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Abstract 
Clinical magnetic resonance imaging (MRI) scanners were used to investigate the 

measurement and imaging of ferrimagnetic particle concentrations in biological tissues 

in vivo. The presence of ferrimagnetic particles tends to increase the proton transverse 

relaxation rate (R2) of water protons in tissue. A quantitative image of R2 can be 

generated using a series of single spin echo magnetic resonance images acquired using 

clinical MRI scanners and analysing the images using techniques based on that reported 

by Clark and St. Pierre (2000). If ferrimagnetic particles have a high enough 

concentration, there is a monotonic relationship between particle concentration and R2; 

therefore an image of R2 gives a map of the ferrimagnetic particle concentration in the 

tissue. These techniques were used to investigate the feasibility of in vivo measurement 

of the concentration and distribution of both synthetic and biogenic ferrimagnetic 

particles in tissue. 

Rabbit liver was loaded with ferrimagnetic particles of γ-Fe2O3 (designed for magnetic 

hyperthermia treatment of liver tumours) by injecting various doses of a suspension of 

the particles into the hepatic artery in vivo. R2 images of the livers in vivo, excised, and 

dissected were generated from a series of single spin-echo images. Mean R2 values for 

samples of ferrimagnetic-particle-loaded liver dissected into approximate 1 cm cubes 

were found to linearly correlate with tissue iron concentration over the range from 

approximately 0.1 to at least 2.7 mg Fe/g dry tissue when measured at room temperature. 

Changing the temperature of ferrimagnetic-particle-loaded samples of liver from 1°C to 

37°C had no observable effect on tissue R2 values. However, a small but significant 

decrease in R2 was found for control samples containing no ferrimagnetic material on 

raising the temperature from 1°C to 37°C. Both chemically measured iron 
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concentrations and mean R2 values for rabbit livers with implanted tumours tended to be 

higher than those measured for tumour-free liver. This study indicates that tissue R2 

measurement and imaging by nuclear magnetic resonance may have a useful role in 

magnetic hyperthermia therapy protocols for the treatment of liver cancer. 

In order to investigate the use of clinical MRI scanners to measure biogenic 

ferrimagnetic particle concentrations in human brain tissue, agar gel based phantoms 

containing ferrimagnetic particles were made in order to determine the lower 

concentration detection limit for such particles in a homogenous medium. 

Magnetite/maghemite nanoparticles were synthesized in the presence of either dextran 

or polyvinyl alcohol, yielding cluster- and necklace-like aggregates, respectively. 

Magnetization, Mössbauer spectroscopy, and microscopy measurements indicated that 

the arrangement of the particles within the aggregates affects the magnetic properties of 

the particles resulting in smaller particles in the clusters having higher 

superparamagnetic blocking temperatures than larger particles in the necklaces. 

A clinical MRI system was used to measure R2 in agar gels with varying concentrations 

of the ferrimagnetic iron oxide nanoparticles in a field strength of 1.5 T. The method of 

preparation resulted in loosely packed clusters (dextran) or branched chains (polyvinyl 

alcohol) of particles containing of the order of 600 and 400 particles, respectively. For 

both methods of particle preparation, concentrations of ferrimagnetic iron in agar gel 

less than 0.01 mg ml-1 had no measurable effect on the value of R2 for the gel. 

The characteristic proton transverse relaxation rate properties of human brain tissue were 

measured in order to determine the natural regional variation in brain R2 values. The 

data suggest that both brain iron concentrations and the relative concentrations of 

myelination and water in brain tissue influence the regional proton transverse relaxation 
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rate properties of the tissue. It was found that the regional variation in brain R2 values 

does not significantly change the lower detection limit for such particles in human brain 

tissue from that observed for a homogenous gel medium. The results indicate that MRI-

based R2 measurements using 1.5 T clinical scanners are not quite sensitive enough to 

detect the low concentrations of nanoparticulate biogenic magnetite reported in human 

brain tissue.  This finding throws doubt on suggestions by previous workers that signal 

intensity anomalies seen in human brain T2-weighted MR images may be due to the 

presence of biogenic magnetite. 



iv 

 

Table of Contents 

Abstract......................................................................................................................................................... i 

Table of Contents ....................................................................................................................................... iv 

List of Figures............................................................................................................................................vii 

List of Tables ............................................................................................................................................... x 

Acknowledgements.....................................................................................................................................xi 

Chapter 1 Introduction ....................................................................................................................... 13 

1.1 Biogenic magnetic materials.................................................................................................... 14 
1.1.1 Magnetite in chitons ....................................................................................................... 14 
1.1.2 Ferrimagnetic particles in bacteria and other primitive organisms................................. 15 
1.1.3 Difference between biogenic and geologically formed magnetite particles. .................. 19 
1.1.4 Biogenic magnetite and analysis of the Martian meteorite ALH84001.......................... 20 

