimination capability of MRI

(IV).

Most of our patients with malignant disease of the pancreas (IV, V) underwent sampling for

histological verification. Few patients with an advanced disease process refused cytological or

histological biopsies, and their disease was followed up with clinical and radiological parameters.

Pancreatic ductal adenocarcinoma, ampullary carcinoma and cholangiocarcinoma are usually of low

signal intensity (Vellet et al 1992, Guthrie et al 1996, Semelka et al 1997) and hypoattenuating on

MR images because of their scirrous nature. The imaging finding often corresponds to the

histology, but not always (Demachi et al 1997). Undoubtedly, the amount of fibrosis and necrosis

varies from tumour to tumour, but ductal adenocarcinoma may even contain mucin, thus making

differential diagnosis difficult. Therefore, before SI measurements (IV), each study was reviewed

with the pathology report or intraoperative note and case record to confirm the location and visible

and indirect signs of the of the mass.

1.3. VALIDITY OF SI MEASUREMENTS

The lack of an absolute SI scale is problematic. In order to compare different patients and

acquisitions within each patient, it is necessary to relate the measured SIs to a consistent reference

standard (Luoma et al 1993).

Paramagnetic CM, like Gd, tend to reduce both T1 (SI increase on T1-weighted images) and T2

(which causes signal loss on T1-weighted images). Although we know that conventional SE

sequences show CE better than do the spoiled GRE sequences (Rinck and Mueller 1999), we used

the latter in our study to enable fast breath-hold imaging and to show dynamic behaviour of the

interstitial-fluid-type CM. With the GRE sequences, the T2 effects have been avoided by

application of a very short TE. Even a larger than triple dose of Gd (0.3 mmol/ kg) would continue
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to increase SI (Hendrick and Haacke 1993). Thus, our SI differences in the pancreas reflect the

differences in the biodistribution of CM caused by the diseases.

1.3.1. ACUTE PANCREATITIS

SI values of the pancreatic parenchyma were determined in the most representative area of the

lesion or pancreas, avoiding vascular structures. Subcutaneous fat served as an internal reference for

the measurements with a T1-weighted GRE sequence and a standard body coil at 1.0 T. It could not

be used as such for imaging with a fat-saturated T1-weighted GRE sequence using a phased-array

body coil. A profile plot made for the phased-array coil at 1.5 T enabled the use of CSF as an

internal reference for the relative measurements. The area of the ROI placed in the CSF was minor

(0.1-0.2 cm2), because we had to avoid partial volume effect caused by the medullary cone, nerve

roots and the dura around the CSF. It was ensured by visual estimation and by keeping the standard

deviation of the measurements as stable as possible. The loss of phase coherence due to complex

flow patterns in CSF flow can be eliminated by reducing the duration of the gradient in the direction

of flow (Gatenby et al 1993). In the applied sequence we used a short TE (4.1 ms) and also very

compact gradient waveform to reduce the effects caused by phase incoherence in the flow.

1.3.2. THE FOCAL PANCREATIC LESIONS

Intraoperative notes and patient records were used to confirm the location of the mass before

measurements. The visible and indirect signs of the lesion were noted when placing a circular

operator-defined region of interest (ROI) ranging in size from 2 to 4 cm2 on the lesion. At 1.0 T,

subcutaneous fat served as an internal reference for the normalisation of the SIs with a T1-weighted

GRE sequence and a standard body coil. For the comparison of T1- and T2-weighted sequences

using a phased-array coil at 1.5 T, no internal reference standard would be valid. We made

assessments with the contrast-to-noise ratio (CNR), indicating the probability of the SI differences

between a lesion and pancreas. This was achieved by dividing the absolute SI difference between

the lesion and the background pancreas by the standard deviation of the SI of the background

pancreas in the image.
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2. MRI IN ACUTE PANCREATITIS

The unpredictability of AP has led to a search for objective tools for grading its severity. A method

for predicting the likely course of AP soon after admission to hospital would guide the staff as to

the need for more intensive monitoring, or possible therapeutic intervention. Research into

inflammatory mediators seems promising in the diagnosis and staging of AP and may reduce the

need for imaging in the diagnosis of AP. However, for monitoring of the local complications as well

as for their treatment (guided punctures, draining, and operation), the laboratory markers are

unlikely to replace imaging. The value of the assessment of the amount and localisation of viable

tissue by means of CE-CT has been established (Kivisaari et al 1983, Johnson et al 1991,

Kemppainen et al 1996). CE-CT is associated with a relatively high radiation dose and the need for

administration of large volumes of intravenous CM, potentially nephrotoxic for dehydrated patients.

