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ABSTRACT 

 
 
 

MANGANESE ENHANCED FUNCTIONAL MAGNETIC RESONANCE IMAGING 
OF ENDOGENOUS PANCREAS AND ISOLATED HUMAN ISLETS 
 
Muhammad E. Haque, PhD 
 
George Mason University, 2007 
 
Co-Director: Dr. Robert Honeychuck 
 
Co-Director: Dr. Brian Roman 
 
 
It is well established that diabetes is of critical importance in the world as the number of 

people affected increases globally.  Although a great deal is known about the pancreas 

and its function, there are still unanswered basic questions about normal pancreatic 

physiology/function.  Presently, pancreatic endocrine function is assessed using 

biochemical tests of insulin release or serum glucose.  Knowing the functional efficiency 

of the pancreas would certainly be beneficial in the development of novel therapies aimed 

at maintaining or increasing endocrine function particularly during progressive 

pathologies.  Here we present an application of functional MRI to the rodent pancreas 

using manganese (Mn) enhanced imaging (MEMRI) in response to glucose stimulation.  

To image rodent pancreas is extremely difficult for many reasons including organ size, 

tissue density, location, and motion.  To overcome these constraints, a novel application 
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of Magnetization Prepared RApid Gradient Echo (MP-RAGE) was applied to achieve 

significant T1 weighted contrast in response to glucose stimulation.  

A pre- and post glucose activation in rodent pancreas indicated a signal increment or 

decrement depending on the dynamic of the stimulant.  A simultaneous injection of 

stimulant with Mn has shown an overall increase of 20% to 26%, signal enhancement.  

Uptake of Mn was confirmed via atomic absorption and insulin release via ELISA.  

 In addition, the research also focused to aid islet transplantation by developing a 

method to make pre-transplant functional assessments of isolated human islets as they 

were subjected to both physiological and mechanical stress during isolation.  As 

proposed, the islets labeled with a contrast agent (manganese) would alter their molecular 

magnetic properties such as longitudinal (T1) and transverse (T2) relaxation time, and 

there as a result there would be a change in their signal intensity.  This change in signal 

intensity has been exploited to distinguish between adjacent soft tissues, to delineate 

pathologic tissues, and, in principle, to characterize tissue viability.  μMRI of isolated 

islets revealed a significant change in T1 and diffusion coefficient between the controls 

versus stimulated islet where no changes was observed in transverse relaxation  
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Chapter 1. Introduction to Endocrinology 
 
 
 

       
1.0.0 Overview 

 The aim of this research was to assess the function of the endogenous pancreas 

and isolated pancreatic islets non-invasively.  The driving force is diabetes, which is a 

metabolic disorder cause by insulin deficiency or lack of its utilization.  It is 

characterized by chronic hyperglycemia with disturbances of carbohydrate, fat, and 

protein metabolism.  It is classified into two categories: type I and type II   

 Type I diabetes mellitus is characterized by severe hyperglycemia and lack of 

circulating endogenous insulin, which is required for normal glucose metabolism.  This 

metabolic disorder can cause both acute and chronic health problems including diabetic 

coma, ketoacidosis, neuropathy, renal failure, blindness, and organ damage.  The onset is 

due to the autoimmune destruction of pancreatic β-cells responsible for insulin release. 

 Type II diabetes is characterized by variable degrees of insulin resistance, 

impaired insulin secretion, and increased glucose production. Distinct genetic and 

metabolic defects in insulin action and/or secretion give rise to the common phenotype of 

hyperglycemia. Type II is preceded by a period of abnormal glucose homeostasis 

classified as impaired fasting glucose (IFG) or impaired glucose tolerance (IGT).  

 It is well established that diabetes is of critical importance in the world as the 
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number of people affected increases globally.  Although a great deal is known about the 

pancreas and its function, there is still currently an absence of non-invasive techniques, 

which can be used to study this organ.  There are still unanswered basic questions of 

normal pancreatic physiology/function such as “How many islets are needed for glucose 

homeostasis?”  In an intact pancreas, “How are the islets activated – are there 

coordination/communication/ recruitment between islet masses?”  There are also 

unknowns about the pathophysiology/disease state such as “How does islet mass and 

function vary with onset and progression of diabetes?”  In this regard there is great 

interest in developing techniques to measure beta cell mass.  At this time a brief review 

of pancreatic endocrinology is essential to understand the research project 

 

1.2.0 Introduction to Pancreatic Endocrinology 

 

1.2.1 Morphology  

 The human pancreas is an elongated tapering organ about 12-15cm in length, 

lying laterally to the rear of the upper right hand side of the abdominal cavity, 

encapsulated by loose connective tissues.  It has been descriptively divided into a head, a 

body and a tail as shown in figure 1-1(left). It is a mixture of exocrine and endocrine 

tissue and their functions are enzyme release for digestion and hormonal regulation for 

blood glucose homeostasis respectively.  The rodent pancreas on the other hand has not 

as defined morphology.  It is a gelatinous like mass embedded in mesentery tissues 
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originating from the duodenum extending along the stomach and connecting to the spleen 

at one end and buried in the intestinal region at the other (figure 1-1(right)). 

 

Figure 1-1 Human and rat pancreas.  (Left) a schematic of human pancreas; (right) part of 
the rat pancreas (Reference: Tortora et al., 2003, reprinted with the permission of Wiley 
& Son Inc. 2003). 
 
 

1.2.2 Histology 

 The human pancreas is composed of 98% exocrine and 2% endocrine tissues.  

The endocrine contains approximately 1 million small spheroid clusters of cells, 

distributed throughout the organ, but more commonly found in the tail known as Islets of 

Langerhans.  These were first described in 1869 by the German pathological anatomist 

Paul Langerhans.  Islets vary considerably in size 50-500 μm in diameter, ranging from 

tens of cells to several thousand cells.  The islets are composed of four types of cells i.e., 

alpha, beta, delta, and polypeptide releasing cells.  The proportions and positioning of 

each cell type within the islet varies between species.   

 Figure 1-2 illustrates a histological slide of a human islet.  Alpha cells constitute 

approximately 20% of the islet, generally located around the periphery of the islet.  They 

Body 
Head 

Tail Pancreas 

http://en.wikipedia.org/wiki/1869
http://en.wikipedia.org/wiki/Paul_Langerhans
http://en.wikipedia.org/wiki/Micrometre
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secrete the hormone glucagon, which serves to increase blood sugar levels.  Beta cells 

constitute approximately 75% of the islet cells and are generally located within the center 

of the islet.  They secrete the hormone insulin, which decreases blood sugar levels, and 

amylin, which modulates the action of insulin.  Delta cells constitute approximately 5% 

of the islet cells, generally located around the periphery of the islet. They are 

neurosecretory cells which release the hormone somatostatin, a paracrine inhibitor of 

insulin secretion.  Several minor cell types are found within the pancreatic islet.  

Neurosecretory poly-peptide cells can constitute up to 1% of the islet cells and they 

release pancreatic polypeptide, a paracrine inhibitor of acinar cell secretion. 

 

   

Figure 1-2: Histological slide of human islet.  Red arrow Beta-cell; blue arrow, 
alpha cell; white arrow, delta cells.  (Reference: Tortora et al., 2003, reprinted 
with permission of Wiley & Son Inc 2003). 

 

 

Acinar 

β  Cells 

α  Cells 

δ-Cell 
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 The rat pancreas weighs approximately one gram and has approximately 1000 or 

more islets.  These islets are relatively smaller than human islets ranging from 50-350 

μm, and each is composed of 2000–4000 cells of which 70–80% are β-cells, 5% are 

somatostatin and 15–20% are either glucagon-producing α-cells or pancreatic 

polypeptide-producing (PP cells) depending on whether the islets are located in the 

splenic portion of the pancreas (Erlandsen et al., 1976). 

. 

1.3.0 Beta cell Physiology 

 Pancreatic β-cells play a crucial role in the maintenance of glucose homeostasis 

by secreting insulin, in response to nutrients and hormonal and neuronal stimuli.  Glucose 

is  

 

 

Figure 1-3 Schematic of β-cells physiology illustrating a chain of events in 
the pancreatic β-cells leading to the release of insulin.  

 

[Glucose]  

  

Glucose 
transporter 

Metabolism 

Increased Ca2+ 
influx 

Insulin 

Closure of ATP Sensitive K+ 

channels 

Membrane depolarization 

Opening of Ca2+ channels 

http://en.wikipedia.org/wiki/Micrometre
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the prime modulator of insulin secretion.  The mechanism of glucose entrance and insulin 

release in pancreatic β-cells is illustrated in figure 1-3.  Free glucose enters the pancreatic  

β-cell through the GLUT2 transporter where aerobic glycolysis converts it to pyruvate 

which enters the Krebs’cycle (Matschinsky et al., 1996).  As a result of these metabolic 

changes, ATP is produced and reaches a level at which the ATP sensitive potassium 

channel is triggered resulting in membrane depolarization and opening of the voltage- 

dependent calcium channel.  This results in an increased influx of calcium which 

stimulates a cascade of events resulting in the release of insulin.   

 

1.3.1 Insulin 

 Insulin is a rather small protein, with a molecular weight of about 6000 Daltons. It 

is composed of two chains held together by disulfide bonds (see chapter 5 for detail).    

The amino acid sequence is highly conserved among vertebrates, and insulin from one 

mammal almost certainly is biologically active in another.  Insulin is synthesized in 

pancreatic β-cells, packaged in the Golgi apparatus, and accumulates in cytoplasmic 

granules.  It is secreted in response to elevated blood glucose concentrations through 

exocytosis and diffuses into islet blood capillaries.  It has profound metabolic effects and 

acts on cells throughout the body and facilitates entry of glucose into muscle, adipose and 

several other tissues.  It also stimulates the liver to store glucose in the form of glycogen 

in hyperglycemic conditions.  Insulin deficiency or lack of its utilization leads to the 

metabolic disease known as diabetes. 
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 The pathophysiological states of type I and type II diabetes lad to uncontrolled 

hyperglycemia.  Despite the discovery of insulin in 1922, a ‘cure’ for diabetes is still 

elusive.  Traditional therapies include exogenous insulin injections and pancreas 

transplants.  Both treatments somewhat improve the homeostasis, but not without 

complications such as graft rejection, simultaneous kidney transplant, and long term use 

of immunosuppressant.  Islet transplantation, a new therapeutic, offers a potential 

alternative to whole pancreas transplantation, however, there are a number of issues such 

as: availability of donors, islet isolation, transplantation procedure, number of islets 

needed, prevention of graft rejection, immunosuppression regiments, post graft 

monitoring, etc. that have to be resolved.  

 

1.4.0 Islet Transplantation 

 Although whole-organ pancreas transplants are relatively successful, the surgery 

is complicated and associated with high morbidity.  In 1972, Ballinger and Lacy reported 

the first successful implant of purified rat islets into inbred (autograft) and non-inbred 

(allograft) diabetic rats (Ballinger et al., 1972). All diabetic immunosuppressed controls 

died within a few weeks.  Longer survival and normalization of blood glucose was 

observed in both the autografted and allografted rats, although the autografted animals 

had better results. Successful human islet autotransplantation was reported in the early 

1980s. (Najarian, et al., 1980).  

 Islet transplantation avoids the complications of open abdominal surgery. The 

pancreatic islets from whole organs are isolated in vitro, and then infused via a catheter 
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into the liver, where they engraft.  Successfully transplanted islets produce and release 

insulin in response to physiologic glucose concentrations and may normalize glucose 

concentration without exogenous insulin.  Until recently, the proportion of patients 

remaining insulin independent after islet transplantation had been disappointingly low. 

There are a number of reasons for this failure such as graft rejection, local inflammatory 

response, sensitivity to immunosuppressive, etc.  Additionally, several cadaveric 

pancreas organs had to be processed for each patient to obtain sufficient functional islets. 

 More recently, researchers in Edmonton, Canada, using an improved islet 

preparation protocol, harvested sufficient islets for one patient from two organs, and 

reported maintenance of islet function for over a year with a glucocorticoid-sparing, an 

immunosuppressive, administered at reduced-dose (Shapiro, et al., 2000). The 

“Edmonton protocol” and subsequently developed protocols are being tested in clinical 

trials. 

 An automated method for human islet isolation significantly improved yield 

(Ricordi, et al., 1988) and allowed large scale isolation for clinical studies. Later, a 

standardized mixture of highly purified enzymes (Liberase) was developed and replaced 

the variable activities of collagenase lots for separating human islets, improving islet 

yield and integrity (Linetsky, et al., 1997). These advances led to greater standardization 

of islet processing protocols, allowing clinical trials to proceed at multiple centers.   

Despite the advancement there are still some critical issues as described below. 

 

1.4.1 Issues and Limitation with Islet Transplantation: 
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 1.  Animal models suggest that up to two-thirds of transplanted islets may be  

  lost within the first 30 days of transplantation (Davalli, et al., 1995). 

 2.  Islets from two and sometimes three organs are required for most   

  individuals (Ryan, et al., 2002), because ambiguity about beta-cell mass  

  requires high numbers of harvested islet equivalents for a    

  successful transplant. 

 3.  Prolong continuation of immuno-suppression to maintain viability and  

  function of the transplanted islets may have adverse effects both in short  

  and long term (Faustman, et al., 1982). 

 4.  Transplantation after advancement of disease complications may not be  

  able to reverse or even stabilize the process (Brunicardi, et al., 1994)  

 5.  Potential adverse events of islet transplant could be direct consequences of 

  the procedure such as hemorrhage or thrombosis from percutaneous access 

  of the portal vein (Evans et al., 1989)  

 6.  Islets also meet the definition of a drug under the Federal Food, Drug, and  

  Cosmetic Act, so experimental and clinical studies to determine   

  safety and effectiveness of the outcomes under FDA investigational new  

  drug (IND) regulation (Weber et al., 2002) are required. 

 7.  Major issues following the transplantation are islet vascularization and  

  monitoring functionality.  Currently C-peptide and HbA1c (glycated  

  hemoglobin) are biological outcomes that are indicators of graft function  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=6819960&query_hl=68&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8022750&query_hl=14&itool=pubmed_docsum
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  and glycemic control, respectively.  Not well understood what is   

  happening to islets? 

 

 The logical question is: why pursue further?  The answer is that the benefits will 

outweigh the financial cost of each person suffering from type I diabetes.  Besides, 

elimination of hyperglycemic episodes glycemic control will improve the quality of the 

patient’s life by eliminating the need for insulin injections, frequent self-monitoring of 

blood glucose levels, and dietary restrictions.  Early control in disease progression will 

reduce or eliminate long-term diabetic outcomes such as retinopathy, neuropathy, 

nephropathy, and cardiovascular disease. 

 

1.5.0 Research Overview 

 Some of the issues may be on the verge of resolution in the near future such as 

study of xenotransplants (Valdes-Gonzalez, et al., 2002) to determine the number of islets 

necessary, islets from non-healthy donors (Ricordi, et al., 2002), elimination of the need 

for lifelong immunosuppression by islet encapsulation for immune isolation (de Vos  et 

al., 2002; Boninsegna et al., 2003) and improvement in human islet isolation methods 

(Ricordi et al., 1988).   

The focus of this research is pancreas functional efficiency, which would certainly 

be beneficial in the development of novel therapies aimed at maintaining or increasing 

endocrine function particularly during progressive pathologies. Here we present an 

application of functional MRI to the rodent pancreas which is extremely difficult for 
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many reasons including organ size, tissue density, location and motion. In addition, the 

research was also focused on islet transplantation by developing a method to make 

functional assessments of isolated human islets 

 The current trend for islet transplantation is "the more the better" based on the 

success of post-graft duration and blood glucose monitoring, which may be correct or 

may be not.  There is no good standard to check the viability or functionality of the 

isolated islets prior to transplantation.  If a million islets are transplanted, then a 

representative batch is evaluated for viability and functionality.  With consideration of 

rigorous isolation process, the presumption is half of those islets may be dead or not 

functional.  

There is an urgent need for a method which can assess the functionality of 

isolated islets and post-graft functional monitoring.  In this regard, we may not need as 

many islets or perhaps one donor’s islets can be distributed in more than one recipient.  A 

number of techniques have been studied for non-invasive monitoring or imaging of ß-cell 

function, such as bioluminescent imaging of transplanted islets (Idahl, et al., 1995;  Ishii, 

et al., 2005), positron emission tomography (PET) (Sweet, et al., 2004;Wangler, et al., 

2004), and nuclear magnetic resonance (Moore,et al., 2002 ).  

  This present research was centered on the principles of magnetic resonance 

imaging, which can detect intracellular processes and link imaging technology to 

biochemical reactions.  For many years, MRI has been well known for its anatomical 

detail, but limited or no information about functionality.  First functional application of 

MRI was to study brain activity in response to external stimulus (DeYoe et al., 1994). 
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Recently Lin and Koretsky et al., 1997 demonstrated the use of Mn, as MRI contrast 

agent, for direct imaging of brain function followed by Pautler et al.,1998 who used it to 

track nerve responses.  

We used a similar protocol in this research.  Briefly, insulin release is associated 

with β-cell activation in response to a rise in extracellular glucose.  Subsequent 

metabolism of glucose leads to generation of ATP as a result, ATP-sensitive K+ channels 

close (Ashcroft et al., 1989 ) creating a membrane depolarization which opens the 

voltage-gated L-type Ca2+ channels, altering intracellular Ca2+ influx which mediates 

insulin secretion from the cell (Roe et al., 1993).  In order to take advantage of the non-

invasive nature of MRI, manganese (Mn) was used as a reporter of ß-cell function. 

 

1.6.0 Hypothesis 

 

Pancreatic β-cells activation or functionality can be monitored using MRI; activated 

pancreatic regions have elevated Ca2+ influx; in the presence of extracellular Mn2+, which is a 

Ca2+ analog, the activated region will have greater Mn2+ influx.  As a result, the intracellular 

accumulation of Mn2+, which is also a MRI contrast agent, will lower the T1 relaxation time of 

water, which in turn will increase signal intensity in T1-weighted MRI. The MR signal 

enhancement as a result of stimulus (glucose) will reflect the cellular activity or functionality    

 

Since the proposed method is based on the principle of magnetic resonance imaging a 

comprehensive review is discussed in chapter 2. 
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Chapter 2: Principals of Magnetic Resonance Imaging 
 
 
 

2.0.0 Historical Overview 

In a broad sense, Magnetic Resonance Imaging (MRI) is a tomographic technique 

that creates images of internal physical and chemical characteristics of an object from an 

externally measured nuclear magnetic resonance (NMR) signal.  MRI is considered to be 

a powerful imaging modality because it is sensitive and flexible to a broad range of tissue 

properties.  Furthermore, unlike other tomographic techniques like x-ray and CT 

(computer tomography), MRI involves no ionizing radiation, so it is relatively safe under 

normal operating conditions. 

A brief history about the developments that led to the discovery of magnetic 

resonance imaging (imaging concept) is important. The concept of nuclear magnetic 

resonance started in 1933, when Stern and Gerlach measured the effects of nuclear spin 

by deflecting a beam of hydrogen molecules.  Rabi and his coworkers continued the work 

and showed how to measure the nuclear magnetic moment (Rabi II, et al., 1938).  

In 1946, Felix Bloch at Stanford University and Edward M. Purcell at Harvard University 

discovered independently a well-known NMR phenomenon in bulk matter; they 

measured the precession of the spins around a magnetic field.  This was called “nuclear 

magnetic resonance,” or NMR (Purcell EM et al., 1946; Bloch F, et al., 1946).  For this 

discovery, the two scientists shared the Nobel Prize in 1952.  
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During the 1950’s and 1960’s, NMR became an important tool that was widely 

used for studying the chemistry and the structure of solids and liquids.  But at that time, it 

was hardly used in medicine.  In 1971, Raymond Damadian introduced NMR to medicine 

by measuring nuclear magnetic relaxation times T1 and T2 of normal tissue and of tumor 

tissue, and he reported that tumorous tissues had longer relaxation times than normal 

tissues (Damadian et al., 1971). 

 In 1973, Paul Lauterbur was able to generate the first two-dimensional NMR 

image. He used the back projection reconstruction method employed for CT imaging to 

produce an image of two tubes of water. Lauterbur called his technique 

“zeugmatography” (from the Greek “zeugmo,” meaning “joining together”).  This 

referred to joining a gradient magnetic field with a main magnetic field (Lauterbur, et al., 

1973). 

Then, in 1975, Richard Ernst proposed magnetic resonance imaging using phase 

and frequency encoding and the Fourier transform, instead of using Lauterbur’s back 

projection method.  This technique led to the basic reconstruction method for MRI 

imaging that is used today (Kumar et al., 1975).  One year later, Peter Mansfield and his 

colleagues generated the first in vivo image of the human body and the first image 

through the abdomen (Mansfield et al., 1976). 

 Since the late 1970’s, both MRI software and hardware have rapidly developed to 

produce a tool that is widely used for several clinical and animal studies.  Nowadays, 

MRI is involved not only in producing anatomical imaging with high spatial resolution – 

it is also involved in studying blood flows, perfusion, diffusion, and the function of the 
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brain as well as other organs.  This development also improved the quality of the image 

properties such as contrast, resolution, and the signal to noise ratio. 

 

2.1.0 Basic Concepts 

 

2.1.1 Quantum Description 

The following is a brief quantum description about the physics of NMR. If an 

object, which contains a sufficient number of hydrogens, is placed in an external 

magnetic field 0B
r

, the magnetic moment of the protons will align itself parallel or anti-

parallel to the direction of the main magnetic field.  This can be described by two energy 

states: the lower energy state “spin up,” in which the nuclear magnetic moment is parallel 

to the applied magnetic field, and the higher energy state “spin down,” in which the 

magnetic moment is anti-parallel to the magnetic field.  

The energy difference ΔE between the two states is given by the following 

equation 

 0BEEE hγ=−=Δ ↑↓  (2.1) 

where γ  is the gyromagnetic ratio, h is Planck’s constant (h = 6.63 × 10-34 J.s = 4.14 × 

10-15 eV.s), and π2/h=h . 

This non-zero difference between the two energy states is known as the Zeeman splitting 

phenomenon, illustrated in Figure 2-1. 
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Figure 2-1: Energy level diagram for a proton under Zeeman interaction. 

 
 

According to Planck’s law, the relation between the frequency 0ω of the photons 

and the quantized energy difference EΔ  can be written as  

 0ωh=ΔE  (2.2) 

Combining the above two equations, the well-known Larmor relationship is obtained 

(Haacke et al., 1999). 

 00 Bγω =  (2.3) 

The spin in the down state has higher energy than the spin in the upper state, so 

the transition between the two energy spin up and spin down states can occur by 

absorption or transmission of electromagnetic radiation which has Larmor frequency. 

In a real system, there are many nuclei that occupy a particular spin state.  This 

means that there is a spin population in each spin state, where the spin population in the 

two spin states is related to their energy difference and is expressed by the Boltzmann 

equation 

 kT/E)kT/Eexp(
N
N

Δ+≈Δ=
↓
↑ 1  (2.4) 
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where ↑N  is the population of the lower state, ↓N  is the population of the upper state, 

T  is the absolute temperature of spin system, and k  is the Boltzmann constant  

(1.38 × 10-23 J/K) (Haake et al., 1999). 