1.2 Ferrimagnetic particles in higher organisms........................................................................... 22 
1.2.1 Magnetite particles in honeybees.................................................................................... 22 
1.2.2 Magnetite particles in homing pigeons........................................................................... 23 
1.2.3 Magnetite particles in pelagic species ............................................................................ 25 
1.2.4 Magnetic measurements on human brain tissue ............................................................. 26 

1.3 Biomedical applications of magnetic particles ........................................................................ 30 

1.4 Non-invasive measurement and imaging of magnetic particle concentrations in vivo............ 34 

Chapter 2 Basic principles of magnetic materials, nuclear magnetic resonance, and magnetic 
resonance imaging..................................................................................................................................... 37 

2.1 Magnetic properties of materials ............................................................................................. 37 
2.1.1 Magnetic field and magnetic induction .......................................................................... 37 
2.1.2 Magnetic moment and magnetization............................................................................. 37 

2.2 Types of magnetic materials..................................................................................................... 38 
2.2.1 Diamagnetism................................................................................................................. 39 
2.2.2 Paramagnetism ............................................................................................................... 39 
2.2.3 Ordered magnetic materials ............................................................................................ 40 

2.3 Single domain particles and superparamagnetism .................................................................. 43 

2.4 Nuclear magnetic resonance and magnetic resonance imaging .............................................. 45 
2.4.1 Spin-lattice relaxation: relaxation time T1 ...................................................................... 48 
2.4.2 Spin-spin relaxation: relaxation time T2 ......................................................................... 48 
2.4.3 Pulse techniques in NMR ............................................................................................... 50 
2.4.4 Free induction decay....................................................................................................... 51 
2.4.5 Measurement of longitudinal relaxation using the inversion-recovery pulse sequence.. 52 
2.4.6 Measurement of transverse relaxation using the spin-echo pulse sequence ................... 53 

2.5 Magnetic resonance imaging ................................................................................................... 54 

2.6 The effect of superparamagnetic particles on contrast in T2-weighted MR images ................. 56 

Chapter 3 An MRI based technique for the measurement of ferrimagnetic particle 
concentrations in liver tissue .................................................................................................................... 57 

3.1 Introduction.............................................................................................................................. 57 

3.2 Methodology............................................................................................................................. 58 



v 

 

3.2.1 Tumour-free liver: .......................................................................................................... 58 
3.2.2 Variable temperature measurements:.............................................................................. 60 
3.2.3 Tumour-bearing liver:..................................................................................................... 61 

3.3 Results ...................................................................................................................................... 61 
3.3.1 Iron concentration and R2 measurements: ...................................................................... 61 
3.3.2 Effect of temperature on R2 measurements: ................................................................... 64 
3.3.3 R2 measurements on intact tumour-bearing and tumour-free livers: .............................. 65 

3.4 Discussion ................................................................................................................................ 67 

Chapter 4 Synthesis of nanoscale magnetite/ maghemite particle based ferrofluids and 
characterisation of their structural and magnetic properties ............................................................... 71 

4.1 Introduction.............................................................................................................................. 71 

4.2 Methods.................................................................................................................................... 72 
4.2.1 Magnetite/ maghemite ferrofluid synthesis .................................................................... 72 
4.2.2 Measurement of iron concentration ................................................................................ 73 
4.2.3 Transmission electron microscopy (TEM) ..................................................................... 73 
4.2.4 SQUID magnetometry.................................................................................................... 74 
4.2.5 Mössbauer spectroscopy................................................................................................. 75 

4.3 Results ...................................................................................................................................... 76 

4.4 Discussion ................................................................................................................................ 81 

Chapter 5 Detection limits for ferrimagnetic particle concentrations using MRI based proton 
transverse relaxation rate measurements ............................................................................................... 84 

5.1 Introduction.............................................................................................................................. 84 

5.2 Materials and methods............................................................................................................. 86 

5.3 Results ...................................................................................................................................... 86 

5.4 Discussion ................................................................................................................................ 89 

Chapter 6 Iron concentration and proton transverse relaxation rate properties of human brain 
tissue – literature review........................................................................................................................... 94 

6.1 Introduction.............................................................................................................................. 94 

6.2 Variation of iron concentration in brain tissue........................................................................ 96 

6.3 Proton transverse relaxation rate properties of brain tissue ................................................. 101 

6.4 Multiexponential proton transverse relaxation rate properties of brain tissue...................... 103 

6.5 R2 measurements and iron concentrations (previous studies)................................................ 107 

6.6 Measurement of proton transverse relaxation rate using MR imaging.................................. 110 

Chapter 7 Measurement and imaging of the proton transverse relaxation rate of human brain 
tissue using MRI...................................................................................................................................... 114 

7.1 Introduction............................................................................................................................ 114 

7.2 Methods.................................................................................................................................. 116 