Because many patients with AP are relatively young and require multiple examinations, the

accumulated disadvantages may be significant. Therefore, we reviewed the possibilities of MRI in

the diagnosis of AP.

2.1. MORPHOLOGY ASSESSMENT WITH DIFFERENT PULSE SEQUENCES

In MRI, morphological features of acute pancreatitis may serve as the basis for grading of the

patients according to Balthazar (Balthazar et al 1990) or Schröder (Schröder et al 1985) scores

analogously to CT. A recent study (Lecesne et al 1999) showed a positive correlation between

patient morbidity and assessment of severity by means of the Balthazar scoring system used for

both non-contrast and CE-MRI. These scores were applied to our clinical patients (III), but

considerable overlap occurred within Balthazar and Schröder classifications between individuals in

the MAP and SAP groups. Thus, we do not consider morphological findings sufficiently

distinguishing for grading of the severity of AP.

In mild AP, the pancreas may maintain its normal morphology and signal characteristics (Imamishi

et al 1994); in more advanced cases, the gland may be slightly enlarged with peripancreatic oedema,

appearing swollen and having a lower SI (I, II, III) (Bartolozzi et al 1999). The margins may appear

blurred on T1-weighted images (without fatsat), which are very sensitive to peripancreatic

inflammatory changes (Semelka et al 1991b). Acute fluid collections occur early in the course of

both MAP and SAP, and are delineated by a loose margin of macrophages and inflammatory cells.



59

Pancreatic collections are often contiguous with or extend into the peripancreatic tissues, because

the pancreatic enzymes spill into the peripancreatic area (Lee et al 1998). In two to three weeks

after the initial toxaemic phase, the rim develops into a well-defined pseudocapsule of granulation

tissue that may enhance with CM (Paulson et al 1997). Spontaneous resolution happens in less than

half the cases, depending on the size and location of the pseudocyst (Beger et al 1997). The

multiplanar capability of MR is useful for evaluating the relation of a fluid collection or pseudocyst

to upper abdominal structures and its internal structure (Morgan et al 1997). Uncomplicated

pseudocysts had a low SI on T1-weighted images and high SI on T2-weighted images, and did not

enhance with gadolinium (Gd) (IV). MRI with a T2-weighted fatsat sequence has even been

proposed as a primary imaging method prior to intervention, with its good depiction of fluid and

solid components in the complex collections. Pancreatic abscesses can be pathologically

differentiated from infected necrosis, in that the former contain little or no necrotic tissue, and their

contents are liquefied. The depiction of solid necrotic debris seems to be better on MRI than on CT

(Morgan et al 1997). Although CT is superior to MRI in the detection of gas and calcifications,

susceptibility artefacts may aid their conspicuity by use of GRE sequences such as those we used

(Mirowitz 1998).

Magnetic resonance cholangiopancreatography (MRCP) has been developed as a non-invasive

alternative for ERCP for the diagnosis of the underlying causes of AP such as biliary stones and

anatomic variants (pancreas divisum, annular pancreas, anomalous pancreatobiliary ductal junction,

and biliary cysts) (Hirohashi et al 1997, Regan et al 1998, Kim et al 2000). It is a useful tool for

diagnosing these states and for the complications of AP, such as pseudocysts and fistulas (Fulcher

and Turner 1999). It has been added to the MRI protocol of our institution, but was not available

when our study began.