The above equation indicates that there is an excess small fraction of spins in the 

lower energy state than in the higher energy state; this difference between the two 

populations generates a net macroscopic magnetization 0M
r

 that aligns in parallel to the 

external magnetic field.  For our magnet, at room temperature and where 0B  = 4.7 T, 

calculating the spin population differences in the two energy states for spin consisting of 

protons shows that the excess of protons in spin up state is only about 16 out of every 

million protons.  This small spin excess can be manifested as an NMR signal, though the 

small size of the excess is why NMR is known as a low sensitivity technique. 

 

2.1.2 Classical Description 

An accurate understanding of NMR requires a strong background in quantum 

mechanics.  However, in most cases, a classical treatment is sufficient to understand 

MRI. The following is a description of MRI from a classical point of view.  The physical 

basis of MRI originates from the concept of nuclear “spin,” its associated angular 

momentum, and its magnetic moment. Nuclei with even-numbered protons and neutrons 

have zero nuclear spin and therefore possess no magnetic moment.  All other nuclei have 

non-zero angular momentum and therefore have magnetic dipole moments.  Examples of 

important nuclei in magnetic resonance which have spin ½ are 1H, 13C, 19F, and 31P, with 
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the proton or hydrogen (1H) nucleus found to be of most value because of its high 

abundance in vivo in the form of water and lipid molecules.  

A nucleus of non-zero angular momentum – for example, (1H) – rotates around its 

own axis (spinning), thereby generating nuclear dipole momentum (μr ). The spin 

angular momentum ( J
r

) and the magnetic moment (μr ) are related by 

 J
rr γμ =  (2.5) 

where γ  is a physical constant unique for each nucleus and is called the “gyromagnetic 

ratio.” For the proton (H), the gyromagnetic ratio is found to be γ = 2.67 × 108 rad/s/T, 

and it is also referred to as γ = Bo/2πωo  = 42.58 MHz/T (Haacke et al., 1999).  

In the absence of external magnetic fields, nuclear magnetic moments in matter 

are normally oriented in a random direction and experience a net magnetic moment of 

zero. However, in the presence of an external magnetic field 0B
r

, the magnetic moment 

tends to align in the direction of a magnetic field, which experiences a torque given by 

 0B
rrr

×= μτ   (2.6) 

From classical physics, the torque is equal to the time rate of angular momentum 

 
t
J
∂
∂

=
r

rτ  (2.7) 

Using both equations (2.6) and (2.7), and the expression (2.5), we find that 

 0B
t

rr
r

γμμ
×=

∂
∂  (2.8) 
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This equation predicts that the motion of individual magnetic dipole will be a simple 

precession around 0B
r

 with the Larmor frequency, while the net magnetization does not 

precess, because the individual dipoles are out of phase with each other. 

 00 Bγω =  (2.9) 

This equation is known as “Larmor frequency” (Liang et al., 1999).  For 7.40 =B T, 

which we used in our MRI animal scanner, the spin precession frequency is 200 MHz, 

which is within the radiofrequency range 40-400 MHz. 

 

2.2.0 RF – Excitation 

In order to describe the evolution of the magnetization vector after exciting it with 

an external RF pulse, it is appropriate to introduce a new frame of reference called the 

“rotating frame.” This new coordinate system rotates at frequency ω  about 0B  (Rabi II et 

al., 1954), which is considered parallel to the z-axis by convention.  Because we deal 

with tissues that have an ensemble average of nuclei, it is important to define a net 

magnetization M
r

as the sum of all magnetic dipole moments per unit volume. 

Based on mathematical definition, one can write the rate of change of the 

magnetization as observed in the rotating frame as 

 M
t

M
t

M ′×−
∂
∂

=
∂
′∂ rr

rr

ω)()(  (2.10) 

Substituting (
t

M
∂
∂
r

) from equation (2.8) into equation (2.10), we have in the rotating 

frame 
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 effBM
t

M rr
r

γ×=
∂
∂ )(  (2.11) 

where  

 
γ
ω
rrr

−= 0BBeff  (2.12) 

From the above equation, one sees that if the rotating frame rotates at Larmor frequency 

of 0ωω = , the effective magnetic field is zero, and the net magnetization appears to be 

stationary in the rotating frame of reference (Bernstein et al., 2004). 

To see the effect of RF pulse in the dynamic of magnetization, consider an 

oscillating magnetic field 1B
r

of frequency rfω  applied perpendicularly to static magnetic 

field 0B
r

 (for example, x-axis), so that the effective magnetic field in rotating frame 

becomes  

 iBkBB rf
eff

ˆˆ)( 10 +−=
γ
ωr

 (2.13) 

Therefore, in the case of an on resonance excitation condition where the frequency of 

oscillating RF pulse is equal to the Larmor frequency 00 Β== γωωrf , we can get directly 

 iBBeff
ˆ

1=
r

 (2.14) 

This equation shows that applying RF pulse with resonance frequency will tip the 

longitudinal magnetization away from the z- axis, creating a transverse magnetization 

component, which precesses around the effective magnetic field, which is along the x-

axis.  Because this precession depends on the strength of the RF pulse 1B  and its 

durationτ , we can determine the flip angle for a square RF pulse as 
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 τγθ B=  (2.15) 

It is clear that the maximum transverse magnetization can be generated if the flip angle is 

90ο .   

 In practice, 1B
r

 is often a linearly polarized field along the x-axis that can be 

decomposed into two oppositely rotating fields in clockwise (cw) and counterclockwise 

(ccw) directions 

 tBB rfωcos11 =
r

 (2.16) 

 )ˆsinˆ(cos
2
1

1 ytxtBB rfrfcw ωω −=  (2.17) 

 )ˆsinˆ(cos
2
1

1 ytxtBB rfrfccw ωω +=  (2.18) 

Only the component rotating in the direction of precessing spins at Larmor frequency 

(cw) has a significant effect on the magnetization (Bernstein et al., 2004). 

 

2.3.0 Relaxation 

So far, the longitudinal magnetization has been tipped far away from equilibrium 

after applying a short RF pulse.  Once the RF pulse is turned off, the magnetization 

remains under the influence of the main magnetic field.  So, we expect that the 

longitudinal magnetization component will gradually recover until it reaches the same 

equilibrium state 0M
r

, and the transverse magnetization component will decay rapidly 

until it reaches zero. 
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Two relaxation time constants, called T1 and T2, account for the two processes of 

the magnetization after RF pulse.  These relaxation times are very important parameters 

in MRI imaging, and they are usually different for various tissues. Therefore, these 

parameters can be used to generate contrast in MRI images. 

 

2.3.1 T1 Relaxation 

The re-growth of the longitudinal component of the magnetization from its initial 

value )(tM z  to the equilibrium value 0M  is known as the “longitudinal relaxation time,” 

or the “spin lattice relaxation time.” 

 
 

 
 Figure 2-2: 1T  is the time for longitudinal magnetization to re-grow to about 63% 
 of its final value after 90ο pulse.  (Bruker, 2007) 

 
 
 
T1 relaxation is generally assumed to be exponential in form and is described by 

the first order equation 

 
1

0 )(
T

MM
dt

dM zz −
−=  (2.19) 
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The solution of this equation after 90ο  RF pulse is 

 )1()( 1/
0

Tt
z eMtM −−=  (2.20) 

Figure 2-2 illustrates the longitudinal relaxation time.  Physically, T1 relaxation involves 

an exchange of energy between the nuclei and the surrounding environmental “lattice” 

(hence the name “spins lattice relaxation”), so the thermal equilibrium occurs when zM  

returns to 0M  that is, when the lowest energy state is reached.  At a microscopic level, 

T1 relaxation can occur if there is a randomly fluctuating magnetic field that arises from 

the interaction of one proton with another proton or electron.  This interaction is called a 

dipole-dipole interaction. 

To determine the T1 relaxation time a plot between signal intensity and variable 

time interval between the RF pulse (t) or (commonly known as repetition time TR) is 

used to calculate the T1 relaxation time.  Typical T1 relaxation times for protons in 

human tissue ranges from 400 ms to 2000 ms, but this value depends upon the magnetic 

field strength.  The higher the magnetic field, the longer the longitudinal relaxation T1 in 

general.  

 

2.3.2 T2 Relaxation 

The decay of the transverse component of the magnetization from its value 

)(tM xy  to the equilibrium value i.e., zero is known as “transverse relaxation time,” or 

“spin relaxation time.” 

T2 relaxation has the standard exponential decay form shown by the equation 
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2T

M
dt
Md xyxy

rr
−

=  (2.21) 

The solution of this equation after 90ο pulse is 

 2/)0()( Tt
xyxy eMtM −=  (2.22)  

where xyM can be represent by complex notation as yxxy iMMM += . Figure 2-3 

illustrates the transverse relaxation time. 

 
 

 
 Figure 2-3: T2 is the time for the transverse magnetization to decay to about 
 37% of its initial value. (Bruker, 2007) 
 
 
 

The spin-spin relaxation is an entropic process as it does not involve a loss of 

energy but rather a loss of phase coherence within the spin system.  This relaxation 

process results from any intrinsic process that causes the dipoles to lose their phase 

coherence in the transverse plane.  One of the major causes of the de-phasing of the 

dipoles is the fluctuation in the local magnetic field within the tissue itself. These 
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fluctuations are due to magnetic interaction between the dipoles.  Once the dipoles 

experience a change in their local magnetic fields, the dipoles resonate at slightly 

different frequencies. As a result, the dipoles will de-phase from each other, and the total 

transverse magnetization will go to zero. 

The transverse relaxation time is commonly measured using a multi-echo spin-

echo pulse sequence based on the Carr-Purcell-Meiboom-Gill sequence, as described in 

next section (Meiboom-Gill et al., 1958).  The 90° pulse rotates the magnetization vector 

around the transverse planes i.e., x-axis and y-axis.  The spins dephase over time 

reducing the net transverse magnetization: this is a result of the magnetic field 

inhomogeneities and the inherent T2 relaxation process. The dephasing due to the 

magnetic field inhomogeneity effects are refocused by applying multiple 180o pulses at 

half way to the echo time (TE) such as TE/2, 3TE/2, 5TE/2 etc. The 90o
 pulse form 

echoes form at times TE, 2TE, 3TE. etc., and decay in amplitude according to T2.     

Both T1 and T2 relaxation times depend on the tissue structure, but T2 is always 

much shorter than T1, because T2 occurs from spin-spin interaction and the indirect 

energy exchange via the lattice.  Most tissues with disease are characterized by elevated 

T2 relaxation time (Haake, et al., 1999).  Usually, T2 are only on the order of a few 

milliseconds compared to T1 on the order of a few seconds.  Because a small increase in 

T2 reflects a higher percentage increase, T2 is a more sensitive disease indicator.  

 

2.3.3 T2* Relaxation 
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In practice, inevitable variations in the main magnetic field 0B  occur across the 

sample, due to the inhomogeneities in the main magnet itself and to the magnetic 

susceptibility of the sample.  In addition to the spin-spin interaction, the spin in the 

sample will de-phase, so the transverse magnetization will decay much faster than that 

due to T2 effect alone. The resultant time constant is often labeled T2* relaxation and is 

characterized by the equation 

 0
22

11 B
TT

Δ+=
∗

γ  (2.23) 

where 0BΔ is the inhomogeneous variation in the magnetic field. 

 

2.4.0 Bloch Equation 

After μr is replaced by M
r

 in equation (2.8), we can combine it with equation 

(2.19) and (2.21), where the dynamics of the nuclear magnetization are described 

phenomenologically by the Bloch equation as 

 
1

0

2

ˆ)(ˆˆ
T

zMM
T

yMxM
BM

dt
Md zyx −

−
+

−×=
rr

r

γ  (2.24) 

The cross product term describes the precessional behavior, while the other two terms 

describe the transverse and longitudinal relaxation exponential behavior. 

After applying a 90° RF pulse where 0)0( =zM , the Bloch equation is reduced to  

 
2

0 T
M

BM
dt

dM x
y

x −= γ   
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2

0 T
M

BM
dt

dM y
x

y −−= γ  (2.25) 

 
1

0 )(
T

MM
dt

dM zz −
−=   

The solution of equation (2.25), with the initial conditions 0MM x = , is 

 )/exp()cos()( 200 TttMtM x −= ω   

  )/exp()sin()( 200 TttMtM y −= ω  (2.26) 

 ))/exp(1()( 10 TtMtM z −−=   

The evolution of the transverse magnetization component can be visualized as a 

sinusoidal term modified by a decay factor as seen in a laboratory frame in Figure 2-4 

(Haake et al., 1999). The transverse is decreased, while the magnetization spirals back to 

the z- axis. To detect the MR signal, a receiver coil is placed in the transverse plane 

perpendicular to the 0B
r

 field. Immediately after a 90° RF pulse, the precession of protons 

induces a signal in the RF receiver coil. 

 

 
  
 Figure 2-4: Relaxation after 90° RF pulse in the laboratory frame of reference. 
 The magnetization seems to spiral back upward toward its equilibrium in the 
 longitudinal plane, and decay to zero in the transverse plane (Haacke et al. 1999).  
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2.5.0 Image Localization 

So far, we have discussed the process of generating and detecting MR signal from 

all parts of the object. But, to turn the signal into images, it is necessary to differentiate a 

local signal from different parts of the object. In order to do that, Larmor frequency must 

be varied across the object by applying a magnetic field gradient (Lauterbur et al., 1973). 

 
x

B
G z

x ∂
∂

=  

 
y

BG z
y ∂

∂
=  

 
z

B
G z

z ∂
∂

=  (2.27) 

So, the total magnetic field as a function of position becomes 

 rGzBrB rrr .ˆ)( 0 +=  (2.28) 

The resonance frequency then becomes 

 rGBr rrr
⋅+= γγω 0)(  (2.29) 

where G
r

 is the magnetic field gradient and can be written as 

 zGyGxGG zyx ˆˆˆ ++=
r

 (2.30) 

MRI involves three types of spatial localization methods: slice selection, 

frequency encoding, and phase encoding.  Each one of these methods gives information 

about one of three spatial dimensions of the object. 

 

2.5.1 Slice Selection 
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 By convention, the excited slice is chosen to be perpendicular to the z-axis, which 

leads to a transverse slice of the body (Figure 2-5).  Slice selection is achieved by 

applying a magnetic field gradient along the z-axis ( zG ), resulting in the resonance 

frequency to be varied as a linear function of position along the z-axis. 

 zGBz zγγω += 0)(  (2.31) 

A RF pulse is then applied to excite only the spins whose resonant frequency lie within 

the bandwidth (BW). 

 
 

 
 Figure 2-5: Slice selection process. B0 is the main magnetic field; by applying a 
 gradient along the z direction with a selective RF pulse, we can excite only the 
 protons contained in one slice (Bruker, 2007). 
 
 
 

The center frequency of the RF pulse determines the slice location, while the RF 

bandwidth determines the slice thickness. As a result, the slice thickness zΔ , as a 

function of a bandwidth (BW) of the RF pulse and the applied gradient ( zG ), is 



     

 34  

 
zG

BWz
γ
π2

=Δ  (2.32) 

 

2.5.2 Frequency Encoding 

Once the slice has been selected, the signal arising from the slice must be spatially 

encoded.  This can be done by applying another magnetic field gradient along the plane 

of the slice during the period when the receiver is on.  By convention, the x-axis is 

chosen to be the frequency encoding direction.  The gradient therefore produces a 

frequency different from the signal along the x-axis.  This gradient is applied 

simultaneously with the signal readout and therefore is called the readout gradient. 

The strength of the frequency encoding gradient depends on the receiver 

bandwidth ( rfBW ) and on the field of view in the read direction ( rFOV ).  So, Gx  can be 

computed by the equation (Bernstein et al., 2004) 

 
r

rf
x FOV

BW
G

γ
π2

=  (2.33) 

2.5.3 Phase Encoding 

In order to produce a two-dimensional image of the slice, the remaining principle 

axis of the image plane must be spatially encoded. This can be done by applying a 

gradient along the y-axis called phase encoding gradient (Gy ).  The amplitude of the 

gradient Gy  will be varied in step-like fashion, ultimately to collect information about 

the signal in the y-direction. 
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To obtain the signal from the entire slice, the acquisition of the signal is repeated 

for different phase encoding steps.  After the frequency encoding and phase encoding, the 

signal has to be detected. The receiver coil is placed in the plane of the image, so the total 

received signal S (t) is the summation of all transverse magnetization in the plane.  Then, 

by using the gradient field Gx  andGy , the signal of the two-dimensional image can be 

written as 

 dxdyeyxMtS

t yG

yG
yyx ydGxdGi

∫∫
∫ ∫

= −

+−
0

))())(((

),()(
τττγ

 (2.34) 

by defining the two reciprocal vector (2-34) 
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and by substituting xk and yk  into the above equation 

 dxdyeyxMkkS ykxki
yx

yx∫∫ +−= )(2),(),( π  (2.36) 

It is clear that at any time t, the signal is equal to the two-dimensional Fourier 

transform of ),( yxM  at the location xk , yk  and to recover M(x, y), we take the inverse 

Fourier transform of the signal.  So, to form an image, xk and yk move around to fill the 

k-space (Bernstein et al., 2004). To understand the 2-D Fourier transform image and the 

mechanisms of generating the signal, we discuss the pulse sequence 
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2.6.0 Pulse Sequence  

A set of RF pulses applied to a sample to produce a specific form of NMR signal 

is called a pulse sequence.  It is a timing interval diagram of RF and Gradient pulses. 

There are hundreds of pulse sequences available for various imaging applications.  Here 

we described only three, i.e., Spin Echo (SE), Gradient Echo GE, also known as FLASH, 

and Magnetization Prepared RApid Gradient Echo (MPRAGE), which were utilized in 

our research. 

 

2.6.1 Spin Echo 

As shown in Figures 2-6 and 2-7, this pulse sequence is called the “spin echo 

sequence” and was first discussed by Hahn in 1949 (Hahn EL, 1950). 

This pulse sequence begins by applying a 90ο RF excitation pulse together with 

the slice selection gradient zG .  This will tip the magnetization from its equilibrium along 

the 0B  to the transverse plane.  Initially, all the spins are in phase and precess then spins 

begin to get out of phase, and the net magnetization will then decrease. This will generate 

the free induction decay signal, which is characterized by the T2∗ time constant. Then, a 

phase encoding gradient yG  is applied immediately to allow phase encoding along the y-

axis. This is followed by applying a 180ο RF refocusing pulse together with a slice 

selection gradient. This pulse will rephase the spins that lost their phase coherence from 

the magnetic field inhomogeneities. Finally, the echo occurs after the maximum rephase 

of the spin and is detected by the RF receiver coil; during the echo detection, the 

frequency encoding gradient turns on to allow frequency encoding along the x-direction. 
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The time between the initial RF pulse and the center of echo is called echo time TE; the 

time between each 90ο pulse in the sequence is called TR repetition time. Since the phase  

 
 

 
 Figure 2-6: Pulse sequence diagram for the spin echo imaging. Gz Gy Gx are slice, 
 phase and frequency gradient pulses (Bruker, 2007). 

 
 
 

   
 Figure 2-7: A simulation of spins during the spin echo sequence in the rotating 
 frame, where after the 90ο pulse the magnetization is tipped into the transverse 
 plane, the spin starts to lose its coherence until a 180ο RF pulse is applied where 
 the spins rephase and the echo is obtained (Bruker, 2007). 
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encoding changes in different steps, the sequence is repeated with a different phase 

encoding step every TR to fill the so-called “k space” which is subsequently 2D Fourier 

transformed to obtain the image. 

2.6.7 Gradient Echo 

 This is one of the most frequently used pulse sequences often abbreviated GRE, 

as schematic illustrated in figure 2-8.  Two major differences distinguish the gradient 

echo technique from the spin echo is excitation pulse with a flip angle lower than 90°  

and no 180° re-phasing pulse.  A flip angle lower than 90° (partial flip angle) decreases 

the amount of magnetization tipped into the transverse plane. The consequence of a low-

flip angle excitation is a faster recovery of longitudinal magnetization that allows shorter 

TR/TE and decreases scan time.   

 As there is no 180° RF pulse, a bipolar readout gradient (which is the same as the 

frequency-encoding gradient) is required to create an echo. The gradient echo formation 

results from applying a dephasing gradient before the frequency-encoding or readout 

gradient. The goal of this dephasing gradient is to obtain an echo when the readout 

gradient is applied and the data are acquired. The dephasing stage of the readout gradient 

is in the inverse sign of the readout gradient during data acquisition. Moreover, its 

dephasing effect is designed so that it corresponds to half of the dephasing effect of the 

readout gradient during data acquisition. Consequently, during data acquisition, the 

readout gradient will rephase the spins in the first half of the readout (by reversing the 

dephasing effect of the dephasing lobe), and the spins will dephase in the second half 
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(due to the dephasing effect of the readout gradient). The time during which the peak 

signal is obtained is called Echo Time (TE). 

 
 

 

Figure 2-8:  Gradient echo pulse sequence α is RF pulse angle, slice (Gs), phase 
(Gp), and readout (Gf), are three gradient pulses (Bruker, 2007). 

 

 
One of the variations in gradient echo is a use of spoiling gradient pulse usually 

performed by turning the slice selected gradient for additional time with variable 

amplitude at the end of each cycle immediately before the next RF pulse.  It ensures that 

there is no residual transverse magnetization from the last cycle.  This variation in 

sequence is known as fast low angle shot or FLASH. 

 

2.6.3 Magnetization Prepared RApid Gradient Echo (MPRAGE) 
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 Traditional imaging based on spin echo and gradient echo have relatively long 

scan times.   This imaging sequence is slightly different interms of RF pulses and order of 

signal sampling.  This 3D sequence begins with a magnetization preparation period in 

conjunction with a rapid gradient echo such as FLASH, Snapshot Flash (Hasse et al., 

1990), GRASS, FISP (Haacke et al., 1991) and followed by a recovery period as 

illustrated in figure 2-9.  Magnetization is selectively prepared as a function of either T1 

or T2 relaxation time.  The methods based on T1 are derived from inversion recovery 

preparation with an appropriate delay such that spins with a particular T1 are saturated. 

During the rapid gradient echo, only a fraction of k-space volume, also known as a  

 
 

 
 Figure 2-9 Schematic diagram of the 3D MPRAGE sequence 
 
 
 
segment, is sampled.  K-space is a temporary memory of the spatial frequency  

information in two or three dimensions of an object; it is covered by the phase and 

frequency encoding data.  K-space and image are related via a Fourier transformation.  
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By changing the gradient over time, the k-space data are sampled in a trajectory through 

Fourier space at each point until it is filled.   