7.3 Results .................................................................................................................................... 118 
7.3.1 Monoexponential measurement of R2........................................................................... 118 
7.3.2 Biexponential measurement of R2 ................................................................................ 125 

7.4 Discussion .............................................................................................................................. 127 

Chapter 8 Conclusions ...................................................................................................................... 133 



vi 

 

8.1 Summary of research.............................................................................................................. 133 

8.2 Suggestions for further research ............................................................................................ 136 

Appendix I Bibliography................................................................................................................ 140 

 



vii 

 

 

List of Figures 
Figure 2.1 Schematic arrangement of atomic magnetic moments for various types of materials. (A) 

represents a paramagnetic material, (B) represents a ferromagnetic material, (C) represents 
an antiferromagnetic material and (D) represents a ferrimagnetic material. ............................ 40 

Figure 2.2 Schematic diagram of the spin lattice arrangement of magnetite. The filled circles 
represent Fe2+ ions and the open circles represent Fe3+ ions. The arrows pointing left represent 
the first sublattice and the arrows pointing right represent the second sublattice. ................... 42 

Figure 2.3 Schematic diagram of a spin echo pulse sequence. The bottom row indicates the motion 
of the magnetization under the influence of the rf pulse. Between the 90° and 180° pulses the 
spins have started to dephase; at 2τ the magnetization refocuses and a spin echo is observed.54 

Figure 3.1 Mean tissue iron concentration of liver measured by ICP-AES against dose of 
ferrimagnetic iron received by tumour-free rabbits ( ) and tumour-bearing rabbits ( ). 
Vertical bars through the data points indicate the standard deviation of the iron concentration 
measurements made on the dissected livers. ................................................................................. 62 

Figure 3.2 Graph of <R2> against iron concentration for approximate 1 cm cubes of tissue dissected 
from livers of rabbits loaded with ferrimagnetic particles. R2 measurements were made with 
samples at room temperature (approximately 20°C). Vertical bars through each data point 
indicate the width of the Gaussian distribution of R2 observed for each sample of liver. ......... 63 

Figure 3.3 Graph of <R2> against iron concentration for approximate 1 cm cubes of rabbit liver at 
1°C (circles) and 37°C (squares). Note that data points represented by open symbols 
correspond to control liver samples containing no ferrimagnetic material. Vertical bars 
through each data point indicate the width of the Gaussian distribution of R2 observed for 
each sample of liver. ........................................................................................................................ 64 

Figure 3.4 Mean R2 (averaged over whole liver) against ferrimagnetic iron dose for explanted rabbit 
liver with implanted tumours ( ), explanted tumour-free rabbit livers ( ), and tumour-free 
rabbit liver measured in vivo ( ). Vertical bars through the data points illustrate the standard 
deviation of R2 observed in each liver. ........................................................................................... 65 

Figure 3.5 In vivo R2 image of rabbit liver embolized with ferrimagnetic iron particles. The R2 
image of the liver is superimposed over a standard T2 weighted image. The lookup table 
indicates the corresponding relaxation rate (in units of s-1) for each pixel in the image. .......... 66 

Figure 4.1 TEM images of synthetic magnetite particles. (A) and (B) is the Fe-dextran preparation, 
(C) and (D) is the Fe-PVA preparation and (E) and (F) is the control preparation. Scale bar = 
50 nm for left column images, scale bar = 20 nm for the right column images. ......................... 77 

Figure 4.2. Particle size distributions measured from TEM images. (A) Control preparation, (B) Fe-
dextran preparation, (C) Fe-PVA preparation ............................................................................. 78 

Figure 4.3 Zero-field-cooled (black symbols) and field-cooled magnetizations of the ferrofluid 
preparations measured in 100 Oe. (A) Fe-dextran fluid (0.5 mg Fe/ml), (B) freeze dried Fe-
dextran, (C) Fe-PVA fluid (0.5 mg Fe/ml), (D) freeze dried Fe-PVA.......................................... 80 

Figure 4.4 57Fe Mössbauer spectra of freeze-dried (A) control preparation (scale bar = 0.2 % 
absorption), (B) Fe-dextran preparation (scale bar = 0.2% absorption), and (C) Fe-PVA 
preparation (scale bar = 0.5% absorption) at room temperature. Error bars are given by N1/2, 
where N is the number of counts for the data point. .................................................................... 81 



viii 

 

Figure 5.1 TEM micrograph of magnetic extract from human brain tissue........................................ 88 

Figure 5.2 Size distribution of particles imaged in TEM analysis of magnetic extract from human 
brain tissue (Figure 5.1). ................................................................................................................. 88 

Figure 5.3. Relationship between ferrimagnetic iron concentration for ferrofluid gel phantom and 
the mean proton transverse relaxation rate (R2) of the phantom as measured by MRI for (A) 
the PVA based phantoms and (B) the dextran based phantoms. Error bars indicate the 
standard deviation of R2 values measured within each phantom. The horizontal solid and 
dashed lines indicate the mean R2 and standard deviation of R2 respectively for gel containing 
no ferrimagnetic iron....................................................................................................................... 90 