2.2. USEFULNESS OF NONCONTRAST SI´S

Earlier experimental (Tsay et al 1987, Puolakkainen et al 1989) and clinical (Stark et al 1984,

Tscholakoff et al 1986, Jenkins et al 1987, Smith et al 1989) MRI studies were made for the

differentiation of necrotic from oedematous tissue, but the SIs and calculated relaxation times of the

two grades of the disease overlapped. The small experimental species or insufficient MRI

techniques at low field-strengths in part caused these disappointing results. Our studies are in line

with this earlier experience: without CM, the diseased tissue showed a significantly lower SI than
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did healthy pancreas, but MRI could not differentiate between the two types of the disease or

visualise necrosis of the pancreas (I, III). The result was dependent neither on magnetic field-

strength (10 or 25 mT/m), nor on sequence (Turbo-FLASH without or FLASH with fatsat) or coil

(standard versus phased-array surface coil). These results contradict findings of a study considering

well-marginated areas of divergent SI on non-contrast MR to be necrotic pancreas (Lecesne et al

1999). In both of these non-contrast studies, the repeated acquisitions showed the measurements to

be stable, thus forming a good basis for further SI measurements.

2.3. USEFULNESS OF SI´S IN CE-MRI

By including measurements of SI after CM injection, information can be obtained about tissue

contrast uptake, which indirectly reflects tissue perfusion, and the condition of the capillaries. Like

iodinated CM, Gd chelates rapidly equilibrate between the intravascular and interstitial tissue

compartments (Dean et al 1988). Image acquisition can be initiated immediately following contrast

administration, and short-duration GRE sequences, such as those used in this series of studies, are

recommended in pancreatic imaging. Inflammation, malignant tumours, and tissue necrosis alter the

number of intact capillaries and their permeability as well as the extravascular volume. CE-MRI is

able to demonstrate disturbances of blood flow in the pancreas early in the course of AP, predicting

the presence and extent of possible necrosis (Kemppainen et al 1996, Ward et al 1997). In severe

AP, enhancement of pancreatic parenchyma becomes more heterogeneous and diminished on

immediate postcontrast images, and non-enhancement corresponds to defects documented by CT

(Saifuddin et al 1993, Ward et al 1997). MRI thus seems to be at least equal to CT in the detection

of necrosis (Lecesne et al 1999, Robinson and Sheridan 2000).

In our experimental study at 1.0 T with animals all of the same size, and similar disease as well as a

constantly scheduled MRI with a triple dose of Gd (II), CE-MRI could clearly differentiate between

the two groups in severity of AP. Several factors explain the poorer discrimination power of the

clinical MR study at 1.0 T where no statistical difference existed between the groups in contrast

enhancement. With patients, all these factors varied considerably, and a clinical dose (0.1 mmol/kg)

of Gd was used. In body coil imaging, SNR depends strongly on patient size (Hayes et al 1992).

Using the Schröder score, the means for the MAP (2.5 versus 2.9) and SAP patients (5.1 versus 4.8)

differed more at 1.5 T than at 1.0 T (Table 3, Study III). This, again, may in part explain why it was

possible to differentiate between the two groups of severity according to their CE SIs at 1.5 T with a

phased-array body coil (III).
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2.4. INTRAVENOUS CM IN ACUTE PANCREATITIS

2.4.1. THE IODINATED X-RAY CM

The potentially nephrotoxic iodised CM for the severely ill patients and possibly repeated radiation

doses in CT needed to monitor the complications have raised the need for an alternative. Because of

the risk of renal tubular damage, intravenous CM should not be given before hydration to severely

dehydrated patients or to patients with respiratory distress, both conditions often presenting with AP

(Kivisaari et al 1991). Recent reports have questioned the safety of the iodised CM for the pancreas

itself (Foitzik et al 1994a, Foitzik et al 1994b, Schmidt et al 1995). Contradictory reports, however,

have also been published. The experimental model seems to affect the results (Kaiser et al 1995),

and the timing of the CE-CT in the clinical setting is very rarely within seven hours after the onset

of symptoms. Subtle clinical clues may have influenced the selection of the patients for the CE-CT,

and thus the results of the clinical study reporting on the damaging effect of CE-CT (McMenamin et

al 1996). In our institution, patients with a mild disease only seldom go on to CE-CT. Rau et al.

(1995), with intraoperative verification, could not confirm increase in necrosis after CE-CT.