The cyclic nature of this sequence makes it applicable to imaging structures subject to 

periodic motion such as the heart, liver, and the pancreas.  As k-space is divided into 

segments and each segment gets its own inversion and excitation pulse this results in a 

reduction of radio frequency repetition time, which allows more weighting.  Figure 2-10 

is a schematic diagram of this pulse sequence (more sequence details can be found in 

Mugler JP, 1992) 

 
 

 
 Figure 2-10. Schematic illustration of a generic 3D MP-RAGE pulse sequence. 
 The PE gradients, Gp and Gs, are switched in a twofold loop structure. The inner 
 loop has the form of an SSFP-type GRE sequence. The outer loop for MP consists 
 of an inversion pulse, an inversion delay time and a recovery time after the inner 
 loop, loop cycles are marked (Bruker, 2007) 
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 Signal-to-Noise ratio (SNR) is used as a standard to determine the effectiveness of 

an imaging experiment, but sometimes even the highest SNR fails to provide a useful 

image.  An important goal of imaging is to be able to distinguish between different 

tissues and many times between normal and diseased.  There are numbers of contrast 

producing mechanisms used in MRI as they depend on target and adjacent tissues 

properties.  Sometimes it is difficult to differentiate between two tissues, but MRI has the 

ability to manipulate the tissue signal leading to numerous contrast mechanisms.  The 

flexibility arises from the MR signal being dependent upon many imaging parameters and 

tissue properties.  In a typical image acquisition, the basic unit of each sequence (i.e. the 

90°-180°-signal detection) is repeated hundreds of times over. By altering the echo time 

(TE) or repetition time (TR), i.e. the time between successive 90° pulses, the signal 

contrast can be altered or weighted.   Mathematically, contrast between tissue A and B 

(CAB) can be written as (Haake et al., 1999); 

CAB = SA(TE) –SB (TE) = ρ0, A (1-e-TR/T1,A)e-TE/T2*,A – ρ0, B (1-e-TR/T1,B)e-TE/T2*,B   (2.37)   
 
Where ρ represents proton density 

 The most basic contrast-generating mechanisms result from spin density, T1 and 

T2, differences between tissues. Other mechanisms are based upon flow, magnetic 

susceptibility, magnetization transfer, tissue saturation methods, contrast enhancing 

agents, and diffusion.  The following is a brief description of four contrast mechanisms 

utilized in this research. 

2.7.1 Proton Density 
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Proton density weighting is valuable for the estimation of water content in one tissue 

relative to another.  It is obtained by selection of scan parameters such that it 

minimizes the effects of T1 and T2, resulting in an image dependent primarily on 

the density of protons in the imaging volume. The image contrast can be bright or 

dark in a given unit of tissue, the greater the transverse component of 

magnetization, the brighter the signal; the lower the less the transverse 

magnetization and the darker the signal. In order to maintain adequate signal and get 

contrast based on proton density, appropriate imaging parameters, TE and TR, must 

be selected such as (Haake et al., 1999);  

   TE << T*2A,B => e-TE/T2* → 1 

   TR >> T1A,B => e-TR/T1 → 0 

If these values are used in equation 2.37) it becomes: 

   CAB ≈  ρ0, A  - ρ0, B       (2.38) 

This gives a general rule for proton density imaging to keep TR much longer than the 

longest T1 components and keep TE much shorter than the shortest T2*. Similar rules 

apply for T1 and T2-weighting based on the practical limit imposed on TR and TE. 

 
 
2.7.2 T1 Weighted Images 
  

The basis of T1 weighted imaging is the longitudinal relaxation time.  It is 

the time required for the longitudinal component of the magnetization to return to 63% of 

its original value following an excitation pulse as described in section 2.3.1.  Normal soft 

tissue T1 values are quite different from one another.  For this reason, T1-weighted 

http://www.mr-tip.com/serv1.php?type=db1&dbs=Magnetization
http://www.mr-tip.com/serv1.php?type=db1&dbs=Transverse%20Magnetization
http://www.mr-tip.com/serv1.php?type=db1&dbs=Transverse%20Magnetization
http://www.mr-tip.com/serv1.php?type=db1&dbs=T1%20Weighted
http://www.mr-tip.com/serv1.php?type=db1&dbs=Longitudinal%20Relaxation
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contrast offers a very powerful method for delineation of different tissues.  Typically, the 

T1 time correlates with spin density, i.e., a tissue with a higher spin density has longer T1 

values.  As a result, tissues with long T1s in a T1-weighted image contribute less signal 

compared to tissues with short T1s.  T1 of a tissue varies with its microenvironment 

significantly, which can provide us with an ability to differentiate healthy versus diseased 

tissues (Damadian et al., 1971).   

To obtain proton density weighting, TR and TE are selected to reduce the effects of T1 

and T2.  However, in the case of T1-weighting only T2 effects need to be minimized.  

The effects of proton density cannot be neglected.  A T1 weighted magnetic resonance 

image is created typically by using short TE and TR times.  

    TE << T*2A,B ⇒ e-TE/T2* → 1 

  CAB = (ρ0, A  - ρ0, B ) (ρ0, A e-TR/T1,A  - ρ0, B (1-e-TR/T1,B)    (2.39)   

The significance of the imaging parameter selection is illustrated in figure 2-11.  As  
 
shown, a water tube with an oil tube inside, the contrast between oil and water is 

almost non-existent despite the intrinsic T1 relaxation difference.  It illustrates either too 

long (1200ms) or too short (200ms) time intervals between the RF pulses can obscures 

the fine detail.  It is difficult to differentiate foreground from background.  In order to 

achieve maximum contrast or SNR, knowledge of the targeted tissue’s inherent relaxation 

must be known.     

 

   

 
 

http://www.mr-tip.com/serv1.php?type=db1&dbs=T1%20Weighted
http://www.mr-tip.com/serv1.php?type=db1&dbs=Magnetic%20Resonance
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Figure 2-11: Significance of longitudinal relaxation time on image 
contrast. Illustrated is a axial view of water oil phantom obtained by 
selecting two different relaxation delay times between the RF pulses, as 
shown either too long or too short can cause poor contrast.  (Reference: 
Mitchell, D. 1999) 

 

 

2.7.3 T2 Weighted Images 

 This contrast generating mechanism is based on transverse relaxation time.  

The T2 relaxation is the time required for the transverse component of the magnetization 

to decay 37% of its initial value.  T2-weighting is very useful when there is a local 

magnetic field susceptibility difference between the tissues.  In rigid molecules such 

as phospholipids, where there is limited molecular motion, the T2 relaxation is extremely 

efficient and reported on the order of 5 to 10 μsec.  These extremely short T2 relaxations 

are essentially invisible in MRI, whereas in the case of rapid molecular motion; any local 
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field inhomogeneities become non-existent as a result of inefficient T2 relaxation.  As 

change in local field homogeneity would cause change in T2, for example use of 

exogenous iron oxide particles resulting in a reduction of T2 relaxation time and the 

image appears dark. 

To obtain T2-weighing, the contribution from T1 must be minimized  

   TR >> T1A,B ⇒ e-TR/T1 → 0 

   CAB = ρ0, A e-TE/T2*,A  - ρ0, B e-TE/T2*,B   (2.40) 

Tissues with a long T2 (e.g. water) will take longer to decay and the signal will be greater 

(or appear brighter in the image) than the signal from a tissue with a short T2 (oil). 

 
 
        
 
 
 
 
 
 

  
 

Figure 2-12: Significance of Transverse relaxation time on image contrast. 
Illustrated is an axial view of water oil phantom obtained by selecting poor 
sampling time interval between echoes, as shown either too long or too 
short can cause poor  contrast.  (Reference: Mitchell, D. 1999).  
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T2- or T2*-weighted contrast is more suitable for the delineation of diseased structures 

characterized by an elevated T2.  Figure 2-12 illustrates the significance of altering the 

TE and therefore the SNR or contrast.  It is important to choose the appropriate echo time 

for optimal contrast and therefore some prior information about the tissue is incredibly 

helpful.  The final image contrast or signal to noise ratio depend on both TR and TE 

parameters regardless of T1 or T2 weighting 

 
2.7.4 Diffusion Weighting 

In addition to the T2 mechanisms, which dephase the transverse magnetization, image 

contrast is also affected by molecular motions, which can cause a loss of spin coherence. 

This motion is called diffusion. In diffusion, the molecules translate from one place to 

another randomly due to thermal agitation.  This random motion is known as Brownian 

motion. In gases and liquids, the molecules undergo an unpredictable succession of 

translations with time, so it can be modeled as a “random walk” with a Gaussian 

distribution. Thus, according to Einstein’s law, we can expect the variance in the distance 

R of the molecules with the time t as: 

    R = √6Dt      (2.41) 

where D is the proportionality constant called the diffusion coefficient.  What happens to 

the MRI signal when the spin diffuses in the presence of a magnetic field can be 

understood by using the pulse gradient spin echo sequence, which was introduced by 

Stejskal and Tanner (Stejskal et al., 1965) and is shown in Figure 2-13.  In this sequence, 

the diffusion gradient is applied before and after the 1800 refocusing pulse along the x-

axis. 
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 In general, the first gradient will produce a phase shift of the location of the spin 

after the first diffusion gradient has been switched off before the 1800 pulse is applied, 

which changes the sign of the phase.  The second diffusion gradient will produce a phase  

 

Figure 2-13: Stejskal-Tanner pulse gradient spin echo sequence with gradient 
 amplitude G, gradient pulse duration δ, and gradient pulse spacing Δ .The 
 diffusion gradient pulses are put along the readout axis, though they can be put 
 along any axis or combination of axis. The diffusion weighting can be changed by 
 changing the gradient strength (Stejskal et al., 1965). 
 

 

shift.  If the spin is “static,” which means that it doesn’t move during the diffusion time, 

then the net phase shift will cancel. But, if the spin diffuses during the time interval 

between the diffusion gradient, it will acquire a non-zero net phase shift. 

   S(TE) = S0 e(-TE/T2) e(-bD)        (2.42)  

Where b is defined as 

   b = γ2 δ2 G2 (Δ – δ/3)      (2.43) 

Where G is gradient amplitude, δ is gradient pulse duration, Δ is gradient pulse spacing. 

To simplify the equation 2.42 neglecting the T2 effect 
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    S(t) = S0 e(-bD)        (2.44) 

Where S(t) is the signal intensity, S0 signal intensity without diffusion gradient, D is 

diffusion coefficient and b the control gradient parameter. 

 Diffusion weighted imaging provides a technique for mapping proton contrast that 

reflects the movement of water molecules by diffusion.  Diffusion imaging has been 

shown to be sensitive to the detection of ischemic areas in the brain where the infracted 

tissue appears bright.   It has also been used to differentiate cysts from solid tumor, to 

measure deep body temperature, to aid diagnosis of inflammatory conditions such as 

encephalitis, white matter abnormalities, and multiple sclerosis (Dijkhuizen et al., 2003; 

Valentini et al., 2003).  In biological tissue, the diffusion is very complicated because of 

cell membranes and other boundaries.  

 There is a more useful description of the diffusion process in biological tissues 

denoted the apparent diffusion coefficient (ADC).  An ADC map is a quantitative image 

of the calculated ADC value for each voxal and is usually created by combining at least 

two diffusion weighted images that are differently sensitized.  The equation 1.44 can be 

rewritten assuming TR and TE constant:  

   S(t) = S(0)(e-bD)      (2.45) 

   lnSx =-bx(ADC) + lnS0      (2.46) 

where Sx is signal intensity at b = x and S0 is signal without diffusion effects.  Thus ADC 

values are calculated as the slope of the plot of lnSx versus b-value. 

 Currently this molecular microscopic process has been visualized with 

macroscopic imaging.  More accurate assessment of islet diffusion can made using μMRI 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=14663334&query_hl=4&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=14663334&query_hl=4&itool=pubmed_docsum
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as we have been using to calculate longitudinal and transverse relaxation times.  The 

calculation of diffusion coefficients under the presence and absence of stimuli 

(activation) not only help us differentiate active versus passive diffusion, but also reflect 

the islet membrane integrity.  

  

2.7.5 Contrast Agents 

 Although MR delivers excellent soft-tissue contrast sometimes a contrast agent is 

needed in cases where it is difficult to differentiate two types of tissue because they 

produce similar signal intensities.  In general, contrast agents are exogenous substances 

employed to alter the inherent tissue contrast.  The motivation behind the use of contrast 

agents in MR imaging is to further enhance the contrast between normal and diseased 

tissue types and indicate functionality of an organ. The contrast agents used in nuclear 

imaging techniques such as positron emission tomography (PET) and computed 

tomography (CT) provide a direct effect. On the other hand, in MR imaging, the effects 

of contrast agents are indirect, and the MR signal is not derived from the contrast agent 

itself but from its effect on the inherent proton relaxation times of the tissue in which it 

resides.  

 Contrast agents are paramagnetic and possess large magnetic moments, derived 

from their unpaired electrons because single unpaired electrons have magnetic dipole 

moments 657 times larger than the magnetic dipole moment of a single unpaired proton 

(Wood et al., 1993).  In the absence of a paramagnetic contrast agent, the relaxation 

mechanism of a spin results from the dipolar interactions between nuclei as modulated by 
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molecular rotational (tumbling) motion. In the presence of paramagnetic ions, the 

interaction between the magnetic dipole of the water proton and the magnetic dipole of 

the unpaired electron in the paramagnetic ion leads to T1 shortening. In addition, the 

tumbling paramagnetic ions with their large magnetic moments further augment the local 

magnetic variations experienced by the water protons, thereby causing them to dephase 

more rapidly (shortened T2). The effects of paramagnetic contrast agents are both 

concentration- and magnetic field–dependent. 

 The relaxivity and concentration of a contrast agent are the two factors 

determining its effect on relaxation times. The relaxivity of a contrast agent can be 

defined as the change in relaxation rate per unit concentration of contrast agent, while the 

concentration is defined as the amount of contrast agent in a given volume.  Several 

paramagnetic contrast agents such as Gadolinium diethylenetriamine penta-acetic acid  

(Gd-DTPA), albumin-Gd-DTPA, Gd-DTPA-polylysine, and dysprosium-DTPA (Dy-

DTPA) have been widely used in MRI The relaxivities of the most commonly used agent, 

Gd-DTPA, have been found to be 4.5 liter/mmol/sec for K1 and 5.0 liter/mmol/sec for K2 

in humans (Runge et al., 1993). 

 A major clinical application of T1-shortening contrast agents, at present, is 

intended for the improved detection of small lesions. Typically, lesions are best depicted 

in a T2-weighted image before the contrast agent is injected. Despite being the most 

sensitive contrast mechanism, it is not possible for the T2-weighted image to depict very 

small lesions which are averaged with neighboring tissue of comparable NMR tissue 
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properties. The use of an intravenous injection of a T1 shortening agent is indicated for 

such patients followed by a T1-weighted scan.   

 

2.7.5.1 Negative contrast agents (appearing predominantly dark on MRI) 

 These are small particulate aggregates often termed superparamagnetic iron oxide 

(SPIO). These agents produce predominantly spin spin relaxation effects (local field 

inhomogeneities), which results in shorter T1 and T2 relaxation times. 

These ultrasmall superparamagnetic iron oxides (USPIO) particles consist of a crystalline 

iron oxide core containing thousands of iron atoms coated with a biocompatible polymer 

such as dextrin, polyethyleneglycol etc.  In addition, a wide variety of vector and carrier 

molecules, including antibodies, peptides, proteins, polysaccharides, liposomes, and cells 

have been developed to deliver magnetic labels to specific sites (Moore et al., 2004).  

 

2.7.5.2 Positive contrast agents (appearing bright on MRI) 

 These agents cause a reduction in the T1 relaxation time of targeted tissues as a 

result of signal enhancement in a T1-weighted image.  They are typically small molecular 

weight compounds predominantly used in chelated compounds (Gd-DTPA) with the 

exception of MnCl2.  Chelated Mn contrast agent such as Manganese(II)-N,N'-

dipyridoxylethylenediamine-N,N'-diacetate-5,5'-bis (phosphate) (MnDPDP) was 

clinically used for liver imaging (Elizondo et al., 1991), but recently was banned because 

of free ions leaking from its chelated compound, which can be toxic.  Non-chelated Mn as 

a contrast agent only allowed on experimental animals  

http://www.mr-tip.com/serv1.php?type=db1&dbs=Contrast
http://www.mr-tip.com/serv1.php?type=db1&dbs=MRI
http://www.mr-tip.com/serv1.php?type=db1&dbs=Superparamagnetic%20Iron%20Oxide
http://www.mr-tip.com/serv1.php?type=db1&dbs=Superparamagnetic%20Contrast%20Agents
http://www.mr-tip.com/serv1.php?type=db1&dbs=Spin%20Spin%20Relaxation
http://www.mr-tip.com/serv1.php?type=db1&dbs=T2%20Relaxation
http://www.mr-tip.com/serv1.php?type=db1&dbs=Ultrasmall%20Superparamagnetic%20Iron%20Oxide
http://www.mr-tip.com/serv1.php?type=db1&dbs=Vector
http://www.mr-tip.com/serv1.php?type=db1&dbs=Liposomes
http://www.mr-tip.com/serv1.php?type=db1&dbs=Contrast
http://www.mr-tip.com/serv1.php?type=db1&dbs=MRI
http://www.mr-tip.com/serv1.php?type=db1&dbs=Relaxation%20Time
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Due to recent improvements in magnet and hardware technology, the use of 

manganese chloride on experimental animals has been revitalized as the required contrast 

dose has been dramatically reduced.  Recent applications of Manganese Enhanced 

Magnetic Resonance Imaging (MEMRI) are not limited to anatomical contrast 

enhancement, but are also used for functional MRI.   
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Chapter 3: MRI of Isolated Human Islets 

 

3.0.0. Introduction 
 
 Molecular imaging allows the visualization of the cellular and/or molecular 

process in living tissues.  One of the goals in molecular imaging research is to develop 

capabilities of non-invasively detecting, measuring, and reporting cellular activities.  The 

procedure may involve proteins, cellular subassemblies, cells, organ systems, or the 

whole organism, but in each case the image obtained displays specific molecular 

components of structures or molecular functions.  Advances in molecular medicine are 

associated with one wave of technology after another, ranging from biotechnologies to 

nanotechnologies, which are examining how biological systems assemble molecular 

motors, as well as communicate, compute, and store information.  For example, Positron 

Emission Tomography (PET) and microPET use positron-labeled molecules to image 

processes such as metabolism, cell communication, and gene expression.  Single photon 

emission computed tomography (SPECT) and microSPECT systems are used with PET 

to attain common goals, but employ molecules labeled with single-photon emitters.  

Optical imaging systems use fluorescence or bioluminescence to image gene expression 

in cells through the use of reporter genes that yield a protein which emits light of specific 

wave length.
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 The fusion of structural imaging with molecular imaging such as PET/ CT, 

SPECT/CT, PET/MRI, fMRI/OPT (optical fluorescence imaging) using specific 

molecular imaging probes has promoted this field of study.  Each technique has some 

characteristic uniqueness such as nuclear and optical imaging are more sensitive, while 

MRI or CT, have high spatial resolution.  This evolution in imaging modalities has 

revolutionized the ability to investigate anatomy and physiology in normal and diseased 

tissues.  Because of its noninvasive nature and its ability to generate relatively high 

spatial and temporal resolution images, MRI is usually the methods of choice.  It not only 

allows longitudinal and three-dimensional assessment of tissue morphology, but also 

assessment of metabolism, physiology, and function.  MRI can be sensitized to proton 

density, T1 and T2 weighting contrast, magnetization transfer, diffusion, perfusion, and 

flow.  The combination of different MRI approaches (e.g., diffusion-weighted MRI, 

perfusion MRI, functional MRI, cell specific MRI, and molecular MRI) allows in vivo 

multi parametric assessment of the pathophysiology, recovery mechanisms, and treatment 

strategies in experimental models. 

 The application of magnetic resonance (MR) imaging in the study of human 

disease using small animals began with the inception of MR more than 25 years ago.  The 

first published anatomically interpretable MR images of a normal living rat body was 

reported in 1980 (Hansen et al., 1980).  The earliest MR applications were focused on 

disease and the detection of tumors (Damadian et al., 1976; Crooks et al., 1982) and were 

soon followed by studies on MR visualization of acute stroke, stroke maturation and the 

testing of various interventions (Buonanno et al., 1982; Naruse et al., 1982; Sauter and 
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Rudin, 1986, 1989).  Over the last few decades, biologists’ increasing demands for non-

invasive imaging technologies suitable for following the progression and/or regression of 

disease in small animals and tissue specimens undoubtedly encouraged the further 

development of the fields of “small animal MR imaging” and “MR microscopy.”   In the 

past the term small animal imaging and MR Microscopy were often used interchangeably, 

despite the significant difference in spatial resolution ranges.  Nowadays, the term MR 

microscopy is used more for in-vitro imaging with spatial and temporal resolution ranges 

from 10 to 40 microns.  

 As the primary goal of this project is to determine the function of human islets 

and the possibility to image function in vivo non-invasively, it was essential to 

characterize the cellular integrity of the isolated islet as these were subjected to both 

physiological and mechanical stress during isolation.  Currently, microscopic 

examinations and biochemical tests are used to reveal the cellular anatomy and 

functionality of isolated islets.  The ambiguity about pancreatic β-cell mass and lack of a 

technique to assess the functionality of these islets non-invasively, resulted in more and 

more islets being transplanted.  A non-invasive MRI method to differentiate functional 

versus non-functional ß-cells would be a powerful technique to evaluate multi step 

procedures from cadaver pancreas to transplant islet.  It may be possible to improve or 

change different islet isolation and transplantation regimes to increase the effectiveness 

of engraftment as applied to transplantation.  However, it requires a cellular resolution 

which is not possible in vivo due to hardware limitation, but certainly possible in vitro.  

μMRI of isolated islets requires not only a customized μRF antenna but also requires 
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optimization of imaging parameters as well as evaluation of the magnetic properties of 

islets at the cellular scale.  

 As proposed, the islets labeled with a contrast agent (manganese) will alter their 

molecular magnetic properties such as longitudinal (T1) and transverse (T2) relaxation 

time, and as a result there will be a change in their signal intensity.  This change in signal 

intensity has been exploited to distinguish between adjacent soft tissues, to delineate 

pathologic tissues, and in principle to characterize tissue viability.  In addition to inherent 

magnetic resonance (MR) relaxation parameters the T1 and T2, are indicative of the 

physicochemical microenvironment.    

 Preferential enhancement of signal intensity can be obtained by selectively 

altering these relaxation parameters.  In order to fully appreciate any technique, which 

takes advantage of the manipulation of these parameters it, is critical to make quantitative 

measurements of them under controlled and well characterized treatment conditions.  