Figure 5.4 Biogenic magnetite concentrations for human tissues reported in the literature. (i) 
represents measurements of brain tissue from both normal subjects and subjects with 
Alzheimers disease (Kirschvink et al. 1992), (ii) represents measurements of meninges tissue 
(Kirschvink et al. 1992), (iii) represents measurements of various tumour tissues (Kobayashi et 
al. 1997), (iv) represents measurements of brain tissue from subjects with Alzheimers disease 
(Hautot et al. 2003) and (v) represents brain tissue measurements on subjects with Mesio 
Temporal Lobe Epilepsy (Dobson and Grassi 1996). The horizontal arrow in the upper right 
corner represents the detection lower limit as determined for proton transverse relaxation rate 
measurements determined in this work......................................................................................... 91 

Figure 6.1 The distribution of non-haemin iron in different parts of the adult brain. The brain 
samples were taken from autopsy cases 30 – 100 years of age. Data taken from table 1(a), 
Hallgren and Sourander (1958). ..................................................................................................... 97 

Figure 6.2 The distribution of non-haemin iron in different parts of the brains of patients aged 
between 20 and 30. Data taken from Hallgren and Sourander (1958). The brain regions with 
error bars (Globus Pallidus, Putamen, Thalamus and Sensory Cortex) were measured from 
plots of the raw data (Fig 2,3,4,6 of Hallgren and Sourander (1958)). The other brain region 
iron concentrations were calculated from the reported regression curves fitted to an equation 
of the form y = a{1 − ebx} + c  where y = mg non-haemin iron per 100g fresh weight and x = 
age in years. ...................................................................................................................................... 98 

Figure 6.3 The distribution of non-haemin iron in different parts of the brains of patients aged 
between 60 and 75. Data taken from Hallgren and Sourander (1958). The data were from the 
same sources as defined in Figure 6.2. ........................................................................................... 99 

Figure 6.4 The difference between non haemin iron concentrations in subjects between ages 60 and 
75 and subjects between 20 and 30 years. Positive differences indicate an increase in iron 
concentration with age. Data from Hallgren and Sourander (1958). .......................................... 99 

Figure 6.5 Mean absolute iron concentrations in cerebral cortex (circle symbols) and basal ganglia 
(square symbols). Error bars indicate the standard error. Data from Höck et. al. (1975)...... 100 

Figure 7.1 An example monoexponential proton transverse relaxation rate image of human brain 
tissue. The R2 map of the brain tissue is overlaid on a standard T2 weighted MRI scan. The 
scale bar on the right indicates the proton transverse relaxation rate for each pixel in the 
image............................................................................................................................................... 118 

Figure 7.2 Significant pairwise treatment differences between brain regions in patients aged 18 - 30. 
+ symbol indicates the probability of less than 1% of samples having the same mean, × 
indicates probability of less than 5%. .......................................................................................... 120 

Figure 7.3 Significant pairwise treatment differences between brain regions in patients aged 60 - 74. 
+ symbol indicates the probability of less than 1% of samples having the same mean, × 
indicates probability of less than 5%. .......................................................................................... 121 



ix 

 

Figure 7.4 Mean R2 values for combined cortex regions (A) and combined basal ganglia regions (B).
......................................................................................................................................................... 122 

Figure 7.5 Mean R2 of brain regions in 60 – 74 year old age group versus reported regional brain 
iron concentration (iron concentration data from Hallgren and Sourander (1958))............... 124 

Figure 7.6 Mean R2 of brain regions in 18 – 30 year old age group versus reported regional brain 
iron concentration (iron concentration data from Hallgren and Sourander (1958))............... 125 

Figure 7.7 Histogram of percentage errors in biexponential fit fast component (A) and slow 
component (B). (C) indicates percentage error in monoexponential fit to the same data. ...... 126 

 



x 

 

 

List of Tables 
Table 4.1 Lattice spacings (nm) obtained from selected area electron diffraction patterns. †Taken 

from x-ray diffraction data (Cornell and Schwertmann 1996).................................................... 78 

Table 4.2 Mean particle size (nm) and standard deviation measured from TEM images. Fe content 
of freeze dried preparations measured by AA spectrometry....................................................... 79 

Table 6.1 Biexponential properties of cat brain tissue as measured in Bakay et al. (1975). ............. 104 

Table 6.2 Biexponential proton transverse relaxation rate properties of the brain tissue of subjects 
with multiple sclerosis (data from Armspach et al. (1991)). AIS stands for “areas of increased 
signal intensity”.............................................................................................................................. 106 