2.4.2. THE GD CHELATES IN MRI

The safety profile of Gd and that of the modern non-ionic X-ray CM are comparable (Muehler et al

1992, Harpur et al 1993). The renal tolerance of Gd compounds is well known in patients with renal

failure (Haustein et al 1992, Reinton et al 1994). Intravenous injection of Gd-DTPA does not seem

to impair pancreatic microcirculation or increase acinar injury in experimental necrotizing AP

(Werner et al 1997).

2.5. CT OR MRI

Both CT and MRI can be used for the evaluation of acute pancreatitis. The advantages and their

disadvantages may be listed as follows:

CE-MRI: 1) Demonstration of pancreatic necrosis and fluid collections is at least as good as that

of CT (Morgan et al 1997, Ward et al 1997, Lecesne et al 1999)
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2) Underlying abnormalities can be demonstrated in the same session, noninvasively

(Gryspeerdt et al 1998, Fulcher and Turner 1999)

3) Renal and pancreatic tolerance of intravenous Gd has shown good results (Haustein

et al 1992, Werner et al 1997)

4) Monitoring of severely ill patients and guiding of procedures are not equally easy,

but the technology is developing rapidly (Robinson and Sheridan 2000, Takehara 1999)

CE-CT: 1) Detection of calcifications and small gas bubbles is better than with MRI (Gehl et al

1994, Ward et al 1997)

2) Insertion and monitoring of drainage devices is more readily performed (Robinson

and Sheridan 2000)

3) The environment for dealing with severely ill patients is more favourable than in

MRI (Robinson and Sheridan 2000)

4) CT is more widely available and less costly than is MRI (Soimakallio 1997)

5) Radiation dose and large volumes of potentially nephrotoxic intravenous CM are

repeated in young patients with complicated AP

The advantages of CE-CT in patients with severe AP outweigh its risks, and its contribution has

been established beyond doubt. Despite its limitations, US is also widely utilised in AP. The

potential hazards of the imaging and treatment methods and their timing are still controversial, but

non-invasive alternatives, possibly avoiding ionising radiation, should be included in the rationale.

Our studies (I, II, III) justify the use of MR imaging as an alternative for evaluating the severity and

complications of AP, when available.

3. MRI IN PANCREATIC CARCINOMA

Despite all efforts to improve the therapeutic management of pancreatic carcinoma, the results can

be summarised as follows: 1) Virtually all patients are symptomatic at the time of diagnosis of PC,

2) Referral to the treatment occurs at an advanced state of the disease, 3) Resectability rates are low,

only 10-20% (Ronda et al 2000, Henne-Bruns et al 2000), 4) Survival rates have not improved

significantly during the last decade (Manu et al 2000), 5) Resection gives the best hope of cure

(Huguier and Mason 1999), and surgical morbidity and mortality have fallen (Trede et al).



63

3.1. RECENT TECHNIQUES FOR MRI

For patients in whom spiral CT is inconclusive for the diagnosis of pancreatic tumour, MRI may

add significant information (Semelka et al 1996a, Trede et al 1997). MRI of the pancreas requires

specialised sequences that diminish artefacts in the upper abdomen. The most problematic artefact,

caused by breathing, is minimised by newer techniques, use of frequency-selective fat suppression,

breath-hold imaging, snapshot imaging, and rapid acquisition with relaxation enhancement (Brown

and Semelka 1995). In this study, factors generally contributing to the detection (IV, V) and

resectability (V) of pancreatic tumours with modern MRI at high field-strength were evaluated.

On T1-weighted non-fatsat and fat-saturated images, the pancreas is usually hyperintense to liver

(Imamishi et al1994, Mirowitz 1998) due to aqueous protein, but may be isointense with liver in the

elderly because of gradual fibrosis (Brown et al 1995). Many lesions are isointense with the normal

parenchyma on the non-fatsat T1-weighted imaging, and the radiological findings of pancreatic

metastases do not differ significantly from those in ductal adenocarcinoma (Helmberger et al 1999).

Our study (IV) is in line with this, showing fairly poor conspicuity of the solid lesions using non-

fatsat T1 sequences both at 1.0 T and at 1.5 T.