As illustrated in chapter 2, the significance of prior knowledge of the tissue MR 

properties, to measure the detectable change in islets as a result of cellular activates, the 

imaging parameters must be optimized.  Previously these relaxation times have been 

reported (Bottomley et al., 1987), but only in whole human pancreas; it has never been 

done on the cellular scale or individual islets.  The functionality of rodent islets has been 

reported by measuring static insulin release when incubated in elevated glucose media 

(Gimi et al., 2006), but visualization of function has never been done on isolated human 

islets. 
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 Another cellular parameter, which could be used to score the quality of the 

isolated islet, is molecular diffusion, which is the microscopic translational movement of 

water molecules.  In biological tissues, diffusion is very complicated because of cell 

membranes and other boundaries.  MR studies have demonstrated a variation in the 

diffusion coefficient of healthy versus diseased tissues (Roberts et al., 2003;  

Nakada et al., 2002).  Clinically, diffusion imaging has been shown to be sensitive to the 

detection of ischemic areas in the brain where infarcted tissue has higher MR signal 

intensity.  It has also been used to differentiate cysts from solid tumor, to measure deep 

body temperature, to aid diagnosis of inflammatory conditions such as encephalitis, white 

matter abnormalities, and multiple sclerosis.  Diffusion weighted imaging provides a 

technique for mapping proton contrast that reflects the movement of water molecules by 

diffusion.  This paradigm could also be applied to evaluate membrane integrity of 

isolated islets as well as functionality.   

3.1.0 Material and Methods 
 
3.1.1 Islets  

 Human islets, isolated from cadaveric donors, were obtained from the Department 

of Surgery at the University of Illinois at Chicago in accordance with the University of 

Illinois and the University of Chicago IRB protocols.  Isolated pancreata were infused 

with an enzyme known as collagenase (Roche, Indianapolis, IN ) by dissolving a in cold 

Hanks balanced salt solution (HBSS) (Sigma, St. Louis, MO).  Collagenase help breaking 

downs the native collagen, which hold tissues intact.  This balanced salt solution (BSS) is 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11993156&query_hl=14&itool=pubmed_DocSum
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used in cells and tissue culture media to dilute protein components.  After digestion, islets 

were purified in a COBE 2991(COBE Laboratories, Lakewood, CO), a cell processor.  

The islets separated using continuous Ficoll gradients (Mediatech Inc, Herndon, VA), a 

density gradient of (synthetic sucrose polymer) in solution with variable concentration of 

the Ficoll through the solution.  The isolated islet were incubated with CMRL 1066 

(Mediatech, Manassas, VA) media. The purity of the islets assessed using dithizone 

staining.  Isolated islets incubated in Final Wash media (Sigma, St. Louis, MO) 

supplemented with Insulin Transferrin Selenite (ITS) and Penicillin-Streptomycin 

(Pen/Strep) solution.  

3.1.2 Sample Preparation for Imaging:  
 
 Islets were divided into three groups: control, unstimulated, and stimulated.  

Control islets were first incubated in Krebs Ringer Buffer (KRB) solution at 1.67 mM 

glucose for 30 minutes followed by rinsing three times with KRB and were loaded into 

imaging capillaries.  Stimulated and unstimulated islets were separated into two Petri 

dishes, each contained KRB solution with 33 µM MnCl2 solution but different 

concentration of glucose.  Stimulated islets were incubated with 16.7 mM glucose and 

unstimulated with 1.67mM glucose for 30 minute. 

The islets were aspirated in two separate glass capillaries with ID of 560 μm and both 

capillaries were mounted on a home built double loop Archimedes spiral coil with ID of 

1500 μm, figure 3-1, and inserted into the Bruker Micro 5 Imaging Probe (triple axes 

gradients of maximum strength 200 mT/m).  

 

http://cancerweb.ncl.ac.uk/cgi-bin/omd?density+gradient
http://cancerweb.ncl.ac.uk/cgi-bin/omd?synthetic
http://cancerweb.ncl.ac.uk/cgi-bin/omd?sucrose
http://cancerweb.ncl.ac.uk/cgi-bin/omd?polymer
http://cancerweb.ncl.ac.uk/cgi-bin/omd?solution
http://cancerweb.ncl.ac.uk/cgi-bin/omd?concentration
http://cancerweb.ncl.ac.uk/cgi-bin/omd?through
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Figure 3-1 Archimedes coil and capacitor holder.  (a) Two multi loop RF coils with 
1.5mm ID (b) RF capacitors and coil holder circuitry in Plexi-glass casing.  
 
 
 

3.1.3 MR Instrumentation 
 
 MR Instrumentation: All experiments were conducted in a 56-mm vertical bore 

11.7 T magnet using a Bruker DRX Avance Spectrometer (Bruker, Billerica, MA) with a 

maximum gradient strength of 200 mT/m and a home built Archimedes coil with ID 

1.5mm  

 
3.1.4 MRI Parameters 
 
3.1.4.1 Proton Density Imaging: 

 Anatomical images of isolated islets were obtained without any contrast agent 

using a spin echo pulse program.  Other imaging parameters included: TR = 1000 ms, TR 

= 400 ms (T1-weighted) TE = 7.96ms, FOV= 0.3 x 0.3 mm, Matrix = 128 x 128, NEX = 

20. 

a 
b 
b 
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3.1.4.2  T1 Weighting Imaging Parameters 

 Longitudinal relaxation time (T1) was calculated by saturation recovery method 

using multi slice multi echo pulse sequence.  Fourteen experiments were acquired with 

different relaxation times ranging from 100 msec through 2400 msec.  Other imaging 

parameters included: matrix size = 128 x 128, TE = 7.96 msec, FOV = 0.30 mm, Slice 

thickness = 0.30 mm, NEX = 1, in-plane resolution = 23 µm.  T1 measurements were 

performed by using Bloch exponential equations and were used to fit the curve between 

the recovery time and intensity.  

 
3.1.4.3 Imaging Parameters for T2 

 Thirty-two experiments were acquired with equal echo time interval of 7.96msec.  

Other imaging parameters included: matrix size = 128 x 128, TE = 7.96 msec, FOV = 

0.30 mm, TR = 2000ms, Slice thickness = 0.30 mm, NEX = 1, in-plane resolution = 23 

µm.  T2 measurements were performed by using Bloch exponential equations and were 

used to fit the curve between the echo time and intensity.  

 

3.1.4.4 Imaging Parameter for Diffusion Coefficient 

 Diffusion coefficients were measured using a Tanner-Stejskal sequence applying 

two diffusion gradient pulses before and after the 1800 refocusing pulse in a spin-echo 

sequence.  Fourteen experiments were acquired with b-value ranges from 482 sec/mm2 

through 3800 sec/mm2, δ = 7msec, Δ = 18msec, TE = 28msec, TR = 800 msec, Nex = 2.  

Diffusion coefficients were calculated by plotting the signal intensity versus b-value. 
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3.2.0 Results 

3.2.1 Proton Density  

 Figure 3-2 is a proton density μMR image of human islets which was obtained 

using multi slice multi echo (MSME) spin echo pulse sequence.  These control islets 

were not treated with contrast agents or stimulants.  The size of human islets varies 

anywhere from  

 
 
 

     
 Figure 3-2 Proton density μMRI of human islets. Two columns of control islets 
 with average size between 150-550 μm.  The region of interest (ROI) utilized to 
 calculate the signal intensity  
 
 
150μm to 550μm and are mostly circular or oblong in shape.  The signal to noise ratio 

was measured by selecting multiple region of interest (ROI) as label ROI_1, ROI_2 etc,  

in the islet versus background.  The spatial and temporal resolution of the images was 23 

micron (μm) with SNR value ranges between 20.4 to 28.6. 

 

Islets 
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3.2.2 Islet Longitudinal Relaxation Time (T1) 

 Longitudinal relaxation time was measured using a saturation recovery spin echo 

pulse sequence.  Saturation recovery sequences consist of a RF pulse prior to imaging 

with a spin echo sequence.  The pre saturation pulse disturbs the equilibrium state of the 

spin and variation of the time interval between saturation and imaging pulse and is used 

to obtain signal intensity at variable equilibrium states of the spins.  Figure 3-3 shows two   

 
 

 
Figure 3-3 Human Stimulated and unstimulated Islets.  Both incubated in 
35 μM  Mn solution except left tube had 1.67mM glucose and right tube 
16.7mM glucose solution.  

 
 
 
capillary tubes with stimulated and un-stimulated islets obtained using a T1-weighted 

MSME spin echo sequence.  The SNR reflects an enhancement of 26% in stimulated 

islets compared to unstimulated. 

 The plot, figure 3-4, between the variable RF pulse repetition time interval (TR) 

and the signal intensity was used to calculate the T1 by solving the Bloch equation.  The 
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background ROI in the media was used as a control region of signal intensity.  The plot 

was fitted using a first order exponential decay function.  The results are summarized in 

Table 1. 
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Figure 3-4.  Longitudinal relaxation plot of human islets. A  saturation recovery 

 plot of three groups of islet illustrating the change in T1 as a results of their 
 function with T1 value of 847.5± 57 ms (control), 640± 37ms (unstimulated), and 
 442 ±22 ms (stimulated) islets.  
 
 
 
3.2.3 Islet Transverse Relaxation Time (T2) 
 

Fig 3-5 is the plot between variable echo time and signal intensity of stimulated and un-

stimulated islets.  Thirty-two images were obtained with equal increment of 7.96 ms echo 

time.  There are two broad categories of T2 decay curve fitting algorithms: non-linear and 

linear.  The category of an algorithm is determined by the assumption of what is constant 

and what is variable within equation 3-1.  In this case, either algorithm fits the data to: 

   Y(TE) = ∑ Si e (-TE/T2*)  + b     (3-1)  
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 Figure 3-5.  Transverse relaxation time of human islets.  Exponential decay curve 
 of stimulated and unstimulated between the echo time and intensity was plotted. 
 No significant change in T2 (p-value 0.1489) was reported.  

  

where Y(TE) represents the experimentally measured signal decay curve, TE is the echo 

times at which the data were collected and b is the baseline of the decay curve.  The T2 

relaxation of stimulated and un-stimulated is summarized in Table 1. 

3.2.4 Islet Diffusion Coefficient (D) 

 
 The diffusion coefficient of stimulated and un-stimulated islet was calculated by  

plotting the signal intensity and the variable b-value, which was altered by changing the 

strength of gradient pulses.  The magnetization was sensitized by two gradient pulses 

before and after 180° pulses in a spin echo sequence (Stejskal-Tanner, et al., 1965).  

Fourteen experiments with b-value ranges between 150 sec/mm2 and 3300 sec/mm2 were 
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acquired.  Signal intensity was determined by selecting a region of interest.  Extra-

cellular media ROI was used as control. 

   

0 500 1000 1500 2000 2500 3000 3500

0

100

200

300

400

500

600

700

In
te

ns
ity

 (a
u)

b-Value (sec/mm2)

 Media
 Unstimulated
 Stimulated

 
 Figure 3-6 Diffusion Coefficient plots of human islets.  Exponential decay curve 
 between b-value and signal intensity illustrates the effects of glucose as both 
 stimulated and unstimulated islet were incubated with 33 μM of Mn.  Presence of 
 glucose slows down the molecular diffusion in the islet significantly (P-value 1.59 
 x 10-7). 
 
 
 
 
A nonlinear least square (Marquardt et al., 1963) algorithm was used to fit the data to a 

mono-exponential diffusion decay of the form 

    S = Ae(−bD)       (3-2) 

where A is the amplitude and D is the diffusion coefficient.  The results are summarized 

in Table 1. 
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Table 1.  Summary of longitudinal, transverse relaxation times and diffusion 
 coefficient of human islets incubated under stimulated (high glucose) and un-
 stimulated (low glucose) in the presence of 33μM Mn.  The summarized results 
 are based on 6 experiments each. 

Calculations Control Unstim Islets Stim Islets P-values* 

T1 (msec) 
T2 (msec) 
D (mm2/sec) 
 

847.5 ± 57 
21.4 ± 1.96 
1.029 x 10-3 

(media) 

640 ± 37 
19.17 ± 2.84 
7.86 x 10-4 
 

442 ± 22  
18.01 ± 1.58 
4.46 x 10-4 

0.0029 
0.1489 
1.59 x 10-7 

 *P-values are based on stimulated versus non-stimulated islets data. 
 

  
3.3.0 Discussion 

 
 The further development of endocrine replacement therapy for the treatment of 

diabetes will depend on the availability of high quality islets and addressing unresolved 

issues such as functional islet mass, engraftment rate, cell apoptosis, and 

immunorejection.  This study focused on assessing human islet quality by MRI.  Islet 

isolation from cadaveric donor pancreata is a complex procedure; the current histological 

and staining methods to assess the quality of these islets make them unusable as they are 

subjected to formalin and chemical staining.  This MRI method may be valuable in 

assessing islet quality via functional measurements is based on using manganese 

enhanced micro magnetic resonance imaging (Mn-µMRI).  Previously (Gimi et al., 

2006), demonstrated Mn-µMRI of pancreatic islets could be used to image glucose 

activation..  This is a continuation of that work, to precisely determine additional intrinsic 

islets properties to score them using MR.  These properties include: longitudinal 

relaxation time, transverse relaxation time, and diffusion coefficient as they play a 

significant role in developing image contrast and also help in diagnosis of disease.  

Knowledge of these parameters, regardless of tissue type, is almost always required for 
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any MR method development.  For many diseases, such as Alzheimer’s, multiple 

sclerosis, cardiac hypertrophy and diabetes, very little is known about early gradual 

cellular changes which lead to the full blown disease.  This cellular imaging to assess 

functionality of the isolated pancreatic islet non-invasively opens the door to studies of 

various diseases and will be able to detect early cellular changes.  It will not only help to 

understand the disease such as ” diabetes” in this case, but also aid in possible alternate 

therapies known such as islet transplantation (Vakasman et al., 2007). 

 This in-vitro study suggests that islets labeled with Mn, in the presence of high 

glucose concentration, reflected an increase in MR signal intensity versus islets incubated 

in basal glucose concentration.  The signal enhancement was a result of cellular uptake of 

available extracellular Mn by β-cell in the presence of glucose causing a change in the T1 

relaxation time of these islets and these changes were detectable in T1-weighitng images.  

A lesser degree of change in relaxation time was also observed in the un-stimulated islets 

as demonstrated in figure 3-4.  The T1 relaxation curve of islets with stimulation lowered 

their T1 by 10% percent compared to un-stimulated and 22% compared to control.  The 

lowering of T1 relaxation time, approximately by 200 ms, between the control and un-

stimulated islet reflected a passive uptake of Mn.   

 There are a couple of legitimate concerns regarding the technique and 

experimental setup such as the islet environment in the imaging capillary which may 

cause hypoxia and alter functionality and viability.  This was addressed by checking the 

islet viability, before and after incubating them in the imaging capillaries with some 

CMRL 1066 media for various intervals of times followed by trypan blue staining.  
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About 10% or less of the islets showed some peripheral damage after four hours in the 

capillaries.  Another concern was the assumption of minimum or negligible uptake by 

other cells as β-cells compose approximately 80% of the islets.   

 Although Mn as an MR contrast agent has been known for many years (Lauterbur 

et al., 1978), it was most recently demonstrated to be a direct indicator of brain function 

(Lin et al., 1997), heart function (Koretsky et al., 2004) and neuronal tracking (Paulter R, 

et al., 1998).  Besides the metabolic significance of Mn in the body, it is also a toxin at 

elevated levels; it was critical to exclude any deleterious effects of Mn on islet function 

i.e. insulin secretion.  Previous studies illustrated (Gimi et al., 2006) no functional 

alteration in the insulin indices when isolated rodent islets were subjected to 100 μm Mn. 

Similar work was done in vivo as will be discussed in chapter 5, and reflected absolutely 

no effect on β-cell function.  So far a change in T1 relaxation time as a probable result of 

cellular activities without any functional alteration has been demonstrated.  At the 

moment we fall short concluding that those changes are due β-cell activities because of  

lack of desired cellular resolution with available hardware.  

 The transverse relaxation time (T2) is another intrinsic tissue property, which 

plays a crucial role in image contrast.  T2-weighted imaging is very sensitive to magnetic 

susceptibility and routinely used clinically for identification of hemorrhage as the ferrous 

group in hemoglobin alters the magnetic susceptibility of the local environment.  There is 

a growing interest in using magnetic susceptibility for cellular tracking by labeling those 

cells with iron oxide particles (Tai et al., 2006).  Our vision to post graft islet monitoring 

is to labeled the islets with dextrin coated super paramagnetic iron oxide (SPIO) particles 
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and imaged using T2-weighting protocol.  This future study will require knowledge of the 

transverse relaxation time of the islets.   

 In fig 3-5 in the transverse relaxation time curve of stimulated and un-stimulated 

islet.  However, the difference of 1.16 ms. was a statistically insignificance in transverse 

relaxation time of stimulated and un-stimulated islets.  The determination of transverse 

relaxation time is crucial to an optimized imaging protocol for T1 and diffusion 

weighting imaging as well as for any future experiments.  

 Another possible MRI method for islet assessment may be diffusion weighted 

MRI (DWI).  DWI has been extensively used to study the physical and chemical 

environment of water molecules in the brain and has been recently applied to other 

tissues.  Clinically, a change in diffusion coefficient in the brain has been linked to tissue 

damage or an early sign of stroke (Robert et al., 2003).  A similar concept was applied to 

assess islet integrity and functionality as islet isolation involves the use of both 

mechanical and chemical disruption methods.  It is highly likely that these processes 

damage islets and cell membranes which result in decreased islet viability and 

functionality.  Here we present data demonstrating how diffusion can be used to 

characterize the physical integrity and functionality of isolated human islets by measuring 

diffusion coefficients in islets exposed to various media. 

The difference in diffusion between viable and necrotic tumors has been reported (Becker 

et al., 2000 ) as tumor necrosis region depicte low signal intensity on diffusion weighted 

images, indicating free diffusion of water molecule, whereas viable tumor regions have 

high signal intensity indicating limited diffusion.  The diffusion coefficient in 
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macroscopic measurements showed the difference between extra and intracellular motion 

of water within a region of interest or voxel.  As the proton spins in water molecules 

move quickly out of the voxel and cause a loss of MR signal as compared to stationary 

spins that have higher MR signal.  

 Diffusion data depicted the region of interest within an islet representing the more 

accurate measurement of cellular diffusion as compared to the entire organ.  As the 

diffusion coefficient of a voxel within the media depicted the low MR signal intensity 

and fast diffusion coefficient, whereas the voxel within the islet demonstrated a slow 

water molecule or more restricted diffusion where the MR signal persists and slow 

diffusion coefficient.  Interestingly the diffusion was further attenuated with islets 

exposed to higher glucose concentration in the presence of Mn versus control (un-

stimulated) figure 3-6.  This persistence in MR signal despite a strong gradient could 

reflect the cellular activation, or extracellular uptake of glucose, which altered the intra or 

extracellular viscosity, as result of reduction in movement of water molecules.  Although 

we do not have the imaging resolution which would enable us to successfully 

differentiate intra and extracellular diffusion, but it is the first non-invasive microscopic 

or cellular diffusion measurement of islets.  Figure 3-6 illustrates a diffusion exponential 

decay curve.  The signal intensity and b-values were used to calculate the diffusion 

coefficients.  These decay curves were clearly monoexponential as they were poorly fit to 

a biexponential function.  

 The application of this technique in a biological system has been criticized as it 

monitors the water movement in a single axis, which is not the case.  In a pure solution, 
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the diffusion is isotropic in nature meaning that the diffusion coefficient is equal in all 

directions, which is not the case in tissue where it is anisotropic meaning varies in 

different direction.  For a more accurate assessment of diffusion coefficient, it must be 

calculated in at least six directions and this technique is known as diffusion tensor.  

Despite a valid concern, the interest in the application of diffusion weighted images as a 

technique to differentiate normal versus disease tissue is continuously growing. 
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Chapter 4: Endogenous Pancreas Imaging 

 
 
 
4.0.0 Introduction 

 For many years MR images were restricted to anatomical visualization of 

hydrogen nuclei, however as hardware and software have evolved, the more focus has 

been on to functional and molecular imaging.  An active area of research is the study of 

the brain and how the MRI signal changes in response to an external or internal stimulus 

(Helmchen et al., 2006).  We are pursuing a similar approach but in this case the 

assessment of the functionality of the endogenous pancreas and its activation using 

exogenous stimuli.  Presently pancreatic endocrine function is assessed using 

biochemical tests of insulin release or serum glucose.  Knowing the functional efficiency 

of the pancreas would certainly be beneficial in the development of novel therapies aimed 

at maintaining or increasing endocrine function particularly during progressive 

pathologies.  Gimi et al., 2006, previously established molecular magnetic resonance 

imaging of insulinoma cells as well as isolated rodent islets using manganese (Mn) 

enhanced imaging (MEMRI).  Here we present the in vivo application of this technique to 

the rodent pancreas.  ..   

In-vivo MR imaging of rodent pancreas is very challenging and difficult as there 

are a number of contributing factors such as: (a) rodent pancreas has a low tissue density; 



     

 81  

(b) dispersive morphology; (c) small organ size; (d) respiratory and cardiac motion as a 

typical rat’s heart beat rate is 350 to 450 beats per minute; and (e) intestinal motion, air, 

and solid mass produced susceptibility artifact.  These morphological and physiological 

barriers impose limitations on MR capabilities such as the number of slices that can be 

imaged, selection of relaxation delay between the pulses, and the amount of T1-weighting 

that can be obtained.  However, there were some alternative solutions to these issues such 

as cardiac and respiratory gating to overcome the motion artifact; faster pulse sequences 

to reduce the time interval between the pulses; and faster imaging gradient which allowed 

thin or more slices without increasing acquisition time.  Despite these solutions there are 

very few rodent pancreas MR images reported in the literature.  (Evgenov et al., 2006; 

Turvey et al., 2005; Doyle et al., 2005) 

 The motivation for endogenous pancreatic imaging was not only to confirm 

earlier in vitro islet activation, but also to develop a technique to study this organ non-

invasively.  As rodents are the preferred experimental animal, the aim of this imaging is 

to implement a robust method to image the pancreas and asses its functionality by using 

exogenous stimuli such as glucose.  An anatomical image of an in vivo pancreas was a 

good starting point for optimization and overcome any encountered difficulties.          

 

4.0.1 Pancreas Morphology and Imaging 

 As discussed in chapter 1, the rat pancreas is a diffuse organ in the cranial 

abdominal cavity and lobulated in appearance; anatomically it has no defined 

morphology.  It is a gelatinous mass embedded in mesentery tissues originating from the 
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duodenum, extending along the stomach, and connecting to the spleen at one end and 

other end is buried in the intestinal region.  It weighs around one gram and has 

approximately 1000 or more islets (Hebel et al., 1976, Houry et al., 1983, Wood et al., 

1984).  The histological details were discussed in Chapter 1.  Besides morphological 

difficulties, it was important to be able to image the complete morphology of the 

pancreas.  Although three-dimensional imaging would illustrate the full extent of the rat 

pancreas, but the long acquisition times and motion artifacts associated with this 

approach are the biggest hurdles.  Two-dimensional imaging techniques can only image a 

part of the pancreas, and can more easily overcome the motion artifact and acquisition 

time issues.  However, initially it was necessary to implement some invasive procedures 

to delineate the extent of the organ in the MR image and to establish imaging parameters.  

Once established it was possible to move to non-invasive procedures.  