Table 6.3 A list of papers that report relaxation rate data on human brain tissues. The relaxation 
rate column refers to methodologies that measure and report brain T2 values. The signal loss 
column indicates papers that infer changes in T2 due to loss in signal intensity. The iron 
concentrations column indicates the papers that attempt to correlate changes in brain proton 
relaxation rate with brain iron concentrations. The disease column indicates studies that 
analysed a tissue pathology. .......................................................................................................... 113 

Table 7.1 Summary of mean R2 values for different regions in human brain tissue. The standard 
deviation on each measurement is given in brackets. The p value is calculated using Student’s t 
test. 7 males and 7 females were scanned in each age group...................................................... 123 

Table 7.2 Pearson Product-Moment Correlation Coefficient r and probability p of no significant 
relationship between mean R2 of brain regions and reported brain iron concentration (iron 
concentration data from Hallgren and Sourander (1958)). ....................................................... 125 

 



xi 

 

Acknowledgements 

Thankyou to my supervisor Dr. Tim St. Pierre for your guidance and assistance over the 

course of my studies. The following research groups, institutions and individuals 

contributed advice and assistance that enabled the successful completion of the research 

presented herein: 

• The Magnetics research group within the School of Physics, U.W.A. provided 

technical advice concerning the magnetic measurements presented in this thesis. 

• The Centre for Microscopy and Microanalysis gave helpful advice on the electron 

microscopy and diffraction measurements. 

• SKG radiology and Royal Perth Hospital radiology department provided time on 

MRI scanners. 

• The Cancer Council of Western Australia provided funds to attend the Bioiron 2001 

Congress on Iron Metabolism. 

• Paul Clark provided software to generate proton transverse relaxation rate images, 

and advice on the interpretation of the results. 

• Dr. Wanida Chua-Anusorn provided assistance with magnetite synthesis, 

Mössbauer spectroscopy measurements and chemical assays. 

• Dr. Paul Moroz and Dr. Steve Jones provided assistance and advice on the research 

concerning the treatment of liver cancer by localized heating of tissue by magnetic 

hyperthermia. 

• Dr. Jon Dobson provided advice on the interpretation of results concerning the use 

of MRI in detecting biogenic magnetite concentrations. 



xii 

 

 

This thesis is dedicated with love and gratitude to the following people who, at different 

times, encouraged me through the six years this work took to complete: 

Martin, Libby, Tim and Catherine Pardoe, Kath Breen, Bidsie Pardoe, Pip Kelly, 

Matthew McLennan, Bill Moulden, Ash Jennings, Julian Kruger, Kelly Nutt, John and 

Julie Roberts, Bim Ricketson, Dan Lawrence, Jerome Rivalland, Huan Tran, Matthew 

Milner, Kael and Lou Driscoll, William Lonnie, Eve Rivalland, Jason Schyschow, 

Nicole Gorham, Eliza Bovell, Joan Connolly, Michael Zalich, Ace McNeilly, Ralph 

James, Peter Hammond, Margarethe and Heinrich Hoffmann, and the good people of 

Sydney, Fremantle and London who showed me the sights when I was fortunate enough 

to visit your cities. 



13 

 

Chapter 1 Introduction 
Magnetite is a crystalline iron oxide (Fe3O4) that was first discovered as a mineral 

component of lodestone. From a historical perspective magnetite was the first material 

that was found to exhibit magnetic behavior, owing to the force exerted by lodestone on 

material made of metallic iron. The discovery of the magnetic properties of lodestone 

was thought to have been made by a number of ancient civilizations, although the 

estimated time period of its discovery, at least according to Western textbooks, was 

several hundred years B.C. More recently magnetite has been found to be synthesized by 

biological organisms, as opposed to the inorganic geological origin of the magnetite in 

lodestone. 

There are two circumstances in which ferrimagnetic material is found in biological 

systems; the first is biological systems in which the ferrimagnetic material is produced 

by the organism itself. In this situation the production of ferrimagnetic material may be a 

biologically controlled process in which the material is synthesized to perform some 

function, or the production of ferrimagnetic material may be the result of some other 

metabolic reaction (normally involving iron) and the material may not have a specific 

function other than being the end product of a chemical reaction. 

The second circumstance in which ferrimagnetic material is found in a biological system 

is when synthetic ferrimagnetic material has been introduced into the system. There are 

a number of biomedical applications that exploit the properties of ferrimagnetic material, 

namely the fact that ferrimagnetic material inside a biological system can be 

manipulated from a distance using applied magnetic fields and magnetic field gradients. 

A particular application of synthetic ferrimagnetic material introduced into biological 

systems is the use of ferrimagnetic material for the treatment of tumour tissue by 
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hysteretic heating of tumour tissue embolized with ferrimagnetic material using applied 

magnetic fields. Aspects of the use of this application for treatment of liver tumours will 

be detailed in  Chapter 3. 

1.1 Biogenic magnetic materials 

1.1.1 Magnetite in chitons 

Biochemically precipitated magnetite was first reported in the literature by H. 