Fat saturation is known to enhance the intra-abdominal SIs, especially that of pancreas (Mitchell et

al 1991, Semelka et al 1991b). Fatsat is useful in cases of parenchymal fatty replacement (Mirowitz

1998). In our study, considering SIs, the conspicuity of PC and pseudocysts with the fatsat

FLASH(50) was not significantly improved compared with the non-fatsat FLASH(80).

Normal pancreas shows good CE after contrast injection (Brailsford et al 1993, Göhde et al 1999),

and the contrast between tumour and background glandular tissue can be enhanced by using CM in

a dynamic way corresponding to the use in CT (Tervahartiala et al 1997, Sittek et al 1995).

Gadolinium improved the distinction of the lesions with the two non-fatsat FLASH sequences at 1.0

T; only a slight increase in the conspicuity, however, and not a statistically significant one, was

achieved with the FLASH(50) fatsat sequence after CE at 1.5 T (IV). In a recent study (Johnson and

Outwater 1999), the distinguishing between chronic pancreatitis and cancer was impossible,

although the CE in those states was abnormal compared with that of the background pancreas. Most

studies prefer the immediate post-contrast images, but our findings (IV) showed progressive gradual
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enhancement both in the tumour and the surrounding tissue, probably because of fibrotic change

around the tumour.

HASTE is a so-called breathing-independent T2-weighted sequence used with fat suppression.

Clear definition of the bowel may represent the most important feature of HASTE, but its other

important advantages are diminished artefacts from breathing, bowel peristalsis, chemical shift, or

susceptibility, resulting in reproducible image quality (Semelka et al 1996b). The GRE sequence

TrueFISP has been designed to operate in the multi-section mode (11 slices in our study) by use of

extremely short TR values (five ms) to produce a coherent steady-state free precession. The images

are heavily T2-weighted (Bruder et al 1988). The performance of TrueFISP in terms of CNR of PC

was comparable to that of HASTE. The SI of PC on T2-weighted images may vary depending on

the degree of desmoplastic reaction, haemorrhage, necrosis, and inflammatory reaction (Bartolozzi

et al 1999). Mostly the contrast between tumour and glandular pancreas appears to be better on T1-

than on T2-weighted images, probably because the desmoplastic reaction often caused by a

pancreatic carcinoma limits T2 relaxation times. Vellet et al. found that convergence of tumour to

pancreas SI (both look dark on T2), and consequently a poor relative CNR between tumour and

pancreas, may limit the usefulness of T2-weighted images in the evaluation of a tumour (Vellet et al

1992). Based on our study (IV), we do agree.

Novel MRI techniques for the detection of pancreatic tumours make use of fast pulse sequences

with fatsat and CM (Ichikava et al 2000, Thoeni et al 2000) together with MRCP (Adamek et al

2000), which, although a part of pancreatic MRI examination at our institution since 1996, began

too late for our studies. Recent studies deal with the detection of cystic pancreatic tumours (Koito et

al 1998) by MRCP. Refined, functional techniques after secretin stimulation have been developed

to differentiate between pancreatic diseases, benign and malignant, according to evaluation of the

bile and pancreatic ducts (Matos et al 1997, Nicaise et al 1998, Takehara 1999, Cappeliez et al

2000, Manfredi et al 2000, Arslan et al 2000). MRCP may even help in the detection of a tumour in

the vicinity of the ducts at an earlier stage. In a recent study, MRI including MRCP was equal to

EUS in the detection/diagnosis of extrahepatic biliary obstruction, with the advantage of being

totally non-invasive (Materne et al 2000). MRCP with MR imaging is not only useful in identifying

pancreatic malignancies but also in establishing resectability and the need for preoperative stent

placement. In addition, it is helpful in the depiction of the pancreatobiliary tract before percutaneous

intervention and radiation therapy (Fulcher and Turner 1999).
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3.2. DIAGNOSING A PANCREATIC TUMOUR IN MRI