 

4.0.2 Anesthesia and Hyperglycemia 
 
 Another concern prior to studying β-cell activation in vivo was the use of 

anesthetics during imaging.  It is known that, a functional alterations occur in a number 

of body system such as endocrine, vascular, neural, digestive and reproductive as a result 

of exposure to a specific anesthetic agents (Selye et al., 1936).  The effects of anesthesia 

on the endocrine system results in a release of a neuroendocrine marker of stress known 

as corticotrophin.  This latter increases hypothalamic activity to enhance glucose 

production in the liver (Smythe et al., 1989; Machado et al., 1995) and increases the 

release of the hyperglycemic hormones, adrenaline and glucagons (Yamada et al., 1993).  
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As a result an increase in plasma glucose, free fatty acids, oxygen consumption, 

glycolysis, and protein breakdown occur (Brennan et al., 1987).  This hyperglycemic 

response creates challenges to the management of postoperative diabetic patients 

 To established baseline blood glucose, pre and post anesthesia with respect to 

duration of exposure was very important for our work.  Isoflurane (2-chloro-2-

(difluoromethoxy)-1, 1, 1-trifluoro-ethane), a halogenated volatile anesthetic, which 

induces and maintains general anesthesia by depression of the central nervous system is 

routinely used in veterinary applications.  Its use in human medicine is now starting to 

decline and is being replaced with sevoflurane, desflurane, and the intravenous 

anesthetics.  

4.0.3 Pancreatic Imaging 

 Imaging the anatomical delineation of the pancreas was essential for this research.  

Gd-DTPA (Gadolinium-diethylenetriaminepenta acetic acid), is a commercially available 

clinical MRI contrast agent which is a paramagnetic contrast agent that shortens the T1 

relaxation time of local protons (water) and results in contrast enhancement on T1 

weighted images.  Manganese is also paramagnetic and an excellent MRI contrast agent 

(Dias et al., 1983; Burnett et al., 1984; Cory et al., 1987). Mangafodipir trisodium 

(MnDPDP) is another manganese chelated contrast agent, which was clinically used for 

liver imaging.  The recent use of free Mn+2 as an intracellular MR contrast agent has 

primarily been used in the brain for functional imaging (Lin and Koretsky, 1997; Pautler 

et al., 1998).  Sometimes referred to as  manganese enhanced magnetic resonance 

imaging (MEMRI) or Activity-Induced Manganese-dependent MRI (AIM), the signal 

http://en.wikipedia.org/wiki/Sevoflurane
http://en.wikipedia.org/wiki/Desflurane
http://www.mr-tip.com/serv1.php?type=db1&dbs=Contrast%20Agents
http://www.mr-tip.com/serv1.php?type=db1&dbs=Contrast
http://www.mr-tip.com/serv1.php?type=db1&dbs=T1%20Weighted
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enhancement is related to functional increases in calcium influx, and therefore is, the only 

MRI method able to map brain activation in vivo independent of the surrogate 

homodynamic changes used in functional MRI (Aoki et al., 2004).  AIM-MRI of in vivo 

rodent pancreas has never been done or reported in the literature and is expected to show 

signal enhancement as a result of activity reflecting the functionality.    

 For the successful application of MEMRI for pancreatic activation, it was 

essential to consider the route of Mn administration, dose concentration, and dynamic 

synchronization between contrast agent and stimulus.  It was critical to use at as low a 

dose as possible as it had been shown that overexposure to Mn could lead to hepatic 

failure (Surong et al., 2003) and cardiac toxicity ((Jynge et al., 1997).  It has also been 

shown that too much accumulation of Mn could induce a susceptibility artifact via 

altering the T2* which leads to a loss of signal (Silva et al., 2004).  The aim was to 

optimize imaging pulse sequences and strategies for efficient delivery of Mn to the target 

organ of interest, while minimizing toxicity to the animal.  However, recent MEMRI 

experiments reported use of Mn without adverse effects (Kuo et al., 2006).   Besides a 

low dose of Mn there was concern regarding the target selectivity as both stimulus 

(glucose) and contrast agent (Mn) had shown uptake in other organs such as liver, 

intestine, skeletal muscle, heart etc.  To overcome this issue we used pharmacologic 

agents, which can promote and suppress pancreatic β-cell function.   
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4.0.4 Selective Pancreatic Stimulant 

 As Mn uptake has been exhibited by other organs such as heart, brain, and liver 

(Andersen et al., 1996), it was difficult to make it more target selective for the pancreas.  

An alternative was to make the stimulus specific for the pancreas.  

 The cornerstones of therapy for non-insulin dependent diabetes mellitus, if diet 

and exercise fail, are a required pharmacologic intervention to control hyperglycemia.  

The sulfonylureas are the only clinical hypoglycemic agents approved for use in the 

United States.  Their hypoglycemic effect is achieved through stimulation of insulin 

secretion and reduction of insulin resistance in the peripheral tissues.  Two classes of 

sulfonylureas are available, such as tolbutamide and toiazamide; and gilipizide and 

giyburide.  We selected tolbutamide, 3-butyl-1-(4-methylphenyl)sulfonylurea-urea C12 

H18N2O3S chemical structure shown in figure 4-1,  as our target specific stimulus.  It is 

sold under the brand name Orinase.  Tolbutamide, a short-acting drug, is metabolized 

 
 

 

Figure 4-1 The chemical structure of Tolbutamide 3-butyl-1-(4-methylphenyl) 
sulfonylurea.  

 
 
 
by the liver to an inactive compound that is rapidly excreted in the urine.  It is well 

known that tolbutamide acutely stimulates monophasic insulin secretion by pancreatic 

R
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islets in-vivo (Curry et al., 1965; Bennett et al., 1976). Molecular and functional studies 

have demonstrated the primary modes of actions of sulfonylurea are exerted through 

high-affinity binding to the β-cell potassium ATP channel complex (Ammala et al., 1996; 

Ashfield et al., 1999; Aguilar-Bryan et al., 1999). Because of this binding, K-ATP 

channels elicit a sequence of events including membrane depolarization and increased 

calcium influx through voltage-dependent calcium channels, ultimately resulting in 

insulin exocytosis (Ashfield et al., 1999, Dunne et al., 1994).  As it enhances the 

intracellular flux of calcium, presumably Mn will follow and will increase target specific 

activity i.e., pancreatic β-cells. 

 

4.0.5 Selective Pancreatic β-Cells Inhibitors 

 Type 1 diabetes results from destruction of beta cells, most likely mediated 

through a T-cell-dependent chronic autoimmune process (Van et al., 1998).  The 

development of type 1 diabetes requires a genetic predisposition permitting  

 
 

 
 Figure 4-2: Chemical structure of streptozotocin (STZ) glucopyranose, 2-deoxy-
 2-[3-methyl-e nitrosourido-D).  
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environmental factors to trigger the disease process.  A model of experimentally induced 

autoimmune diabetes is achieved by administering low doses of streptozotocin (STZ, 

glucopyranose, 2-deoxy-2-[3-methyl-e nitrosourido-D] chemical structure shown in 

figure 4-2), a glucose analog, and a naturally occurring beta-cell toxin for mice, rats, and 

humans.   

STZ causes fragmentation of DNA in rat pancreatic β-cells through the formation of free  

alkylating radicals, leading to a reduction in the cellular levels of nucleotides and related 

compounds, NAD.  This causes rapid necrosis of the β-cells (Okamoto et al., 1988, 

Yamamoto et al., 1995; Uchigata et al., 1988).  STZ-induced beta-cell toxicity appears to 

involve more complex, but more selective, mechanisms to generate reactive oxygen 

species that might damage DNA (Wilson et al., 1988).  

 Glucose transporter 2 (GLUT2), which has been found only in β-cells that 

participate in the regulation of blood glucose homeostasis, mediates the glucose uptake 

into cells (Bell et al.,.1990).  Recently, it has been suggested that GLUT2 mediates the 

cellular uptake of STZ (Ferber et al., 1994).  The rationale is based on the facts that 

expression of the facilitative GLUT2 in beta-cells is required to catalyze the uptake of 

glucose as the first event in glucose-stimulated insulin incretion and the loss of GLUT2 

expression is associated with failure to respond to glucose (Thorens et al., 1990).  

 Therefore, STZ affects only the β-cells in the pancreas.  β-cell has a poor 

regenerative capacity in adults, and this STZ-induced ß-cell destruction (Steiner et al., 

1970) results in irreversible diabetes.  Direct administration of STZ at 1/10 the dose 

reduced the total volume of pancreatic ß-cells to about 35% of that in the control group 3 
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hr after its administration (Yamamoto et al., 1997). The plasma insulin concentration was 

lowest 12 hr after administration of STZ because the insulin supply may have been 

decreased due to damage of β-cells. The use of a combination of selective stimulus or 

selective inhibitor would help in interpretation of the results.   

4.1.0 Material and Methods 
 
4.1.1 Animal Procedures 

 Adult Lewis male rats weighing 225-275g were purchased from Harlan Sprague 

Dawley, Inc., (Indianapolis, IN), and housed in the University of Chicago’s Biological 

Resources Center, with free access to food and water.  All surgical procedures were 

performed in accordance with University Animal Care Guidelines and animal surgery 

was performed by a veterinary technician.  Rats were anesthetized with 1.5% isoflurane 

mixed with pure oxygen using nose cone mask.  During an invasive procedure, a midline 

abdominal incision was made, the pylorus was ligated to prevent gastric juice from 

entering the duodenum, and the common bile duct was ligated proximal to the pancreas 

below the ilium.  A polyethylene catheter (OD 0.9 mm, ID 0.5 mm; Fisher,) was inserted 

into the pancreas through the bile duct and sutured to secure tubing. The femoral and tail 

vein were cannulated with a polyethylene tube (OD 0.7 mm, ID 0.5 mm; Fisher) for 

blood samples and stimulus administration. 

To delineate pancreas morphology 100 μl of 0.9% saline doped with 0.01mM 

Gadolinium solution was infused through the catheter into the pancreas using a syringe 

pump. The rats were kept warm at a constant temperature of 38°C by heating pads under 
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the body and a heat lamp over the abdomen.  Following surgery, animals were restrained 

on a Plexiglas platform with integrated birdcage coil, figure 4-3(a).  Warm air was 

continuously flushed through the magnet, and the animals ECG, RR, and body 

temperature were continuously monitored using SA Instrument (Stony Brook, NY) figure 

4-3(b).  For non-invasive in-vivo, imaging no surgery was performed except 

catheterization of femoral and tail veins. 

 

 

Figure 4-3: Animal setup for imaging.  (a) Illustrated animal prep prior to enter the 
magnet. (b) A physiological monitoring of animal heart beat and respiration during the 
imaging and utilized for gating. 
 
 
 
4.1.2 Contrast Administration 

 Saline solution doped with Gadolinium and manganese chloride was infused with 

a syringe pump at the rate of 1ml/hour for 15 minute. Gadolinium (Magnavist, NJ) was 

diluted to 0.01mM and 5μl was mixed with 1ml of 0.9% saline.  A 1M stock solution of 

MnCl2 (Aldrich, Saint Louis, Mo) was diluted to 3μM.  Glucose (Aldrich, Saint Louis, 
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Mo) was administered through slow bolus injection at a dose of 0.5g/kg.  For non-

invasive imaging, 5mM MnCl2 solution was infused through the femoral vein using a 

syringe pump with a rate of 1ml/hour.  The duration of infusion was adjusted with the 

final body dose of 2.78nmol/g body weight (BW).  During the contrast agent titration, a 

dose of as high as 300 μmol/g body weight, was administered.  The time of stimulus 

administration was titrated with signal enhancement in MR image.  Initially it was 

administered post contrast then later tried as pre contrast.  The optimum stimulus 

administration time was a little more than half way through contrast agent infusion as 

illustrated in figure 4-4. 

 

 

 Figure 4-4 Schematic of the time intervals for stimulus administration.  The three 
 different time intervals of stimulus administration as right and left block of 
 glucose bolus mean stimulus administered either pre and post contrast.  The 
 center block shows that the optimum time interval of stimulus administration is a 
 little more than half way post contrast  

 
 
4.1.3 Tolbutamide preparation 

 Tolbutamide (Sigma, Aldrich, St Louis, Mo) was dissolved into dimethyl 

sulfoxide (DMSO) followed by further dilution in 10 mM hydroxmethyl aminomethane 

(Sigma, Aldrich, St Louis, Mo) buffer. A dose of 10mg/kg body weight was administered 

through the tail vein. The dose was administrated in similar time intervals as for glucose.  

Glucose Bolus 
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Mn Infusion 
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4.1.4 STZ Administration  

 Streptozotocin (Aldrich Chemical, Saint Louis, Mo) was dissolved in a citrate 

buffer (pH 4.52), solution kept in ice, and injected within10 min of dissolution.  A one-

time dose of 60mg/kg body weight was administered through the tail vein and the 

animals were returned to the facility with free access to food and water.  Animal body 

weight and blood glucose level were monitored every 48 hour.  Animals were imaged 72 

hours post STZ administration. 

 

4.1.5 In Vivo MRI Acquisition 

 In vivo imaging was performed on a 4.7T/ 33 cm horizontal bore magnet (Oxford 

Instrument, Oxford, UK) with Bruker Avance Biospec (Bruker-Biospin, Billerica, MA) 

console equipped with 20 cm shielded gradient with maximum strength of 200mT/m.  A 

60 mm ID home built transmit-receive birdcage resonator was used.  Images were 

obtained using respiratory gating to minimize the motion artifacts.  Coronal images of the 

pancreas were obtained using both spin and gradient echo with the spleen as a landmark.   

Spin echo (MSME), gradient echo (FLASH), and fast gradient echo (MPRAGE) imaging 

pulse sequences were used.  T1-weighted images of control (pre-contrast), post contrast 

and post stimulus were acquired, which later changed to simultaneous post contrast and 

glucose.  Typical imaging protocol for MSME was: TE = 9.4ms, TR = 350 ms, matrix = 

128 x 128, FOV = 5.8 x 6.1 cm, Nex = 8, Resolution = 429 x 429 micron; FLASH, TE = 

4.2ms, TR = 108ms, FA = 60, Nex = 8, Matrix = 192 x 192, resolution 286 x 286 micron, 
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MPRAGE, TR = 10.7 ms, TE = 3.3ms, no of segment = 4, segment duration = 340ms, 

FA = 10, Inversion delay = 750 ms, Nex = 6, matrix = 128 x 128.    

 

4.1.6 Blood Glucose and Insulin Measurement 
 
 Blood glucose and other physiological parameters were measured using an i-

STAT machine (Abbott Laboratories, North Chicago, IL).  Insulin concentration was 

measured from blood serum via ELISA (Mercodia, Uppsala, Sweden).  Blood samples 

were obtained pre Mn, post Mn, post glucose, and before sacrificing the animals.  

Approximately, 300μl of blood volume was obtained; 100μl was used for serum glucose 

and the remainder was used for serum insulin analysis. 

 

4.2.0 Results 
  
 The first image of the pancreas was obtained on a dead rat, Fig 4-5.  To determine 

the extent of the pancreas that can be imaged non-invasively using two-dimensional 

imaging protocols, rat’s abdominal cavity was opened ventrally.  A small part of the 

gastrosplenic portion of the pancreas was seen between the descending duodenum and 

transverse colon on the right side just caudal to the liver.  It was in the mesentery and 

pinkish orange in color.  To find the whole pancreas it was necessary to remove the 

stomach and duodenum.  The pancreas was a gelatin mass and was difficult to 

differentiate into three parts; i.e. the head, body, and tail.  A similar approach was applied 

as in the case of human pancreas, the tail part of the pancreas attached to the spleen and it 

was used as an anatomical surrogate marker.  
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Figure 4-5.  Proton density image of dead rat abdominal cavity.  A coronal view, 
showing the pancreas hugging the stomach and attached to the spleen at one end.  

 
 
 
4.2.1 Invasive procedures and Imaging 

 To image the rat pancreas non-invasively some invasive procedures, as described 

in section 4.1.1, were performed to demonstrate the extent of this organ.  Figure 4-6(a) 

and 4-6(b) show a comparison between control and post gadolinium delivered directly 

into the pancreas.  Figure 4-6(c) showed a 3-D image of the pancreas from a dead rat 

following the gadolinium infusion.  As shown, it was difficult to outline the pancreatic 

region in a pre contrast image, but other organs such as spleen and stomach were used as 

landmarks.   

A signal to noise ratio (SNR) was calculated by selecting the region of interest (ROI) on 

an organ over background noise.  In the pancreatic region, post Gadolinium SNR 

increased by two fold over pre-contrast.  However, one can see the loss of  
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Figure 4-6.  In-vivo Gadolinium enhanced rat pancreas image.  (a) In-vivo coronal slice 
of rat abdominal cavity illustrated the pancreas (a) pre gadolinium (b) post gadolinium 
and (c) 3D post gadolinium 
 
 
 
signal in the liver, stomach, intestine etc following contrast.  This could be due to an 

overdose of contrast leading to T2* effects which  result in a lost of signal.  Although 

these images required time-consuming surgeries, but we were able to illustrate the organ 

better and ascertain how difficult it would be to image non-invasively.  The 3D images 

were able to show the full extent of the pancreas, but due to long acquisition time it was 

impossible to obtain an artifact (motion) free similar image in a live animal. 

 

4.2.2 Anesthesia and Hyperglycemia. 

 As these animals were anesthetized using isoflurane, which has been linked to 

elevated blood serum glucose as discussed in section 4.0.2, baseline post isoflurane blood 

glucose levels were established by measuring blood glucose level of control and post 
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isoflurane.  The post isoflurane was monitored for one hour with samples every 20 

minute.  

 
 

  
Figure 4-7 Effects of isoflurane on rat’s blood serum glucose level.  The 
bar graph shows glucose level at various time intervels after isoflurane.  
Time zero shows control blood serum glucose level.    

 
 
 
 The results shown in figure 4-7 illustrat a correlation between serum glucose 

levels and time past anesthesia.  The first sample was obtained pre-isoflurane, by animal 

tail nick.  As shown, the blood glucose level elevated within the first 20 minutes of 

exposure and gradually declined over next 40 minutes.  Sustainable base-line serum 

glucose was achieved in 60 minutes post anesthesia.  

  
4.2.3 Invasive Pancreatic Activation 
  

To investigate if MnCl2 could be used to delineate the pancreas during functional 

activation, a similar surgery was performed as for gadolinium enhanced anatomical 
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delineation, but this time a 3μM MnCl2 solution was used as contrast followed by intra-

peritoneal glucose as a stimulus.  Figure 4-8 illustrated one slice of rat abdominal cavity 

showing part of the pancreas.  Figure 4-8a shows control (pre-contrast), 4-8b post 

contrast and 4-8c a subtracted image of b-a.   

 
 

  
Figure 4-8: Invasive MEMRI of rat pancreas. (a) Control (pre-Mn & pre-glucose) (b) post 
Mn and post glucose (c) subtracted image b-a showed overall enhancement in the 
pancreatic region. 
 
 
 
As shown post glucose images enhance the micro structural detail of the pancreas and 

other organs as compared to control (pre Mn).  A signal enhancement of 43% was 

calculated between pre and post manganese, but there was only 5 to 8% increase in SNR 

following stimulus (glucose) administration.  

 

4.2.4 Non Invasive Pancreatic Activation 

 MR relaxation rates are proportional to the effective concentration of Mn in 

tissue, and thus significant amounts of Mn are required to produce robust and detectable 

contrast.  In figure 4-9 (a) and (b) is illustrated a non-invasive coronal slice of rat 
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pancreas before and after contrast without any glucose administration.  The Mn was 

infused for 60 minutes with a dose of 300μM /g body weight. The post contrast image 

illustrates the loss of signal in the liver region due to contrast overdose; however no sign 

of signal loss in the pancreatic region was determined and the animal survived.  In 

MEMRI studies of the brain, Mn concentrations as high as 175mg/kg dose for a 250g rat 

was used without any lost of signal (Koretsky et al., 1997).  This suggests variation of 

Mn uptake in different organs. 

 
 

 
Figure 4-9 Contrast dose titrations.  Coronal view of rat abdominal cavity (a) 
control and (b) post contrast obtained by gradient echo.  The signal saturation as a 
result of overdose (300 μM/g body weight) of contrast is clearly shown in the 
liver region in b. 
    

 
 
 

 Following the contrast dose and imaging parameter optimization a functional 

image of rat pancreas was obtained, figure 4-10.  It shows a single slice at three different 

time intervals i.e. control, post contrast, and post-contrast plus glucose as 4-10 (a), (b), (c) 
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respectively.  This illustrates the degree of difficulty in outlining the pancreas in pre-

contrast slices.  

 These images were obtained by using gradient echo instead of spin-echo, which 

allowed us to select the echo time on the order of few milliseconds.  The signal 

enhancements of 20-23% were calculated in the pancreatic region between pre and post 

contrast, however there was only an 8-10% increase in SNR between post contrast and 

post stimulus.  However, post stimulus images revealed anatomical details, which were 

obscured in control images.   

 
 

Figure 4-10.  Effects of activation on various organs. Coronal view illustrating (a) 
control, (b) post contrast dose titrations of activation on various, and (c) post contrast plus 
stimulus.  Images were obtained with gradient echo imaging protocol 
 
 
 
 A more sensitive imaging pulse sequence was applied to detect subtle dynamic 

changes in the pancreatic region.  Figure 4-11 (a) and (b) showed a post contrast plus 

glucose images were obtained using FLASH and MPRAGE, respectively.  The contrast 

concentration of 66 nmol/g body weight barely showed any signal enhancement in 
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FLASH, but it was saturated using MPRAGE, which led to a further reduction in contrast 

dose.  A signal enhancement of 70 % was calculated between the two imaging sequences 

following the activation.  The titrated concentration of as low as 2.78 nmol/g body weight 

was detectable using MPRAGE.  Other imaging parameters, which required optimization, 

were: the time interval between the inversion and excitation pulse, the number of 

segment, segment duration, segmentation repetition time etc.   

 
 

 
 Figure 4-11.  Comparison between FLASH and MPRAGE.  A post-activated 
 image obtained using (a) FLASH, and (b) MPRAGE.   
 
 
 
Similar experiments were repeated i.e. imaging pre contrast, post contrast, and post 

glucose using MPRAGE.  

 Fig 4-12(a, b, c) shows part of the pancreas image, obtained using MPRAGE, at 

control (pre–Mn), post-Mn, and post-glucose respectively.  The animal was infused with 

a dose of 66 nmol/g body weight.  There was a 43% gain in signal intensity between pre 
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and post Mn; however, there was a 13% loss in signal intensity following the glucose.  

The loss of signal was suspected to be due to higher influx of Mn leading to a decrease in 

T2*. 

 
 

 
Figure 4-12: Post activation reduction in signal intensity (a) control rat pre Mn and pre 
Glucose (b) post Mn and (c) post Mn and post glucose showed lost in signal intensity in 
liver and pancreatic region.  
 