Lowenstam (1962). The material was found in the radula teeth of chitons (a type of 

marine mollusc). Before this discovery magnetite was thought to have been formed by 

geological processes only. Chitons are an herbivorous species that feed on algal 

filaments that grow on the surface of rocky substrates around tidal regions. The 

magnetite in the chiton teeth is used as a hardening agent to enable the algae to be 

excavated from the substrate. Rock particles are often found in the fecal material of 

chitons, and it has been determined that chitons are one of a number of biological agents 

that contribute to the mechanical erosion of rocky surfaces around tidal regions. Chiton 

teeth are easily observable by the naked eye on an excised radula as the teeth are of the 

order of millimeters in size. Prior to the identification of magnetite in chiton radulae, it 

had been previously reported that the lateral denticles of the chiton were capped with a 

black magnetic substance (Tomlinson 1959). The identification of the chiton radula as 

containing magnetic material was achieved simply by the observation that the radula 

could be picked up by a permanent magnet. The identification of the magnetic material 

as magnetite was achieved by taking x-ray diffraction patterns of single denticle caps 

and several finely ground denticle caps. As well as identifying the magnetic material as 

magnetite, the x-ray diffraction data indicated that the magnetite in the radulae consisted 
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of aggregates of minute magnetite particles with some lying in a preferred 

crystallographic direction. 

1.1.2 Ferrimagnetic particles in bacteria and other primitive 
organisms 

Since the discovery and identification of magnetite in chiton radulae, several species of 

bacteria were discovered to have movement directed by the local geomagnetic field 

(Blakemore 1975). The bacteria were observed when Blakemore was attempting to 

isolate samples of an unrelated organism (Spirochaeta plicatilis) by collecting samples 

of surface sediments from salt marshes in Cape Cod, Massachusetts U.S.A. Blakemore 

noted that drops of mud placed on microscope slides contained microorganisms that 

rapidly migrated to one side of the drops. He found that the direction of the motion of 

the microorganisms was changed when a test magnet was brought into the vicinity of the 

slide. The bacteria were described as magnetotactic due to the influence of magnetic 

fields on the motion of the bacteria. 

Blakemore investigated the bacteria using transmission electron microscopy (TEM). He 

observed that the bacteria contained chains of five to ten electron dense crystal-like 

particles, and also observed that these particles were often found enveloped by 

membrane vesicles. By observing clumps of similar particles from sediment samples 

using TEM, Blakemore hypothesized that these clumps were released from the 

magnetotactic bacteria after the death and the lysis of the cells and accumulated in 

sediments. He suggested that the clumping of the particles suggested they had a 

permanent magnetic moment and therefore the particles may be magnetite. Energy 

dispersive x-ray microanalysis was used to give an indication of the elemental 

composition of the chains of particles within the magnetotactic bacteria. The analysis 
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indicated that iron was the most prevalent element in the sample, which was consistent 

with the hypothesis that the particles were composed of crystalline magnetite. 

Blakemore further suggested that the presence of these chains of particles was probably 

responsible for the alignment of the bacteria with applied magnetic field lines. 

In spite of the evidence, the chains of particles were not conclusively identified as 

magnetite until 1979 due to the fact that the microorganisms were not available in pure 

culture. Eventually a freshwater magnetotactic bacterium (designated strain MS-1) was 

isolated and cultured in chemically defined media. The bacteria were studied using 

Mössbauer spectroscopy and the iron phase within the bacteria was identified as 

predominantly ferrimagnetic magnetite, possibly with a small admixture of maghemite, 

an oxidized form of magnetite (Frankel et al. 1979). TEM studies of individual bacteria 

found the magnetite particles had an average size of about 50 nm with a narrow size 

distribution. The particles were calculated to possess a magnetic moment sufficient to 

produce alignment in the geomagnetic field, confirming the hypothesis that the 

magnetite chains were used by the bacterium to align in the geomagnetic field. 

The magnetite particles found in magnetotactic bacteria are thought to be utilised as an 

aid in orientating the bacteria within the aqueous environment in which they live. The 

bacteria form chains of magnetite particles that act in a manner not unlike a compass 

needle - the magnetite chains orient in the geomagnetic field and the bacteria, thus 

aligned, are able to swim up or down the oriented direction and in doing so avoid the 

toxic aerobic oxygen rich environment that is found near the surface of the swamps and 

ponds and maintain a position in the oxic/anoxic transition zone that is the preferred 

habitat of the bacterium. The evidence seems to suggest that the bacteria use the vertical 

component of the geomagnetic field for orientation as opposed to the directional 
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information provided by compasses (i.e. the bacteria use the magnetite chains to point 

"upwards" rather than pointing north). The bacteria are able to move using their flagella, 

but they lack control of the direction in which they move. An early biological solution, 

given that the bacteria are phylogenetically ancient, to the problem of directed 

movement appears to be the synthesis of chains of magnetite. The discovery and 

subsequent investigation of magnetotactic bacteria is the most well documented case of 

biological organisms synthesizing magnetite in a precise and controlled fashion. 