What clues indicate a pancreatic cancer in MRI? Demonstrating a tumour mass in the pancreas by

imaging methods still appears important in diagnosing a malignancy, but in a case of PC, we seem

always to be too late. Our hope is in finding the disease earlier: as a nodule. Because the inherent

contrast of MRI supervenes that of CT, we have hope of finding a tumour in the pancreas when it is

still non-contour-deforming and curable (Semelka et al 1997, Irie et al 1997). On the basis of our

studies (IV, V), the SI of the tumour is not as distinctive a factor as told. The most distinguishing

sign may be a deformation of the lobular internal and external structure caused by a neoplasm or

chronic inflammation in the gland. For seeing this, good resolution (matrix, slice thickness…) of the

imaging method is crucial. A very recent study considering MRI superior to spiral CT in the

extension of PC used an 8-mm slice thickness for the MR images and 3 mm for CT scans (Rofsky

et al 1999). Our technique at 1.5 T used slices of 8 mm (HASTE) and 5 mm (other sequences). Still,

we are looking forward to improvements in the technique, such as larger coverage of a single,

shorter breath-hold, and a larger matrix.

In the study for the detection of PC (V), performed by two specialists (one very experienced in

abdominal MRI) and one resident who were all totally blinded in respect to patient data, agreement

on the state of the pancreatic and bile ducts was good (kappa value 0.62 and 0.60 correspondingly).

In the study (V), with fairly advanced malignancies of the pancreas, a visible tumour or dilation of

the pancreatic duct led statistically significantly to the radiological diagnosis of pancreatic cancer.

The radiologically estimated dilation of the pancreatic and bile ducts, and presence of intra-

abdominal fluid had a significant association with a verified clinical diagnosis of PC. According to

logistic regression analysis, neither the SI nor the sequence were significant factors in the detection

of the tumours. Even interpreting the entire examination (a total of two to five sequences together)

did not improve the results of the blind readings. 72.1% of the suggested diagnoses were correct.

The resident was less accurate than the other two in the interpretation of the images. Undoubtedly,

the results would have been better with only normal controls and clinical data available.

3.4. STAGING OF A PANCREATIC TUMOUR IN MRI

The preoperative staging of a pancreatic tumours is good, as far as vascular invasion (accuracy

79%) (Sironi et al 1995, Sironi et al 1996, Spencer et al 1998) or extrapancreatic tumour extension
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(Irie et al 1997) are concerned. In our study (V), assessment of unresectability (defined as anyone of

these four features: infiltration of peripancreatic tissues or of major vessels, or the presence of

lymph node, or of liver metastases) succeeded in 72.6% of the readings. The sequences were equal,

except for the HASTE which was inferior (p = 0.008) to the others in showing correctly a tumour

invasion that had been surgically verified. In a work by Trede et al (1997), using the same criteria

for resectability, the sensitivity, specificity, and accuracy of MRI were 95.7%, 93.5%, and 80.4%,

with independent expert readers looking for signs of unresectability of PC. Generally, MRI as a

technique succeeds well in the staging of abdominal malignancies, but the visualisation of lymph

nodes is limited and the criteria unclear (Trede et al 1997, De Jaegere et al 1999).

3.5. OPTIMISATION OF MRI OF THE PANCREAS

Cost-effectiveness in radiology has become an issue (Lipton and Metz 2000). A comprehensive

evaluation of disease processes is feasible with a variety of MR sequences, but at the expense of

diminished patient throughput, higher costs of examinations and the even greater likelihood of

motion artefacts. New ultrafast sequences (De Jaegere et al 1999, Semelka et al 1999), as well as

volumetric sequences (Rofsky et al 1999) may be one of the solutions, sparing MRI room-time and

allowing later reformations, even angiographic ones. Shorter imaging protocols (De Jaegere et al

1999, Peppercorn et al 2000) may improve the situation. On the basis of our studies, the MRI

protocol for the search for pancreatic malignancies could well be shortened. Gd enhancement had

no crucial impact on the detection or staging of PC at 1.5 T. As it increases the costs of the study, it

could be omitted.