 
The loss of signal following glucose administration was investigated by calculating pre- 

and post-activation transverse relaxation times (T2).  Figure 4-13 (left) and (right) 

showed decay curves used to calculate T2 relaxation times in the liver and pancreas 

before and after activation.  Figure 4-13(left) represented an increase of 3.57 ms in T2 
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Figure 4-13 Pre and post activation transverse relaxation time are plotted (left) ROI was 
selected in liver region showed change in T2 and (right) ROI was selected in the 
pancreatic region and no change was observed. 
 

following activation in the liver whereas fig. 4-13(right) showed no change in the T2 

relaxation time in the pancreatic region.   

There was a slight change in T2 relaxation in the liver region, which may led to reduction 

in signal intensity, following the activation.  This speculation requires more experiments 

as this data was based on three animals.  Although there was no change in T2 in the 

pancreatic region, but there was an increase of T2 in the liver led us to change the time 

interval between contrast and stimulus.  

 Figure 4-14 illustrate four images of an activated pancreas at different time 

intervals as the stimulus was administered during the contrast infusion.  Simultaneous 

administration of contrast and stimulus led to a reduction in detectable dose of contrast 

i.e.  2.78nmol/g body weight.  Fig. 4-14.  It illustrates the 4 images of the same slice at 

different time intervals.  4-14(a) was obtained using spin echo, as it was very difficult to 

make out anatomical detail prior to contrast agent administration using MPRAGE.   
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Figure 4-14. In vivo pancreas activation. (a) Anatomical coronal view was 
obtained using spin echo. (b) Same slice as (a) using MPRAGE is a control; (c) 
post-Mn and post-glucose showed pancreatic activation; (d) subtracted image c-b. 
 
 
  

Control and post activated images were shown in 4-14(b) and (c) respectively.  4-14(d) 

illustrates a subtracted image between pre and post activated image.  A 20 -23% increase 

in SNR following the activation was calculated in the pancreatic tail regions. 

A color map of the stimulated pancreatic region is shown in figure 4-15.  Control and 

post-stimulus administration in 4-15(a) and (b) show enhancement in the tail region of 

the pancreas, and the overall enhancement is shown in figure 4-15(c), a subtracted image 

of pre and post activation.  
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Figure 4-15.  A color map of stimulated pancreas obtained using MPRAGE, where (a) is 
control (b) activated pancreas (c) subtracted image (b-a).   
 

Reds indicate the maximum signal intensity that was absent in control.  It further 

illustrates that not all the pancreatic region shows the signal enhancement, only pockets, 

which may indicate specialized activities in those regions. 

4.2.5 Selective Stimulant 

 The non-selectivity of contrast and stimulus was changed by using a β-cell 

selective stimulus such as tolbutamide.  Tolbutamide, a sulfonylurea, is a more selective 

stimulus for pancreatic β-cells than glucose.  Images of the rat pancreas obtained using 

MPRAGE, are shown in figure 4-16(a) and (b) before and after tolbutamide 

administration, respectively.  A signal enhancement of 14-16% was obtained in certain 

pancreatic regions versus control.  No signal enhancement was observed in the liver 

region following the tolbutamide administration, however the intestinal region showed 

prominent enhancement in signal intensities.  
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4.2.6 Selective Inhibitors 

 STZ was used as a negative control to demonstrate that activated pancreatic 

regions were in-fact due to pancreatic β-cell activities.  The STZ treated rats were used as 

an inhibitor of β-cell function and there should not be any activation in the MRI of 

pancreatic region following activation.  Figure 4-17 (a) and (b) illustrate the pancreatic 

region of the STZ treated rat before and after the activation regime. 

 

Pancreas a b 

Figure 4-16: Rat pancreas stimulated with tolbutamide (a) control, (b) post 
 Mn post tolbutamide as the red regions in both were showing the intestinal 
contamination in the pancreatic region  
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Figure 4-17: Activation of a STZ treated rat.  (a) Pre Mn pre glucose (b) post Mn  post 
glucose 
 
 
 
As shown in 4-17(b), there were still some pockets of activation.  Despite the elevated 

blood serum glucose level; it is likely that 72 hours post-STZ was not long enough.  

Another possibility is cell proliferation which would cause an increase in Mn uptakes 

(Núñez et al., 2006).  

In Table-2 is summarized the effects of endogenous pancreas activation on MR signal 

intensity under different contrast dose, time of glucose administration, and pulse 

sequences. First two rows show the changes in signal to noise ratio (SNR) in the pancreas 

region using FLASH after Mn and after glucose using invasive and non-invasive imaging 

respectively.   Third and fourth summarized the SNR changes using MPRAGE as glucose 

was administered after the Mn and simultaneously respectively.  Fifth row summarized 

the change in SNR using tolbutamide.  
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Table 2: Summary of the MR signal intensity in the pancreas as a result of functional 
activation in different conditions. 

Signal Intensity Pulse Sequence Mn Dose 
nmol/g body 

weight 

Time Glucose 
Admin Post Mn 

(%) 
Post Gluc. 

(%) 
FLASH n=3 ** 1.25 * Post Mn 43 5-8 

FLASH n=6 105 Post Mn 20-23 8-10 
MPRAGE n=8 66-2.78 Post Mn 70-43 10-13 dec† 
MPRAGE n=8 2.78 Simultaneous 20-23 
MPRAGE n=3 2.78 Simultaneous†† 14-16 

* 100ul of 3μM MnCl solution was infused into the pancreas through pancreatic duct, in others cases it was 
administered through IV.  ** n represent number of animals.  † represent decrease in signal intensity the rest indicate 
signal enhancement.  †† stimulus was tolbutamide and no glucose was administered. 
 
 
 
4.3.0 Discussion  

 These results suggest the combination of MRI, manganese, and stimuli could be 

used to assess cellular functionality of Voltage-Dependent calcium Channels (VDCC), 

assuming negligible uptake by passive mechanisms.  These excitable cells are not only 

found in the pancreas, but also in various other organs such as the brain, heart, and 

skeletal muscles.  This technique can be used to develop animal models to study various 

diseases or progression of disease in those organs.  This study was focused on non-

invasive functional assessment of pancreatic β-cells, essential for glucose homeostasis 

and lack of their functionality which may lead to diabetes.  There has been a great deal of 

interest in β-cells mass, and this present research was aimed at assessing β-cell function, 

as “β-cells mass is a β-cells function”.  Magnetic resonance imaging has always been 

very challenging in the abdominal region due to cardiac and respiratory motion.  In-vivo 

anatomical image of rodent pancreas is very difficult to start with and complicated 

pancreas morphology makes it even worse.  In this research, we focused on pancreas 

functionality. 
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 The most common method of contrast enhancement in functional MRI is blood 

oxygen level-dependent (BOLD) affect, primarily applied to brain activation studies.  

The magnetic susceptibility of blood is used as an endogenous contrast agent where 

deoxyhemoglobin is more paramagnetic then oxyhemoglobin.  The level of blood 

oxygenation changes by applying stimuli, and the change affects the MR signal.  The 

biggest problem with this technique is poor signal strength.  The use of MEMRI for 

similar applications seems to generate stronger signal, but use of free Mn ion could be 

lethal as was shown by a cardiac arrest occurs as a result of Mn overdose (Aschner et al., 

1991; Brurok et al., 1997).  We used a similar approach to assess pancreas function, and 

modified the technique to overcome some of the challenges such as complicated 

morphology, constant motion, Mn toxicity, selection of stimulus, low tissue density of 

endocrine, low imaging resolution, and poor image weighting with traditional imaging 

sequence.   

 The post gadolinium and dead rat image of the pancreas demonstrated the 

morphological complexity of the organ as it is found in different planes of the body 

(figure 4-5, 4-6).  This imposed limitations on the MRI protocol, such as the number of 

slices that can be imaged per breath, the amount of weighting that can be obtained, the 

extent of the pancreas that can be imaged.  The use of a ventilator not only helped to 

prevent cardiac arrest due to overdose of Mn, but also helped to regulate the breath cycle 

with consistent time interval, which helped better gating and less motion artifacts. 

  The MEMRI of the pancreas using the invasive procedure helped to localized the 

contrast, while exogenous administration of stimuli was able to outline the pancreas, fig 
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4-8.  The signal enhancement of only 5 to 8% following glucose injection could be due to 

time or route of administration.  Although it localized the enhancement only in the 

pancreas, it required time consuming complicated surgery and IP administration of 

stimulus saturated the signal in the intestinal region.  Another issue with IP dose is it 

required larger volume, which shifted or pushed the anatomical landmark as a result we 

failed to subtract pre and post activation images to assess the net gain or loss of signal.  

Poor animal survival statistics and all these complication urged us to implement non-

invasive methods.  

 The significance of contrast dose was shown in fig 4-9 as the lower left lobe of 

liver over accumulated the manganese and this resulted in signal loss due to T2* effects.  

As noted, this particular liver lobe was more sensitive to manganese uptake than the rest 

of the liver.  Despite the high dose of contrast agent, no loss of signal was reported in the 

pancreatic region and it helped in anatomical delineation.  MEMRI activation of 

endogenous pancreas, demonstrated in figure 4-10, reflected resolution enhancement as 

more detailed microstructures were revealed following stimulus especially in the liver 

regions.  The refined resolution showed that some of the pancreatic slice was 

contaminated with the kidney, which were impossible to outline in the control image.   

The post process image analysis revealed poor signal enhancement following the 

contrast.  This could be the result of due inadequate weighting or inadequate contrast 

dose (105nmol/g body weight), although a higher dose showed signal saturation (figure 

4-9).  Another issue was poor animal survival, as most of the animals died either post 

contrast or post stimulus.  I suspected an overdose of contrast was causing cardiac arrest 
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as a result of inadequate ventilation.  I did attempt a few imaging experiments with 

changing the animal strain to Sprague Dawley, which increased animal survival rate by 

90% and they were less sensitive to isoflurane. Their low insulin output following the 

glucose made us switch back to Lewis rat.     

 Switching the animal strain did not improve the enhancement following the 

stimulus in the pancreatic region using traditional FLASH imaging sequence.  The 

insufficient weighting was evaluated by changing imaging pulse sequence to MPRAGE.  

MPRAGE overcame many of the problematic issues, but it was not an ideal selection to 

reveal anatomical detail.  It was almost impossible to visualize anatomical details in pre-

contrast images as the inversion pulse destroyed most of the signal from the other organs.  

For correct pre contrast geometrical selection, anatomical images were acquired using 

spin echo prior to manganese and glucose administration.  Figure 4-11 showed post 

activated image obtained using FLASH versus MPRAGE; a signal enhancement of 27% 

in liver and 23% in pancreas was recorded over FLASH with contrast dose of 66 nmol/g 

body weight.  A gain of up to 70% post contrast signal enhancement was reported using 

MPRAGE compared to the control where a drop of 10-13% was calculated following the 

stimulus.  As MPRAGE had demonstrated more sensitivity than FLASH, the loss of 

signal suggested glucose helped migrate the extra-cellular manganese into different 

region of the pancreas.  This resulted in lower intra-voxal manganese concentration 

which led to loss of signal.  On the other hand, the opposite could be true i.e., higher 

manganese intra-cellular influx resulted in an over accumulation of intracellular 

manganese and caused the T2* effect as was shown in figure 4-9.  A slight enhancement 
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in T2 relaxation time in the liver regions suggested the later.  The lost in signal following 

the stimulus was probably due to the prolonged gap between contrast and stimulus 

administration which resulted in over accumulation of manganese, which ultimately led 

to signal reduction. 

 The stimulus administration time versus signal enhancement, using a 

concentration of 2.78nmol/g body weight, indicated that the maximum contrast was 

achieved when stimulus were administered more than half way through contrast infusion.  

The post activated pancreas stands out not in-terms of SNR, but in terms of contrast.  A 

color map of the activated pancreas, in figure 4-15, clearly illustrates the regional 

activation within the pancreas as the red indicates the most intense activation in the tail 

region of the pancreas. 

 The use of tolbutamide, a specific activator for pancreatic β-cells, proved to be 

selective and reduced the signal enhancement in the liver region following the activation, 

figure 4-16.  The red intensifying region both in control and post activation images was 

due to intestinal contamination in the pancreatic regions.  Unfortunately, the contrast 

enhancement in the pancreatic region was not as good as in the case of glucose.  This is 

due the fact that these rats were not diabetic and the high efficacy of the tolbutamide is 

shown only in diabetic rats.  Another problem was increased signal enhancement reported 

in the intestinal region.  Future plan is to test other target specific stimuli such as 

toiazamide, gilipizide, giyburide, and arginine.   

 All in vivo pancreas activation showed a contrast enhancement in the tail region 

of the pancreas following, but inadequate imaging resolution failed to conclude that the 
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enhancement was in-fact due to the pancreatic β-cells.  To answer this question we used a 

STZ treated animals as negative controls.  As discussed above, STZ is a β-cell toxin, and  

would have destroyed pancreatic β-cells.  Therefore,  there should not be any activation 

or MR signal enhancement, if in-fact the activation was due to β-cell activity. 

 As shown in figure 4-17, contrast enhancement following activation in the 

diabetic rats suggested the probable uptake of Mn by other tissue types in the pancreas.  

Similar results has reported the presence of ligand-gated calcium channel in the 

Stomatosatin (Liu, et al., 1999).  Another possible explanation of this enhancement is   

that these rats were imaged too soon, only 72 hour after the STZ administration, which 

was not sufficient time to destroy all the β-cell.  Enhanced cell proliferation has also been 

linked to higher intracellular calcification (Shoshan et al., 2006), which can also explain 

the higher uptake of Mn.   This data of STZ treated rats as a negative control was not 

conclusive and required more experimentations. 

 Overall the preliminary results presented here are very encouraging.  The use of 

low dose Mn opens the door to evaluate other organs.  The technique still needs 

optimization and there are critical issues such as role of exocrine which must be 

addressed.  

In the next chapter, the used of other analytical modalities to quantify the presence of Mn 

as a surrogate marker for β-cells activity and its effects on β-cells function is discussed.   
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Chapter 5:  Manganese Uptake and Islet Function 
 
 
 
5.0.0  Overview 

 The last two chapters illustrated the proof of concept; here are presented the 

issues regarding the technique such as Mn toxicity, regional pancreatic activation, and 

uptake of Mn, etc.  To address some of these concerns we used other analytical 

modalities such as Enzyme Linked Immuno-Sorbent Assay (ELISA) analysis for insulin 

production, Atomic Absorption (AA) spectroscopy to quantify regional uptakes of Mn, 

and In-vitro high resolution MRI to see the full extent of pancreatic activation.   

5.0.1 Effects of Mn on Insulin Release    

 It was essential to study the effects of Mn on β-cell function or insulin release.  As 

was briefly discussed in chapter 1, insulin is a rather small protein with a molecular 

weight of about 6000 Daltons.  It is composed of two chains held together by disulfide 

bonds.  It is synthesized in β-cells, packaged in the Golgi apparatus, and released from 

cytoplasmic granules.  The synthesis of insulin involves a polypeptide hormone, also 

known as pre-proinsulin.  In the β-cell, pre-proinsulin is cleaved to a single peptide 

during insertion into the endoplasmic reticulum and what is left is pro-insulin.  Pro-

insulin consists of an amino-terminal β-chain, carboxy-terminal α-chain and a connecting 

middle C-peptide.  In the endoplasmic reticulum, specific endopeptidases known as 
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prohormone convertase cleave the C-peptide and generate insulin, these steps are shown 

in figure 5-1 (Steiner, 2006).  Insulin and free C-peptide are packaged in the Golgi 

apparatus and released from cytoplasmic granules together in response to β-cell 

stimulation.  Insulin circulates in its free form and has a half-life of 3-8 minute (Meloni, 

et al., 2006).  It assists in the transport of glucose across the cell membrane; it regulates 

metabolic enzyme activity, ions modulation, and enzyme synthesis.  Overall insulin 

action at target organs is anabolic and promotes the synthesis of carbohydrate, fat, and 

protein.   

 This short review of insulin physiology emphasizes the metabolic complication of 

its action.  Addition of other ions such as Mn may alter the functionality of insulin.  The 

amount of insulin released as a result of a stimulus is routinely measured using ELISA 

assays to assess beta cell function.  This technique was used before and after Mn as well 

as after glucose administrations.   

In an earlier in a perfusion experiment, isolated islets were exposed to various Mn 

concentrations and stimuli indices reflected no functional alteration (Gimi, B; et al., 

2006).  Sometimes it is difficult to relate in-vitro results to in-vivo results.  Therefore, the 

measurement of insulin via ELISA would eliminate any functional changes because of 

the presence of Mn.  

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Steiner%20DF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
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 Figure 5-1 Flow chart of insulin synthesis.  Pre-Proinsulin lose the terminal signal 
 sequence peptide left with Proinsulin.  A sulfer link formed between chain A and 
 chain B and release insulin and C-peptide (Steiner 2006). 
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5.0.2 In Vitro Pancreas Activation 
 

Both in vivo and in vitro (islet) data were complimentering, however, only tail the 

region of the pancreas activation was shown in-vivo due to complicated morphology.  It 

was clear from the images as well as from the quantitative measurement of signal 

enhancement that activation worked, but it was difficult to assess the extent of activation 

as only part of the pancreas was imaged.  Erlandsen et al., 1976, indicated that most of 

the islets reside in the tail region of the pancreas, but it would be worth investigating the 

full extent of pancreas activation and differentiate regional activation such as head versus 

tail of the pancreas.  The limitation imposed by animal morphology and imaging 

technology resulted in-vitro imaging to see the full extent of activation.  

Ideally, we wanted to show the cellular activation in-vitro in an intact pancreas as 

was illustrated in isolated islet.  However, the limitation imposed by available MR 

hardware would not outline the individual islet, but would reflect regional activation in 

other parts of the pancreas.  The mode of in vitro pancreas activation was similar to in-

vivo imaging, but the pancreas was removed after the stimulus administration and was 

imaged immediately with minimum time interval.   

 
 
5.0.3 Atomic Absorption Analysis 

 Although islets represent only 1-2% mass of the pancreas, they receive about 10-

15% of the pancreatic blood flow (Molina et al., 2006).  The rich vascularization by 

fenestrated capillaries allows ready access to the circulation.  Quantifying the Mn uptake 

in different regions of the pancreas would help predict the probability of finding islets of 
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Langerhan in that specific region, this assumes the uptake by other cells or tissue is 

negligible.  The non-selectivity of Mn uptake by other organs such as liver, kidney, heart, 

etc., is well known, but to determine percent uptake by the pancreas requires an accurate 

elemental analysis. 

 To quantify this Mn uptake, there were multiple options available such as 

inductively coupled mass spectrometry (ICP-MS), X-ray fluorescence, particle induced 

x-ray emission, flame atomic absorption, graphite furnace atomic absorption etc.  

Graphite furnace atomic absorption (AA) was used because it has been used extensively 

for metal analysis in biological fluids, has a low detection limit (up to parts per billion), 

and has simple sample preparation.  The principle of the technique is to use wavelengths 

of light specifically absorbed by an element, which raises electrons from a lower energy 

level to a higher energy level.  Atoms of different elements absorb at characteristic 

wavelengths of light.  Samples are atomized i.e., converted into ground state free atoms 

in the vapor state – and a beam of electromagnetic radiation emitted from excited Mn 

atoms is passed through the vaporized sample.  The greater the number of atoms there are 

in the vapor, the more radiation is absorbed.  The amount of light absorbed is 

proportional to the number of atoms.  A calibration curve is constructed by running 

several samples of known concentration under the same conditions as the unknown.  The 

amount the standard absorbs is compared with the calibration curve, and this enables the 

calculation of the unknown concentration in the sample. 

Figure 5-2 is a schematic diagram of an atomic absorption spectrometer. The basic  

 

http://en.wikipedia.org/wiki/X-ray_fluorescence
http://en.wikipedia.org/w/index.php?title=Particle_induced_x-ray_emission&action=edit
http://en.wikipedia.org/w/index.php?title=Particle_induced_x-ray_emission&action=edit
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component of an atomic absorption spectrometer is a light source; a sample 

 

 

Figure 5-2. Schematic drawing of atomic absorption spectrometer (Smith et al. 1983). 

 
 
 
chamber to produce gaseous atoms; and a detector.  The common source of light is a 

‘hollow cathode lamp that contains a tungsten anode and a cylindrical hollow cathode 

made of the element to be determined.  These are sealed in a glass tube filled with an 

inert gas, neon or argon.  The ionization occurs by applying a potential difference 

between the anode and cathode.  These gaseous ions bombard the cathode and eject metal 

atoms from the cathode in a process called sputtering.  Some sputtered atoms in excited 

states emit characteristic radiation of the metal as they fall back to the ground state 
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(Smith et al., 1982).  A typical atomic absorption instrument holds several lamps each for 

different elements.  

5.1.0 Methods and Materials 

5.1.1 Enzyme-Linked Immunosorbent Assay (ELISA) 

 The ELISA is a biochemical technique used mainly in immunology to detect the 

presence of an antibody or an antigen in a sample.  It uses two antibodies, one specific to 

the antigen and other reacts to antigen-antibody complexes and is coupled to an enzyme. 

This second antibody, which accounts for "enzyme-linked”, causes a chromogenic or 

fluorogenic substrate to produce a signal.  ELISA can be used to evaluate either the 

presence of antigen or the presence of antibody in a sample (Engvall  et al. 1971). 

 Blood samples were obtained from 25 rats at three different times from each 

animal i.e., pre-Mn, post-Mn, post-glucose.  An additional 12 rats were treated with STZ 

and also analyzed for insulin production.  Following the STZ treatment, the animals were 

returned to the facility with free access to food and water.  Control animals were infused 

with saline instead of Mn followed by glucose injection. Approximate blood volume of 

300μl at each event was collected in a serum separator tube (BD, Franklin Lakes, NJ) and 

was centrifuged (Thermo Scientific, Waltham, MA) at 3500 rpm for 20 minutes.  Serum 

was pipette out in an Eppindorff tube and stored at -20oC for later analysis.  

 Mercodia (Uppsala, Sweden) rat’s insulin Elisa kit was used to determine insulin 

concentration.  Stock and working solutions were prepared per manufacturer’s 

instructions.  A calibration plot was generated using the standards provided.  

Approximately 50µL of serum samples were placed in a 96 well plate, coated with 

http://en.wikipedia.org/wiki/Biochemistry
http://en.wikipedia.org/wiki/Immunology
http://en.wikipedia.org/wiki/Antibody
http://en.wikipedia.org/wiki/Antigen
http://en.wikipedia.org/wiki/Antibodies
http://en.wikipedia.org/wiki/Specificity_%28tests%29
http://en.wikipedia.org/wiki/Antigen-antibody_complex
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Signal_%28information_theory%29
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antibodies, and shaken for two hours in a micro-titer plate shaker.  The plate was washed 

and Tetramethyl benzidine (TMB) substrate solution was added.  After 15 minutes 

samples were ready for UV/VIS spectrophotometer analysis.  Beer’s law plot was used to 

calculate the insulin concentrations.     

5.1.2 In-vitro pancreas Activation 

5.1.2.1 Animal Treatment; 

 Ten Lewis rats, seven experimental and three controls, were prepared as described 

in the chapter 4 section 4.1.1.  Activation was carried out  with similar Mn and glucose 

doses as used for in vivo imaging, but on the bench and the pancreas was removed 

immediately.  The Pancreas remained attached to the spleen for anatomical orientation.  