Researchers have also discovered other species of bacteria that precipitate magnetite 

particles with different structural characteristics to the particles found in magnetotactic 

bacteria (Lovley et al. 1987). In magnetotactic bacteria the magnetite particles are 

synthesized intracellularly within membrane vesicles. In the iron reducing bacterium 

strain GS-15 the magnetite particles are produced extracellularly and have no cellular 

structures surrounding or linking the particles. Magnetite particles produced by 

magnetotactic bacteria are uniform in size, have high structural perfection (i.e. are highly 

crystalline) and exhibit a species specific crystal morphology. In contrast the magnetite 

particles produced by strain GS-15 are comparatively smaller in size, have an irregular 

shape and exhibit poor crystallinity (Sparks et al. 1990). These properties imply different 

magnetic properties for the magnetite particles produced by the different bacteria. Whilst 

the magnetite particles produced by both bacteria are of a size that are only large enough 

to possess a single magnetic domain, the magnetotactic bacteria magnetite particles are 

of a size (mean length = 53 nm, standard deviation = 10 nm, mean width = 35 nm, 

standard deviation = 8 nm) and shape (length:width ratio = 0.6) that would mean they 

possess a permanent magnetic moment at environmental temperatures. In contrast, the 

magnetite particles produced by bacteria strain GS-15 have a size distribution (mean 
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length = 14 nm, mean width = 12 nm) that would suggest that a significant fraction of 

the particles are not large enough to hold a permanent magnetic moment, that is, most of 

the magnetite particles produced by this strain are superparamagnetic at room 

temperature. 

The differences between the magnetite particles produced by the bacterial strains have 

been ascribed to the role the magnetite particles play in the functioning of the organism. 

The magnetotactic bacteria synthesise the magnetite for the purpose of orienting and 

moving in the geomagnetic field (magnetotaxis). The iron reducing bacteria GS-15 are 

not magnetotactic and it appears that the magnetite particles serve no specialized cellular 

function. Research suggests that the magnetite particles in bacteria strain GS-15 are 

formed due to the transport of ferrous ions, formed by the reduction of hydrous ferric 

oxide within the cell, out of the cell where they react with extracellular excess hydrous 

ferric oxide to produce magnetite. The production of magnetite by the iron-reducing 

bacteria has been described as biologically-induced mineralization whereas the 

production of magnetite by magnetotactic bacteria has been described as biologically-

controlled mineralization (Sparks et al. 1990). 

In addition to magnetotactic bacteria, researchers have discovered algae that appear to 

utilize magnetotaxis (Torres De Araujo et al. 1986). The algae were found to contain 

magnetite particles organized into chains. Live cells observed under a light microscope 

migrated along the field lines of an applied magnetic field either parallel or anti parallel 

to the field direction. The intracellular particles were analysed using TEM and found to 

have a particle size within the single domain range, meaning they possessed a permanent 

magnetic moment. Electron diffraction patterns of the particles identified them as 

magnetite. 
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Magnetite is not the only ferrimagnetic mineral that may be synthesized by bacteria 

biogenically. A number of magnetotactic bacteria species have been identified in which 

the inorganic phase of the magnetosomes is the iron sulphide mineral gregite, Fe3S4
 

(Mann et al. 1990; Heywood et al. 1991; Bazylinski et al. 1993; Bazylinski et al. 1995). 

Gregite has a similar crystal structure to magnetite and is also a ferrimagnet. 

Magnetotactic bacteria that contain gregite rather than magnetite are found in sulphidic 

marine environments. 

1.1.3 Difference between biogenic and geologically formed 
magnetite particles. 

The magnetite particles synthesized by magnetotactic bacteria exhibit a number of 

characteristics that distinguish them from magnetite formed by geological processes. 

The properties of biogenic magnetite particles produced by magnetotactic bacteria are 

found to have the following properties (Thomas-Keprta et al. 2001): 

(i) The magnetite particles have a narrow size range within the superparamagnetic to 

single domain particle size range. 

(ii) The magnetite particles are chemically pure – the only detectable (defined as greater 

than 150 ppm) elements in the crystalline material are iron and oxygen. Inorganic 

(geologically formed) magnetites often contain other metallic elements such as Cu, Co, 

Zn, Mo, Ni, Mg and Al. 

(iii) The magnetite particles are highly crystalline i.e. they have few crystallographic 

defects. 

(iv) The magnetite particles have a species specific crystal habit. 
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(v) The crystalline magnetite particles are elongated along the [111] zone axis of the 

crystal. 

(vi) The magnetite particles form linear chains within the bacterium cell. 

Geologically formed inorganic magnetites usually have a considerably less uniform 

particle size range that may extend into the multi-domain particle size range. In addition 

inorganic magnetites often have lattice dislocations and contain ionic impurities (such as 

titanium, chromium or aluminium) that are substituted into the lattice sites containing Fe 

ions in pure magnetite. 