To date, spiral CT has been the first-line imaging modality in the diagnosis of pancreatic tumours,

due in part to the higher cost and more limited availability of MRI. MRI of the pancreas was

recommended for patients with contraindications to iodinated CM, with inconclusive findings on

CT, or with strong suspicion of pancreatic malignancy (Kelekis and Semelka 1997). MRI has been

the field of neurological and orthopedic imaging, but new equipment with high-performance

gradient systems, appropriate coils and other software innovations have reduced imaging time and

improved SNR, making even cinematic imaging possible (Takehara 1999). Gathering further

experience is a great asset.
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The pancreatic malignancies manifest themselves late. Asymptomatic population screening using

the novel achievements of molecular biology remains an unrealistic goal, but the recognition of

subpopulations at increased risk for pancreatic cancer, along with novel and sensitive detection

techniques (Manu et al 2000) brings us a step closer.
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CONCLUSIONS

On the basis of the present study, the following conclusions are justified:

1. The stability of the relative, repeated non-contrast SI measurements was verified in piglets with

experimental porcine acute pancreatitis and in patients with clinical acute pancreatitis, showing

that the chosen reference standards were suitable for the normalisation of signal intensities in

T1-weighted imaging at 1.0 T.

2. The oedematous changes in the pancreas and peripancreatic tissues were visualised in MRI,

showing good correlation between the histological and imaging findings, but in the non-contrast

MRI of experimental porcine acute pancreatitis, necrosis was not seen. In dynamic contrast-

enhanced MRI at 1.0 T, piglets with necrotizing pancreatitis had lower SIs in their pancreas than

did the healthy piglets or the piglets with oedematous pancreatitis, corresponding to

histologically verified necrosis.

3. The CT classifications for acute pancreatitis according to Balthazar and Schröder were suitable

for MRI, but not sufficiently conclusive to serve as a grading system for severity. The SI

differences in the pancreas between the healthy controls and patients with mild or severe acute

pancreatitis differed neither in the non-contrast- nor in the contrast-enhanced series at 1.0 T. At

1.5 T, the non-contrast mean SIs of the healthy controls were above those of the patients with

AP. After contrast injection, a statistical difference appeared between the mild and severe acute

pancreatitis, based on relative SI measurements.

4. The fast MRI sequences did not differ from each other in the contrast discrimination of cancer

in terms of the SI differences between the lesion and pancreas. At 1.0 T, with the use of a

standard body coil, injection of CM may help to detect a carcinoma. The T2-weighted

sequences could distinguish pancreatic carcinoma from pseudocysts based on contrast-to-noise

measurements.

5. In the search for pancreatic malignancy, a signal intensity change of the pancreas was not a

crucial factor. There were no statistically significant differences between the fast sequences
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used for detection of malignancy. Except for HASTE, which was inferior, the sequences were

equal in terms of evaluation of invasion of malignancy. CM did not improve the results. The

MRI protocol may include only one or two sequences without a major loss of diagnostic

accuracy.
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SUMMARY

The potentially nephrotoxic iodinated contrast media and the repeated radiation doses needed in

computed tomography for the staging and monitoring of patients with acute pancreatitis carry

essential disadvantages. The aim of the present experimental and clinical study was to assess the

value of high-field magnetic resonance imaging as a safe alternative in the detection and grading of

severity of acute pancreatitis according to signal intensities and morphological features.

To reach the diagnosis of pancreatic cancer early and accurately is crucial for improving the

prognosis of the disease. The limitation of the currently established method of diagnosis, CT, is

failure in detection of small non-contour-deforming tumours. Therefore, this study aimed at

determining the sequences with which the greatest conspicuity of pancreatic focal lesions and the

best detection and staging of pancreatic malignancies could be achieved, in order to rationalise the

long imaging protocol at our institution.

The experimental studies of AP included 20 piglets. Oedematous pancreatitis (OP) was induced in 9

piglets by intraductal infusion of diluted bile, and necrotizing pancreatitis (NP) by taurocholate-

trypsin in 11 animals. A histological sample of the pancreas was taken to verify the disease. Each

animal had a non-contrast, dynamic MRI, followed by a dynamic, contrast-enhanced MRI, both

before and after the induction of acute pancreatitis by means of a fast Gradient Echo (GRE)

sequence at 1.0 T. The morphological changes in acute pancreatitis were assessed: In OP only slight

pancreatic enlargement was visible. Pancreatic and peripancreatic oedema, perirenal fat oedema,

intra-abdominal fluid, and bowel paralysis were present in piglets with NP. Pancreatic SI´s were

measured, and time-SI curves were made for the measurements normalised to fat. The pancreata

with disease had a lower SI than the healthy ones, but the two grades of severity could not be

distinguished on the basis of the non-contrast SI measurements. The calculated coefficients of

variation showed the measurements to be stable. According to the contrast-enhanced SIs, the two

grades of acute pancreatitis could be classified. The time-SI curve for the piglets with NP was

significantly lower than that for the OP or healthy piglets.