Control animals were infused with saline.  Pancreata were placed in a Petri dish with 

some rat islet media and were imaged.  Three experimental pancreata and one control 

were sutured through the spleen and hung in a 10 mm NMR tube for high resolution 

imaging.  

 

5.1.2.2 Imaging Protocols: 

 Images were obtained using MPRAGE and FLASH with altered imaging 

parameter as no gating was required; we were able to obtained high resolution images 

without an increase in acquisition time.  The imaging parameters for 4.7T magnet were: 

echo time = 4.6 ms, segment repetition time = 2500 ms, no of segments= 4, inversion 

delay = 750ms, segment duration = 430ms, matrix size = 256 x 256, Nex = 25, FOV = 

3.9 x 3.9 cm, spatial resolution = 150 μm, 3D images were obtained with a spatial 
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resolution of 52 μm. The imaging parameter for high resolution images obtained at 11.5T 

magnet were: Pulse sequence FLASH, TR = 40ms, TE = 4.2ms, FOV = 1.0 x 1.0 x 1.0 

cm, matrix = 192 x 192 x 128, Nex = 4,  

     

5.1.3 Atomic Absorption Sample preparation  

 
5.1.3.1 Animal preparation Pancreas Isolation: 

 24 rats, 18 experimental and 6 controls, were prepared as described in section 

4.1.1 except the controls were infused with saline.  After pancreas activation the pancreas 

were removed and cut into three pieces labeled as head, body, and tail.  Tail is the region 

connected to the spleen, and head more to the intestinal region.  Each sample was 

weighed and placed in a 40 ml glass vial for tissue digestion as described below.  An 

additional nine rats were treated with STZ as described in section 4.1.4 of chapter 4, and 

were also analyzed for Mn uptake.     

 
5.1.3.2 Tissue Digestion  

 A sample weighing 0.05-3.0 g wet tissue was placed into a glass vial and 2 mL of 

concentrated nitric acid was added.  The vials were heated until the tissues dissolved.  

The vials were cooled, and 2 mL of 30% hydrogen peroxide was added followed by 

heating until all the liquid evaporated.  The same procedure was repeated 4 to 5 times and 

the samples were reconstituted with 2 ml of 2% nitric acid.  The samples were analyzed 

by atomic absorption spectrometer (Perkin Elmer, Palo Alto, Ca). 

 
5.2.0. Results 
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5.2.1 Insulin measurement 
  
 Although the previous studies did not indicate any physical effect of Mn on the 

rats,  there were concerns about use of free Mn.  Therefore, it was important to 

investigate any negative functional effects.  The data presented in figure 5-3 are based on 

37 rats, 5 controls, 12 STZ treated and 20 experimental. i.e. received both Mn and 

glucose with exception of  
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 * P-value < 0.05 (post glucose STZ vs. experimental and control rats).  ** µIU = micro international Unit.  
 Exp = Experimental, Gluc = glucose, STZ = streptozotocin. 
 
Figure 5-3: The impact of Mn and glucose injection on serum insulin in three groups of 
animals: control, experimental, and STZ treated rats.  Control – Baseline, Exp-Baseline, 
and STZ - Baseline illustrates baseline serum insulin levels.  Control – Saline Treated, 
Exp – Mn Treated, and STZ – Mn Treated illustrates the response of serum insulin to Mn 
and saline infusion.  Control – Saline & Gluc, Exp – Mn & Gluc, and STZ – Mn & Gluc 
illustrates the increase in serum insulin associated with delivery of a glucose bolus 
following Mn infusion.  These data demonstrate that serum insulin levels increase only in 
response to a glucose bolus except in STZ treated animals where this response is not 
present.  Mn treatment had no affect on serum insulin. Sampling intervals were consistent 
in all cases.  
 

*
*
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The control animals where Mn was replaced by saline solution.  The pre and post  

Mn insulin concentrations between control and experimental animals were within 

statistical margin of error with the p-value of 0.494 and 0.341, respectively.  The elevated 

insulin concentrations following glucose injection were also within the statistical margin 

of error (p-value 0.260) between control and experimental animal.  Insulin levels 

increased only in response to a glucose bolus except in STZ treated animals where this 

response was not present.  Mn treatment had no effect on serum insulin. Sampling 

intervals were consistent in all cases. 

 The insulin concentrations of STZ treated rats were statistically identical at all 

time intervals of experiments and significantly different from  control at a p-value of 7.52 

x 10-5 

 
5.2.2 In-vitro pancreas Images 

 A representative image of in vitro pancreas, Figure 5-4, which compares an 

activated (right) pancreas versus control (left).  The pancreatic tail region showed a signal 

enhancement of 20 % when SNRs were calculated in the most intense and less intense 

regions within the activated pancreas.  In activated pancreas a signal enhancement of 

13% and 8% compared to control was calculated when ROI selected within body and 

head region of the pancreas, respectively. 
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Figure 5-4: In-vitro image of isolated rat pancreas obtained by MPRAGE.  The 
samples were placed in Petri-dish with some media and spleen attached. Figure 
(a) is a control animal pancreas was infused with saline; (b) is stimulated pancreas 
with Mn and glucose.  The red spots are the regions of maximum signal 
intensities.  

 
 
 
Figure 5-5 illustrates a 3D T1-weighted image comparison of activated versus Mn only 

rat pancreas imaged at 11.7T magnet with in-plane resolution of 52 μm.  Only part of the 

pancreas was imaged at a time due to smaller coil size.  The pancreas was cut into three 

equal sections and each piece was hung in a one centimeter NMR tube with some saline 

and imaged separately.  

 Figure 5-5(a) showes the tail of pancreas infused with Mn only without any 

stimuli and 5(b) has both Mn and glucose.   Pockets of high signal intensity regions are  

shown in the stimulated pancreata.  These bright spots suggeste some unique 

physiological activity that was different from the rest of the pancreas.   
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Figure 5-5: 3D in-vitro image of rat pancreas. Figure showing tail regions of two 
different pancreas infused with Mn only (a), and Mn plus glucose (b), bright spots are the 
region of maximum intensities.  
 
 
 
5.2.3 Atomic Absorption 

 Figure 5-6 illustrates the uptake of manganese by different regions in the rat 

pancreas.   It compares the quantitative uptake of Mn in activated, diabetic, and control 

animals.  Mn concentration in control represent body baseline concentration, as it is an 

essential trace mineral to maintain health and proper function, consumed through food 

and drink.  The baseline Mn concentrations were uniform in all three regions of the 

pancreas.  There was no significance difference in uptakes of manganese in activated and 

diabetic rat’s pancreas.  However, there was two-fold increase of Mn concentration in 

pancreatic tail and body regions of activated and diabetic rats compared to the control.  

The head regions of the pancreas showed the lowest uptake in all three cases.   

 

Baseline Mn                                         Glucose (a) (b)
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* Preferential higher Mn uptake in the tail region compared to head and body region in all the other samples.  
 
Figure 5-6: The quantitative regional uptake of manganese as analyzed by atomic 
absorption spectrometer in control, stimulated, and STZ treated rat’s pancreas.  
Control showed even distribution in all three regions, where as activated and STZ 
treated rats showed the highest uptakes of Mn in the tail region.  
 
 

5.3.0 Discussion 

 Free manganese ion is paramagnetic and an excellent MRI contrast agent (Dias et 

al.,1983; Burnett et al., 1984; Cory et al., 1987).  Mangafodipir trisodium (Mn-DPDP), a 

chelated manganese, was used as targeted hepatobiliary agent (Rofsky NM eat al 1996).  

The released of free manganese ions from MnDPDP led to its ban in clinical usage as it 

has shown to be a neuro and cardiac toxin at intracellular levels above 0.5mM (Aschner 

et al., 1991; Brurok et al., 1997).  The recent use of Mn with concentrations well below 

the toxicity limit for direct imaging of brain function (Lin and Koretsky, 1997) has 

rejuvenated the use of Mn in animal research.  In this research the Mn dose was reduced 

to equivalent or below the current human clinical gadolinium- diethylenetriaminepenta-

acetic acid (Gd-DTPA) 0.1 mmol/kg contrast agent.  

*
*

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Rofsky+NM%22%5BAuthor%5D
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 However it was essential to demonstrate that there was no functional alteration in 

pancreatic β-cells in the presence of Mn.  As shown in figure 5-3, the rats exposed to Mn 

showed normal glucose sensitivity, calcium dynamics and insulin secretion.  These data 

were obtained on a non-fasted Lewis rats, and it is likely that the insulin concentration 

varied compared to fasted animals as well as animal strain.  It was not expected that the 

presence of Mn at the current concentrations i.e., 2.78nmol/g body weight would alter 

insulin release.  During in-vivo imaging, I infused the Mn on animals not being 

ventilated, and also administered a bolus injection of Mn and glucose mixture none of the 

animals died using this concentration.  This suggests no physiological alteration, but a 

long term survival study would be required to be conclusive. 

 These results suggest combining Mn with glucose as stimuli using high-resolution 

MRI could be a way to study this complicated organ in a rodent model and could provide 

a vehicle for monitoring the mass and function of the pancreas.  The sensitivity of the 

insulin measurement was verified using blood serum from STZ-treated rats, fig 5-3.  The 

insulin concentration was below the baseline insulin concentration and remained constant 

in all events as most of the insulin producing β-cells were damaged by STZ.    

 An attempt was made to correlate elevated insulin concentration with an increase 

in MR signal intensity following glucose stimulation.  This was not successful as we had 

to change our activation regime i.e. glucose injection administration during the 

manganese infusion.  Glucose was administered intravenously during the Mn infusion, 

which caused an immediate release of insulin, thus, no blood sample could be obtained 

prior to completion of Mn infusion.  
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 Mn with stimulus to study pancreatic function non-invasively required extensive 

study on animal models as I have shown in chapter 4 only section of pancreas activation.  

It was essential to demonstrate the full extent of pancreatic activation, so I attempt to 

obtain a 3D in-vivo pancreas image, but longer acquisition time and image artifact were 

the biggest problems.  In-vitro imaging of isolated pancreas both at low field (4.7T) and 

high filed (11.5T) showed more activated pancreatic regions than just tail.  In both high 

and low field magnets there was a signal enhancement of 34% and 20%, respectively, 

compared to control rats.  The full extent of pancreas activation was better seen in low 

field, when the whole pancreas was placed in a Petri-dish and the spleen was used as an 

anatomical landmark, figure 5-4.  In the high field system, images were obtained with 

spatial resolution of 50 micron, but the pancreas had to be cut into two pieces in order to 

fit in the active region of RF coil and each piece was imaged separately.  It was difficult 

to precisely assign regional activation because of a lack of an anatomical landmark.    

 Nevertheless, in both figure 5-4 and 5-5 there were pockets of high signal 

intensity in the stimulated pancreas whereas there were none in the control.  Within an 

activated pancreas, there was a 20% signal enhancement when ROI were selected in the 

highest and lowest signal intensity regions.  The low signal intensity region’s SNRs were 

similar to control which indicated selective regional activation or uptake of Mn ions.  

 Figure 5-5(a) and (b) showes the change in image contrast between Mn only and 

Mn plus glucose respectively.  The one criticism of the technique is that the test of 

activation and control was carried out on two separate animals.  The second objection is 

the time interval between activation and imaging because the pancreas had to be 
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removed.  The positive outcome, however was a sustainable contrast even though the 

pancreas was imaged approximately 20-45 minute post activation.  Further in-vivo studies 

are required to establish the duration of signal enhancement as result of activation.  

Despite the legitimate concern, in-vitro images were able to show more activation in the 

body region compared to the head region of the pancreas.  It also complimented the in-

vivo result as most activation was seen in the tail region of the pancreas The quantitative 

elemental analysis of Mn indicated a higher uptake in all three parts of the pancreas i.e., 

head, body, and tail compared to control.  On the average a 250 gm rat was infused with 

total of 34.00 μg MnCl2 in the body, only 7-8% of Mn ended up in the pancreas, which 

was further reduced to 4-6% after subtraction of baseline Mn concentration.  Probably the 

liver and intestine took up the bulk or was excreted.    

 Among experimental pancreata, a significantly higher uptake of Mn was reported 

in the tail versus body, with p-value of 0.053, suggesting some 

histologically/morphologically unique structure.  As previously mention, most pancreatic 

islets reside in the tail region, which led me speculate that perhaps those islets were 

responsible for this higher uptake of Mn.  However, we need to quantitatively determine 

any uptake by exocrine prior to making a conclusive statement.  The uniform uptake of 

Mn in the head and body of the pancreas confirmed some level of unique activity in the 

tail region.  No doubt these finding compliment the earlier in-vivo and in-vitro pancreatic 

activation illustrated in MR images, but cannot rule out the involvement of other tissues 

in the phenomenon.  Contrary to the result reported the higher Mn uptake was in-fact due 

to β-cells, then these should not be observed in the diabetic rats as there were no 
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functional β-cells present.  As shown in Figure 5-6 the uptake of Mn in diabetic rats was 

statically identical, higher in the tail region versus head and body.  It is a legitimate 

argument, as we discussed the biochemistry of STZ in chapter 4 section 4.0.5, indicated 

DNA alteration, which led to functional alteration followed by physical damage to 

pancreatic β-cells.  The higher uptake can be speculated as enhanced cellular proliferation 

over time, which increased the passive uptake of Mn, or it was due to exocrine tissue.  

This requires a long-term study at the cellular level on STZ treated rats. .     
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Chapter 6: Conclusion and Future Studies  

 
 
 
Although a great deal is known about pancreatic and islet function, the application of 

non-invasive techniques have left many key questions unanswered such as “what number 

of islets are needed for glucose homeostasis, what is their mode of activation, progression 

of the diabetic disease etc.  In this dissertation, a non-invasive method was developed in 

order to assess the cellular function of pancreatic islets using in vivo and in vitro 

magnetic resonance imaging.  The cellular activation of pancreatic β-cells was based on 

manganese enhanced MRI. 

 μMRI of isolated human islets were acquired in an attempt to ascertain a measure 

of quality assurance and functionality where as in-vivo imaging was focused on localized 

cellular activation in the intact pancreas which could be attributed to pancreatic islets.  

However, both techniques were essential in understanding the organ function non-

invasively and to aid emerging therapeutic modality (islet transplantation) for diabetes 

mullitis.  The further development of endocrine replacement techniques will depend on 

the availability of high quality islets. 

 In-vitro imaging of islet function via measurements of Mn+2 enhanced magnetic 

resonance micro-imaging (Mn-μMRI) reveal glucose activation can be measured.  

Quantification of T1 and T2 relaxation times is crucial to future functional islet imaging, 

as it revealed.  
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• T1 values of islets at various stages were measured and have been found to be 

600-800 msec and with Mn enhancement, the value reduces to 400 to 500 msec 

range.  The T1 value varies from batch to batch and it is our observation that 

freshly isolated islets respond well to the Mn induced T1 & T2 changes.  The 

change in T1 between the controls versus unstimulated islet reflects the passive 

uptake of Mn in the islets (P-value = 0.0029). 

 

• T2 values from the islets are in the range of ~22-35 msec with no pronounced 

change by treatment with 33 μM of Mn concentration (P-value = 0.1489).  

 

• The concentration of Mn required for image enhancement has been shown not to 

impede beta cell function.  The availability of a non-invasive technique capable of 

monitoring the functionality of ß-cells in vivo should increase the knowledge of 

diabetes and its treatment.  

 

• Diffusion weighted images, another MRI method for islet assessment of   

 physical integrity and functionality, demonstrated that stimulated human islets 

 have lower diffusion coefficients compared to control (P-value = 1.59 x 10-7) 

 showed significant contrast between stimulated and unstimulated islets. 

 

• In-vitro imaging of isolated pancreas both in high and low field systems 

demonstrated that pockets of high intensity are found throughout the pancreas, but 
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more is found in the tail and head compared to body regions of the pancreas. It is 

not conclusive that high signal intensity spots are in-fact islets and requires further 

investigation. 

 

• Respiratory and abdominal motion in concert with low tissue density and 

susceptibility artifacts prove to be major obstacles to obtaining high quality in-

vivo pancreas images in rodent.   

 

• Activity-induced MEMRI to study the pancreatic β-cell function has never been 

done.  It produced a detectable change in MRI signal intensity as a result of organ 

functionality  

 

• Typical imaging sequence such as spin echo and gradient echo failed to detect 

subtle dynamic changes and poor T1-weighting which was constrained by various 

factors such as animal breath cycle, long pulse repetition time, long minimum 

echo time etc..Magnetization Prepared RApid Gradient Echo sequence allowed 

rapid image acquisition, significant T1 weighting, and power to detect dynamic 

changes in signal intensity.  The cyclic mode of the sequence i.e., Preparation, 

acquisition, recovery, make it ideal for the application of organs with constant 

motion. 
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• Excellent sensitivity of the sequence allowed the application of manganese 

enhanced MRI with contrast (Mn) dose below the current clinical dose of 

gadolinium based contrast agents. 

 
• Time synchronization between contrast and stimulus administration played a key 

role in signal enhancement as a short or long infusion of Mn can result in an under 

or over accumulation, which leads to a decrease or an increase in signal intensity. 

 

•   There was strong correlation between animal exposure to anaesthesia 

(isoflurane) and elevated blood serum glucose level. It required 60 minutes to 

return to normal glycemia.  These effects were more pronounced in Lewis strain 

versus Sprague Dawley strains of rats. 

 

•   In-vivo imaging of the activated pancreas (tail region) demonstrated a signal 

enhancement of 20-23%.  It is possible to improve upon this with specifically 

designed hardware. However, interestingly administration of stimulus (glucose) 

alone showed a reduction of signal intensity in liver and pancreas.  

 

• Pancreas selective stimulus (Tolbutamide), did not show a significant change in 

signal enhancement after administration as compared to glucose.  However, 

ELISA analysis of blood serum for insulin measurement reported elevated insulin 

concentration. 
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• Pancreatic regional uptake of Mn, quantified by atomic absorption, showed higher 

uptake in the tail region versus body and head with P-value; 0.05341, 0.03514 

respectively, suggesting some unique cellular morphology.  

 

• Quantification of insulin release by ELISA assay at various intervals of Mn and 

stimulus administration showed no functional alteration between experimental 

and control animals (P-value = 0.4946).  

 

• Preliminary Mn wash out data showed 90% of Mn is removed within 40-60 

minutes using a low dose (i.e., 2.78 nmol/g body weight) and within 24 hour at 

high dose (41μmol/g body weight).     

 

 

FUTURE STUDIES. 

This work will be continued with improved hardware and will address some of the 

critical issues as follows: 

Quantify and differentiate MR signal enhancement and Mn uptake due to endocrine 

versus exocrine tissue.   In-situ/perfused pancreas imaging is performed to record 

localized dynamic change as a result of cellular activation followed by histological 

correlation. 
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Image registration of in-vivo and in-vitro MR images with histology using some faducial 

to further investigate the pockets of activation shown in this research.  

In-vivo localized magnetic resonance spectroscopy using C13-labeled glucose to monitor 

metabolic activities. 
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Glossary 
 
 
 
 
ACINAR CELL - synthesize and secrete digestive enzymes are arranged in grape-like 
clusters called acini, very similar to what is seen in salivary glands 
ACQUISITION MATRIX- the total number of independent data samples in the 
frequency (f) and phase (f) directions.  
ACQUISITION TIME - the period of time required to collect the image data.  This time 
does not include the time necessary to reconstruct the image.  ADC - analog-to-digital 
converter  
ALPHA CELL - A type of cell in the pancreatic islets of Langerhans that secretes the 
hormone glucagons. 
ANALOG-TO-DIGITAL CONVERTER (ADC) - a system that receives analog input 
data and produces digital values at its output.  Used by the MRI scanner to convert the 
received signal into a format more compatible with the computer systems.  
AXIAL - a plane, slice or section made by cutting the body or part of it at right angles to 
the long axis.  If the body or part is upright, the cut would be parallel to the horizon.  B or 
Bo - a conventional symbol for the constant magnetic field produced by the large magnet 
in the MR scanner.  B1 - the conventional symbol used for identifying the radio 
frequency (RF) magnetic field.  
BANDWIDTH (BW) - an all-inclusive term referring to the pre selected band or range 
of frequencies, which can govern both slice select and signal sampling.  
BETA CELLS - A cell in the pancreatic islets of Langerhans that secretes the hormone 
insulin. 
BIRDCAGE COIL - a transmit and receive RF imaging coil which looks like a 
birdcage.  
BLOOD GLUCOSE - the main sugar that the body makes from food; cells cannot use 
glucose without the help of insulin. 
CHEMICAL SHIFT - a variation in the nominal Larmor frequency for a particular 
isotope within the imaging volume.  The amount of shift introduced is directly 
proportional to the strength of the magnetic field, and is specified in parts per million 
(ppm) of the resonant frequency.  
COIL - One or more loops of a conductor used to create a magnetic field.  In MRI, the 
term refers to the radiofrequency coil.  
CONTRAST - the relative difference of signal intensities in two adjacent regions of an 
image.  Image contrast is heavily dependent on the chosen imaging technique (i.e., TE, 
TR, TI), and is associated with such parameters as proton density and T1 or T2 relaxation 
times.  
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CONTRAST AGENT - A chemical substance that is introduced into an organism to 
change the contrast between two tissues 
CONTRAST-TO-NOISE RATIO (CNR) - the ratio of signal intensity differences 
between two regions, scaled to image noise.  Improving CNR increases perception of the 
distinct differences between two clinical areas of interest.  
COMPUTED TOMOGRAPHY (CT scan) - a non-invasive procedure that takes cross-
sectional images of the brain or other internal organs; to detect any abnormalities that 
may not show up on an ordinary x-ray 
CORONAL - a plane, slice or section made by cutting across the body from side to side 
and therefore parallel to the coronal suture of the skull. 
DEPHASING - the fanning out or loss of phase coherence of signals within the 
transverse plane.  
DEPHASING GRAIENT - A magnetic field gradient used to dephase transverse 
magnetization. 
DIFFUSION IMAGING – an imaging technique where image contrast is related to the 
diffusion coefficient of the molecules being imaged.  
DIPOLE - a magnetic field characterized by its own north and south magnetic poles 
separated by a finite distance.  
ECHO - a form of magnetic resonance signal from the refocusing of transverse 
magnetization.  
ECHO TIME (TE) - the time between the 90-degree pulse and the maximum in the echo 
in a spin-echo sequence.  .  
ELISA (Enzyme-Linked ImmunoSorbent Assay) - is a biochemical technique used 
mainly in immunology to detect the presence of an antibody or an antigen in a sample. 
FAST SPIN ECHO (FSE) - a fast spin echo pulse sequence characterized by a series of 
rapidly applied 180° re-phasing pulses and multiple echoes, changing the phase encoding 
gradient for each echo.  
FAT SATURATION (FAT-SAT) - A specialized technique that selectively saturates fat 
protons prior to acquiring data as in standard sequences, so that they produce negligible 
signal.  The pre-saturation pulse is applied prior to each slice selection.  This technique 
requires a very homogeneous magnetic field and very precise frequency calibration.  See 
also Fat Suppression.  
FAT SUPPRESSION - the process of utilizing specific parameters, commonly with 
STIR (short TI inversion recovery) sequences, to remove the deleterious effects of fat 
from the resulting images.  See also STIR.  
FIDUCIAL - are reference points: fixed points or lines within an image to which other 
objects can be related or against which objects can be measured.  
FIELD OF VIEW (FOV) - defined as the size of the two or three-dimensional spatial 
encoding area of the image.  Usually defined in units of cm2.  
FFT (Fast Fourier Transform) - a particularly fast and efficient computational method 
of performing a Fourier Transform, which is the mathematical process by which raw data 
is processed into a usable image.  
FLIP ANGLE (FA) - the angle to which the net magnetization is rotated or tipped 
relative to the main magnetic field direction via the application of an RF excitation pulse 

http://en.wikipedia.org/wiki/Biochemistry
http://en.wikipedia.org/wiki/Immunology
http://en.wikipedia.org/wiki/Antibody
http://en.wikipedia.org/wiki/Antigen


     

   146

at the Larmor frequency.  The Flip Angle is used to define the angle of excitation for a 
Field Echo pulse sequence.  
FREE INDUCTION DECAY (FID) - if transverse magnetization of the spins is 
produced, e.g., by a 90É RF pulse, a transient MR signal at the Larmor frequency results 
that decays toward zero with a characteristic time constant of T2*.  This decaying signal 
is the FID.  
FREQUENCY - the number of cycles or repetitions of any periodic wave or process per 
unit time.  In electromagnetic radiation, it is usually expressed in units of hertz (Hz), 
where 1 Hz = 1 cycle per second.  
FREQUENCY ENCODING - the process of locating an MR signal in one dimension by 
applying a magnetic field gradient along that dimension during the period when the 
signal is being received.  
GADOLINIUM (Gd) - gadolinium is a non-toxic paramagnetic contrast enhancement 
agent utilized in MR imaging.  When injected during the scan, gadolinium will tend to 
change signal intensities by shortening T1 in its surroundings.  
GATING - timing the acquisition of MR data to physiological motion in order to 
minimize motion artifacts (e.g., cardiac gating, respiratory gating).  
GAUSS - a unit of magnetic field strength that is approximately the strength of the earth's 
magnetic field at its surface (the earth's field is about 0.5 to 1G).  The value of one gauss 
is defined as one line of flux per cm2.  As larger magnetic fields have become 
commonplace, the unit gauss (G) has been largely replaced by the more practical unit 
tesla (T), where 1 T = 10,000 G. GHOSTING - an image artifact primarily associated 
with the phase direction.  
GLUCAGON - a protein hormone secreted by the pancreas to stimulate the liver to 
produce glucose. 
GLYCOGEN - the form of glucose that is stored in the liver and muscles. 
GRADIENT COILS - three paired orthogonal current-carrying coils located within the 
magnet, which are designed to produce desired gradient magnetic fields, which 
collectively and sequentially are superimposed on the main magnetic field (Bo) so that 
selective spatial excitation of the imaging volume can occur.  Gradients are also used to 
apply reversal pulses in some fast imaging techniques.  
GRADIENT MAGNETIC FIELD - A small linear magnetic field applied in addition to 
(superimposed on) the large static magnetic field in an MRI scanner.  The strength 
(amplitude) and direction of the gradient fields change during the scan, which allows 
each small volume element (voxel) within the imaging volume to resonate at a different 
frequency.  In this way, spatial encoding may be performed.  
GYROMAGNETIC RATIO (g) - a constant for any given nucleus that relates the 
nuclear MR frequency and the strength of the external magnetic field.  It represents the 
ratio of the magnetic moment (field strength) to the angular momentum (frequency) of a 
particle.  The value of the gyromagnetic ratio for hydrogen (1H) is 4,258 Hz/Gauss 
(42.58 MHz/Tesla).  
HERTZ - the standard unit of frequency equal to 1 cycle per second.  The larger unit 
megahertz (MHz) = 1,000,000 Hz.  
HOMOGENEITY - uniformity of the main magnetic field.  
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HYDROGEN DENSITY (H+) - the concentration of Hydrogen atoms in water 
molecules or in some groups of fat molecules within tissue.  Initial MR signal amplitudes 
are directly related to H+ density in the tissue being imaged.  
HORMONES - chemical substances created by the body that control numerous body 
functions. 
HYPERGLYCEMIA - a condition in which the blood sugar is higher than normal. 
HYPOGLYCEMIA - a condition in which the blood sugar is lower than normal. 
HYPOTHALAMUS - the portion of the brain that stimulates the pituitary gland 
IMAGE (DATA) ACQUISITION TIME - the time required to gather a complete set of 
image data.  The total time for performing a scan must take into consideration the 
additional image reconstruction time when determining how quickly the image(s) may be 
viewed.  
INHOMOGENEITY - lack of homogeneity or uniformity in the main magnetic field. 
INSULIN - a hormone released by the pancreas in response to increased levels of sugar 
in the blood. 
INVERSION RECOVERY (IR) - an imaging sequence that involves successive 180É 
and 90É pulses, after which a heavily T1-weighted signal is obtained.  The inversion 
recovery sequence is specified in terms of three parameters, inversion time (TI), 
repetition time (TR) and echo time (TE).  
INVERSION TIME (TI) - the time between the 180° inversion pulse and the 90° 
excitation pulse in an Inversion Recovery pulse sequence.  ISOTOPE - Atomic nuclei 
that contain the same number of protons but differ in the number of neutrons in the 
nucleus of the atom for the element concerned.  K-SPACE - a data acquisition matrix 
containing raw image data prior to image processing.  In 2DFT, a line of data 
corresponds to the digitized NMR signal at a particular phase-encoding level.  
ISLETS OF LANGERHANS - pancreas cells that produce insulin and glucagons - 
important regulators of sugar metabolism. 
ISOCENTER - A location in an imaging magnet assigned the coordinates (x, y,z) =0,0,0 
and having magnetic field strength Bo and resonance frequency ωo.  
K-SPACE - That image space represented by the time and phase raw data.  The Fourier 
transform of k-space is the magnetic resonance image.  
LARMOR FREQUENCY - the frequency at which magnetic resonance in a nucleus can 
be excited and detected.  The frequency varies directly with magnetic field strength, and 
is normally in the radio frequency (RF) range.  
LONGITUDINAL MAGNETIZATION - the component (MZ) of the net 
magnetization vector in the direction of the static magnetic field.  After RF excitation, 
this vector returns to its equilibrium value at a rate characterized by the time constant T1.  
LONGITUDINAL RELAXATION - return of longitudinal magnetization to its 
equilibrium value after excitation due to the exchange of energy between the nuclear 
spins and the lattice.  
LONGITUDINAL RELAXATION TIME - the time constant, T1, which determines 
the rate at which excited protons return to equilibrium within the lattice.  A measure of 
the time taken for spinning protons to re-align with the external magnetic field.  The 
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magnetization will grow after excitation from zero to a value of about 63% of its final 
value in a time of T1.  
MAGNETIC GRADIENT - one of three linear magnetization waveforms superimposed 
on the main magnetic field at specific times within a pulse sequence to select the imaging 
region or provide necessary spatial localization information.  A magnetic gradient is 
defined as the amount and direction of the linear rate of change of the magnetic field in 
space. 
MAGNETIC FIELD - magnetic lines of force, which extend from a north polarity and 
enter a south polarity to form a closed loop around the outside of a magnetic material.  
MAGNETIC MOMENT - a measure of the net magnetic properties of an object or 
particle.  A nucleus with an intrinsic spin will have an associated magnetic dipole 
moment so that it will interact with a magnetic field (as if it were a tiny bar magnet).  
MAGNETIC RESONANCE - the absorption or emission of energy by atomic nuclei in 
an external magnetic field after the application of RF excitation pulses using frequencies, 
which satisfy the conditions of the Larmor equation.  
MAGNETIC SUSCEPTIBILITY - the extent to which a material becomes magnetized 
when placed within a magnetic field.  Differences in magnetic susceptibilities at tissue 
borders are a frequent cause of MRI artifacts.  
MAGNETIZATION VECTOR (Mz) - the integration of all the individual nuclear 
magnetic moments, which have a positive magnetization value at equilibrium versus 
those in a random state.  
MAXIMUM INTENSITY PROJECTION (MIP) - a processing method for MRA 
images.  A MIP is a record of a maximum intensity ray (generated through a 
mathematical algorithm) as it passes through an angiographic volume.  Each point in an 
MIP represents the highest intensity experienced in that location on any partition within 
the imaging volume.  
MULTI-ECHO IMAGING - imaging using a series of echoes acquired as a train 
following a single excitation pulse.  In spin-echo imaging, each echo is formed by a 180É 
pulse.  Typically, a separate image is produced from each echo of the train.  
MULTI-SLICE IMAGING - an imaging technique in which the repetition period (TR) 
is utilized for acquiring additional slices in other layers or planes.  
NET MAGNETIZATION VECTOR - a vector that represents the sum of all of the 
contributions of the magnetic moments within the magnetic field; the magnitude and 
direction of the magnetization resulting from this collection of atomic nuclei.  
NEX - number of excitations.  See also Number of Excitations, Signal Averaging.  
NOISE - an undesirable background interference or disturbance that affects image 
quality.  
NON-INSULIN DEPENDENT DIABETES - a condition in which the body either 
makes too little insulin or cannot properly use the insulin it makes to convert blood 
glucose to energy.  Type 2 diabetes may be controlled with diet, exercise, and weight 
loss, or may require oral medications and/or insulin injections 
PANCREAS - located across the back of the abdomen, behind the stomach.  The 
pancreas plays a role in digestion, as well as hormone production. 



     

   149

PARAMAGNETIC SUBSTANCE - a substance with weak magnetic properties due to 
its unpaired electrons.  Researchers are developing certain paramagnetic materials, such 
as gadolinium, as MRI invasive contrast media.  
PHANTOM - an artificial object of known dimensions and properties that is used to test 
or monitor an MRI systems homogeneity, imaging performance and orientation aspects.  
PHASE - an angular relationship describing the degree of synchronism between two 
sinusoidal waveforms of the same frequency.  
PHASE COHERENCE - a term describing the degree to which precessing nuclear spins 
are synchronous.  
PHASE CONTRAST - an MRA technique utilizing the change in the phase shifts of the 
flowing protons in the region of interest to create an image. 
PHASE ENCODING - the process of locating an MR signal by altering the phase of 
spins in one dimension with a pulsed magnetic field gradient along that dimension prior 
to the acquisition of the signal.  As each signal component has experienced a different 
phase encoding gradient pulse, its exact spatial reconstruction can be specifically and 
precisely located by the Fourier transformation analysis.  Spatial resolution is directly 
related to the number of phase encoding levels (gradients) used.  
PRESATURATION (PRE-SAT) - a specialized technique employing repeated RF 
excitation of structures adjacent to the ROI for the purpose of reducing or eliminating 
their phase effect artifacts.  
PROTON DENSITY WEIGHTED IMAGE - an image produced by controlling the 
selection of scan parameters to minimize the effects of T1 and T2, resulting in an image 
dependent primarily on the density of protons in the imaging volume.  
PULSE PROGRAMMER - the computer-controlled component of the MRI scanner that 
determines the timing of the pulse sequence parameters of the scan, such as echo time, 
pulse amplitude, phase and frequency.  
PULSE SEQUENCE - a pre selected set of defined RF and gradient pulses, usually 
repeated many times during a scan, wherein the time interval between pulses and the 
amplitude and shape of the gradient waveforms will control NMR signal reception and 
affect the characteristics of the MR images.  
RADIO FREQUENCY - an electromagnetic wave with a frequency that is in the same 
general range as that used for the transmission of radio and television signals.  
Abbreviated RF.  The RF pulses used in MR are commonly in the 1-100 megahertz 
range, and their principle effect upon a body is potential tissue heating caused by 
absorption of the applied pulses of RF energy.  
READOUT GRADIENT - magnetic field gradient applied during the period when the 
receiver components are on.  The application of this gradient, which is active during the 
period when the echo is being formed, results in the frequency encoding of the object 
being imaged.  See also Frequency Encoding.  
RECEIVER - the portion of the MRI equipment that detects and amplifies the RF 
signals picked up by the receiver coil.  Includes a preamplifier, NMR signal amplifier, 
and demodulator.  
RECEIVER COIL - a coil, or antenna, positioned within the imaging volume and 
connected to the receiver circuitry that is used to detect the NMR signal.  In certain 
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applications, the same coil can be used for both transmission and reception.  Receiver 
coils types include solenoidal, planar, volume, quadrature and phased array coils.  
RECONSTRUCTION - the mathematical process by which the displayed image is 
produced from the raw k-space data obtained from the receiver circuitry, typically 
utilizing Fourier transformation and selective filtering.  
REGION OF INTEREST (ROI) - the area of anatomy being scanned that is of 
particular importance in the image.  
RELAXATION TIME - After excitation, the spins will tend to return to their 
equilibrium distribution in which there is no transverse magnetization and the 
longitudinal magnetization is at its maximum value and oriented in the direction of the 
static magnetic field.  After excitation the transverse magnetization decays toward zero 
with a characteristic time constant T2, and the longitudinal magnetization returns toward 
equilibrium with a characteristic time constant T1.  
REPETITION TIME (TR) - the amount of time that exists between successive pulse 
sequences applied to the same slice.  It is delineated by initiating the first RF pulse of the 
sequence then repeating the same RF pulse at a time t. Variations in the value of TR have 
an important effect on the control of image contrast characteristics.  Short values of TR 
(< 1000 ms) are common in images exhibiting T1 contrast, and long values of TR (> 
1500 ms) are common in images exhibiting T2 contrast.  TR is also a major factor in total 
scan time.  See also TR.  
REPHASING - the process of returning out-of-phase magnetic moments back into phase 
coherence.  Caused either by rapidly reversing a magnetic gradient (Field Echo) or by 
applying a 180É RF pulse (Spin Echo). In the spin-echo pulse sequence this action 
effectively cancels out the spurious T2* information from the signal.  
SADDLE COIL - a coil geometry which has two loops of a conductor wrapped around 
opposite sides of a cylinder. 
SAGGITAL - a plane, slice or section of the body cutting from front to back through the 
saggital suture of the skull, and continued down through the body in the same direction, 
dividing it into two parts, then turning one half to view it from its cut surface.  
SAMPLING - the conversion of analog signals to discreet digital values through a pre 
selected measurement process.  SAR - see Specific Absorption Rate.  
SATURATION RECOVERY - a little-used pulse sequence that generates a 
predominately proton density dependent signal, basically employing a 90° RF excitation 
pulse, with a very long repetition time.  This procedure allows the saturated spins to 
return to equilibrium before the next pulse is activated.  
SELECTIVE EXCITATION - controlling the frequency spectrum (bandwidth) of an 
RF excitation pulse while imposing a gradient magnetic field on spins so that only a 
desired region will have a suitable resonant frequency to be excited.  SCAN TIME - a 
description of the total time required to acquire all the data needed to produce the 
programmed image.  See also Acquisition Time, Image (Data) Acquisition Time.  
SHIM COILS - coils positioned near the main magnetic field that carry a relatively 
small current that is used to provide localized auxiliary magnetic fields in order to 
improve field homogeneity.  See also Shimming  
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SHIMMING - The process of improving field homogeneity by compensating for 
imbalances in the main magnetic field of an MRI system.  This can be accomplished 
through a combination of passive (mechanical) shimming (e.g., adding or removing steel 
from the magnets poles) and active shimming (the use of shim coils) to fine-tune the 
magnetic field.  
SIGNAL AVERAGING - a signal-to-noise improvement method that is accomplished 
by taking the average of several FIDs made under similar conditions.  This is also 
referred to as the number of excitations (NEX) or the number of acquisitions.  The 
approximate amount of improvement in signal-to-noise (S/N) ratio is calculated as the 
square root of the number of excitations.  
SIGNAL-TO-NOISE RATIO (S/N, SNR) - The ratio between the amplitude of the 
received signal and background noise, which tends to obscure that signal.  SNR, and 
hence image quality, can be improved by such factors as increasing the number of 
excitations, increasing the field of view, increasing slice thickness, etc.  SNR also 
depends on the electrical properties of the patient being studied and the type of receiving 
coil used.  
SLICE - the term describing the planar region or the image slice selection region.  
SLICE ENCODING - relates to the addition of phase encoding steps for 3D volumetric 
imaging.  
SLICE SELECTION - exclusive excitation of spins in one slice performed by the 
coincident combination of a gradient magnetic field and a narrow bandwidth or slice 
selective RF pulse at a specific Larmor frequency.  
SLICE THICKNESS - the thickness of an imaging slice.  Since the slice profile is not 
sharply edged, the distance between the points at half the sensitivity of the maximum 
(full width at half maximum) is used to determine thickness.  
SPATIAL RESOLUTION - the ability to define minute adjacent objects/points in an 
image, generally measured in line pairs per mm (lp/mm).  
SPIN-ECHO (SE) - re-appearance of the NMR signal after the FID has apparently died 
away, as a result of the effective reversal (re-phasing) of the de-phasing spins by 
techniques such as specific RF pulse sequences or pairs of field gradient pulses, applied 
in time shorter than or on the order of T2.  Proper selection of the TE time of the pulse 
sequence can help control the amount of T1 or T2 contrast present in the image.  Also a 
pulse sequence type that usually employs a 90° pulse, followed by one or more 180° 
pulses.  
STEADY-STATE FREE PRECESSION - the name for any field echo or gradient echo 
sequence in which a non-zero steady state develops for both transverse and longitudinal 
components of magnetization.  If the RF pulses are close enough together, the MR signal 
will never completely decay, implying that the spins in the transverse (x-z) plane never 
completely dephase.  STIR - the acronym for Short TI Inversion Recovery.  A specialized 
application of the Inversion Recovery pulse sequence that sets the inversion time (TI) of 
the sequence at 0.69 times the T1 of fat, thereby suppressing the fat in the image.  See 
also Fat Suppression.  
SUPERCONDUCTIVE MAGNET - a magnet whose field is generated by current in 
wires made of a superconducting material such as niobium-titanium, that has no 
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resistance when operated at temperatures near absolute zero(-273°C, -459°F).  Such 
magnets must be cooled by, for example, liquid helium.  Superconducting magnets 
typically exhibit field strengths of >0.5T and have a horizontal field orientation, which 
makes them prone to missile effects without significant magnetic shielding.  See also 
Quenching.  
SURFACE COIL- a type of receiver coil which is placed directly on or over the region 
of interest for increased magnetic sensitivity.  These coils are specifically designed for 
localized body regions, and provide improved signal-to-noise ratios by limiting the 
spatial extent of the excitation or reception.  T - tesla T1 - spin-lattice longitudinal 
relaxation time.  The characteristic time constant for spins to realign themselves with the 
external magnetic field after excitation.  
T1 WEIGHTED - an image created typically by using short TE and TR times whose 
contrast and brightness are predominately determined by T1 signals. 
T2 - spin-spin or transverse relaxation time.  The time constant for loss of phase 
coherence among spins oriented at an angle to the static magnetic field due to interactions 
between the spins.  Results in a loss of transverse magnetization and the MRI signal.  
T2* ("T-two-star") - the time constant for loss of phase coherence among spins oriented 
at an angle to the static magnetic field due to a combination of magnetic field in-
homogeneities and the spin-spin relaxation.  Results in a rapid loss of transverse 
magnetization and the MRI signal.T2* < T2. 
T2 WEIGHTED - an image created typically by using longer TE and TR times whose 
contrast and brightness are predominately determined by T2 signals.  TAU (t) - the 
interpulse times (time between the 90° and 180° pulse, and between the 180° pulse and 
the echo) used in a spin echo pulse sequence.  TE (Echo Time) - represents the time in 
milliseconds between the application of the 90° pulse and the peak of the echo signal in 
Spin Echo and Inversion Recovery pulse sequences.  
TE (Echo Time) - represents the time in milliseconds between the application of the 90° 
pulse and the peak of the echo signal in Spin Echo and Inversion Recovery pulse 
sequences.  
TESLA (T) - the preferred unit of magnetic flux density.  One tesla is equal to 10,000 
gauss.  The Tesla unit value is defined as a field strength of 1 Weber per meter 2, where 1 
Weber represents 1 x 108 (100,000,000) flux lines.  
TETRAMETHYL BENZIDINE (TMB) - is a chromogen that yields a blue color when 
oxidized with hydrogen peroxide 
THREE DIMENSIONAL IMAGING (3DFT) - a specialized imaging technique that 
uses computer processing to combine individual slice acquisitions together to produce an 
image that represents length, width and height.  TI (Inversion Time) - the time between 
the initial (inverting) 180° pulse and the 90° pulse used in inversion recovery pulse 
sequences.  
TR (Repetition Time) - the amount of time that exists between successive pulse 
sequences applied to the same slice.  See also Repetition Time.  
TRANSVERSE MAGNETIZATION - component of the net magnetization vector at 
right angles to the main magnetic field.  Precession of the transverse magnetization at the 
Larmor frequency is responsible for the detectable NMR signal.  In the absence of 
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externally applied RF energy, the transverse magnetization will decay to zero with a 
characteristic time constant of T2, or more strictly T2*.  
TRANSVERSE RELAXATION TIME - the time constant, T2, which determines the 
rate at which excited protons reach equilibrium, or go out of phase with each other.  A 
measure of the time taken for spinning protons to lose phase coherence among the nuclei 
spinning perpendicular to the main field due to interaction between spins, resulting in a 
reduction in the transverse magnetization.  The transverse magnetization value will drop 
from maximum to a value of about 37% of its original value in a time of T2.  
TUNING - the process of adjusting the transmitter and receiver circuitry so that it 
provides optimal signal performance at the Larmor frequency.  A properly tuned scanner 
will produce images with a higher signal- to-noise ratio, and therefore improved 
diagnostic versatility.  
TWO-DIMENSIONAL IMAGING (2DFT) - the Fourier transformation process 
reconstructs the detected frequency and phase encoded image information (which are 
rotated 90° from each other) into a usable image. 
TYPE 1 DIABETES - a condition characterized by high blood glucose levels caused by 
a lack of insulin production.  Type 1 diabetes occurs when the body's immune system 
destroys the cells in the pancreas that produce insulin.  The pancreas then produces little 
or no insulin.  Type 1 diabetes develops most often in young people but can appear in 
adults and affects 10% of people living with diabetes.  People with type 1 diabetes must 
take insulin daily to sustain life.   
TYPE 2 DIABETES - a condition characterized by high blood glucose levels caused by 
either a lack of insulin or the body's inability to use insulin efficiently.  Type 2 diabetes 
develops most often in middle-aged and older adults but can appear in young people, and 
is the most common form of diabetes. 
VOXEL - volume element; the element of the three-dimensional space corresponding to 
a pixel, for a given slice thickness. 
Xenotransplants - is the transplantation of living cells, tissues or organs from one species 
to another such as from pigs to humans 
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