The clinical study included a total of 29 patients having AP as classified according to the Atlanta

classification system. Early in the course of the disease, nine patients with mild (MAP) and five

patients with severe acute pancreatitis (SAP) were examined by use of dynamic T1-weighted GRE
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sequence at 1.0 T, and six patients with MAP and nine patients with SAP were examined by the T1-

weighted fat-saturated GRE sequence at 1.5 T. Established classifications made for the assessment

of severity using computed tomography (CT) were modified for MRI, when evaluating the

morphological findings of AP. The scores of the MAP and SAP groups according to these

classifications overlapped considerably at both field-strengths. Both the non-contrast SIs at either

field-strength and the contrast-enhanced SIs at 1.0 T failed to distinguish MAP from SAP. At 1.5 T

with a phased-array surface coil (PAC), the signal intensities (SI) of the patients with SAP were

significantly lower than those of the MAP group, although overlapping existed between individuals.

The study for the evaluation of conspicuity of pancreatic cancer according to SI differences

consisted of 51 patients examined for focal lesions of the pancreas (in total 42 pancreatic

malignancies and 13 pancreatic pseudocysts). Imaging was performed using either fast T1 -

weighted sequences at 1.0 T or T1- and and T2-weighted sequences at 1.5 T MR equipment. CM

was also used. The standard body coil used at 1.0 T allowed normalisation of SI measurements to

fat, but the PAC and the use of both T1- and T2-weighted sequences at 1.5 T demanded contrast to

noise (CNR) measurements to make the comparison of the SIs possible. We used the standard

deviation of the SI of the background pancreas as noise for the measurements. Statistically, the

sequences did not differ from each other in the contrast discrimination of cancer as far as the SIs

were concerned. The T2-weighted sequences could discriminate between the cystic and solid

lesions. At 1.0 T, with a standard body coil, and in single cases at 1.5 T with a PAC, injection of

CM helped to detect a carcinoma.

Fifteen patients with a malignancy in the pancreas and 21 controls examined with a 1.5 T MRI for

upper abdominal symptoms were used to study the detection and staging of pancreatic

malignancies. Each subject underwent several of the same five axial breath-hold sequences as in the

former study at 1.5 T with a PAC. Every sequence and the whole study of each patient were

interpreted in random order by three observers who were blinded to the clinical and imaging data. A

dilation of the pancreatic and biliary ducts and intra-abdominal fluid were significant positive

predictors of verified malignancy, and a normal-sized or atrophic pancreas was associated with a

pancreatic cancer. A visible tumour and dilation of the pancreatic duct had a strong association with

a radiological PC diagnosis. The sequences in this study were of equal value in terms of making the

diagnosis. Estimation of the invasion of the peripancreatic fat, vessels, and lymph nodal or liver

metastases was not dependent on the observer. Excluding the half-Fourier single-shot turbo Spin

Echo (HASTE) sequence, which was inferior to the others, the sequences were also equal in terms



72

of evaluating invasion. Making use of the entire examination did not improve the results according

to the regression analysis used for the statistical assessment. Using CM did not improve the results

significantly. Our study justifies a shorter MR imaging protocol with one or two sequences. CM is

not necessary.

In conclusion, MRI seems a promising alternative for CT in the assessment of the severity and

complications of acute pancreatitis, such as fluid collections, without radiation burden and potential

nephrotoxicity of iodinated CM. Contrast-enhanced MRI may be used for demonstrating the

presence and extent of necrosis. For the search for the malignancies, secondary signs, above all

biductal dilation, are important. Signal intensity change is not the most distinguishing factor. CM

may be omitted, and the protocol may include one or two sequences, thereby improving the

availability and lowering the cost of the MR examination.
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