1.1.4 Biogenic magnetite and analysis of the Martian meteorite 
ALH84001 

The difference between biogenic and abiogenic magnetites has found an interesting 

application in the study of the Martian meteorite ALH84001. The meteorite was found 

to contain carbonate globules with a characteristic size of 1 to ~ 250 µm. The 

researchers found a number of iron-rich regions near the edge of the carbonate globules; 

a significant proportion of the iron in these regions was found to consist of fine-grained 

magnetite (McKay et al. 1996). The remaining iron in the carbonate globules was found 

to be in the form of pyrrhotite (a mineral composed of Fe and S). The researchers noted 

that a population of the magnetite particles found in the carbonate globules was 

chemically, structurally and morphologically similar to the fossil remains of bacterial 

magnetosomes and the biogenic magnetite precipitated by magnetotactic bacteria strain 

MV-1. The similarity between the magnetite produced by terrestrial magnetotactic 

bacteria and magnetite particles found in Martian meteorite ALH84001 has been used to 

argue that the magnetite particles from the meteorite are magnetofossils and are 
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therefore evidence of biological activity on Mars. The presence of magnetotactic 

bacteria on Mars would constitute the earliest form of life known. 

Not all members of the scientific community agree that any magnetite particles found in 

the Martian meteorite ALH84001 are of a biological origin. Barber and Scott performed 

TEM studies of magnetite particles found within samples from the ALH84001 meteorite 

(Barber and Scott 2002), and concluded that the occurrences of magnetite in the 

carbonate globules can be explained using established inorganic pathways. The 

researchers therefore concluded that there is not enough evidence to support the 

hypothesis that any magnetite particles from the ALH84001 meteorite are unequivocally 

of a biogenic origin. A response to the paper written by McKay et al. (1996) by Anders 

(1996) also questions the data presented by McKay et al. as being evidence of past 

Martian life. In the letter Anders focuses on the carbonate globules found in the Martian 

meteorite ALH84001, and various properties that have been ascribed to biological 

interpretations. Anders suggests that inorganic processes may explain a number of the 

features observed in the meteorite ALH84001. Detailed magnetic measurements on 

samples of the meteorite (Weiss et al. 2004) found that although the magnetite in the 

sample was both chemically pure and within the size range expected for 

superparamagnetic to single domain magnetite (two features of biogenic magnetite 

outlined in section  1.1.3), no more than 10% of the magnetite in the sample is in a chain 

arrangement (another feature of biogenic magnetite). 

It appears that the authors of the papers questioning the validity of the claim of 

identification of Martian life (Anders 1996; Barber and Scott 2002; Weiss et al. 2004) 

are not questioning the validity of the presented data. The issue appears to be that the 
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data are at best circumstantial evidence for early Martian life, and do not constitute 

conclusive proof of the existence of biological activity at some time in Martian history. 

1.2 Ferrimagnetic particles in higher organisms 

Since the discovery of magnetotactic bacteria, magnetic measurements on a number of 

higher organisms have found that they contain measurable quantities of ferromagnetic or 

ferrimagnetic material. The magnetic measurements suggest that the magnetic material 

is magnetite. The techniques for the measurement of trace quantities of magnetic 

material in biological organisms and/or tissues from these organisms has been enabled 

by the development of sensitive magnetometry equipment for geological applications, in 

particular palaeomagnetism studies. The motivation behind analyzing the magnetic 

properties of higher organisms was due to the discovery that the migratory and homing 

abilities of a number of organisms is affected by magnetic fields. Subsequent analysis of 

the magnetic properties of the organisms has often indicated that they contain trace 

quantities of magnetic material. 

1.2.1 Magnetite particles in honeybees 

One such organism that has been shown to respond to magnetic fields is the honeybee. It 

has been shown that honeybees can be trained to respond to small variations in the 

geomagnetic field intensity (Walker and Bitterman 1989). Studies of the magnetic 

properties of both live and dead honeybees using SQUID magnetometry have indicated 

that mature bees contain measurable concentrations of ferromagnetic material; much less 

material was detected in the pupae and young bees (Gould et al. 1978). The 

ferromagnetic material was found to be located in the abdomens of the bees. The 

material was identified as magnetite by taking measurements of the properties of a 

magnetic extract of 100 dead bees. The properties that indicated the material was 
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magnetite were as follows: the extract had a Curie temperature of 580°C, the 

magnetization of the extract reached saturation in an applied field of 1.8 × 103 Oersteds, 

and monitoring the magnetic remanence of the extract as it was warmed from –196°C 

showed a small drop in remanent magnetization at the Verwey transition point of 

magnetite (-143°C). All this information is indicative of the presence of magnetite in the 

abdomen of the honeybees. 

Further studies of the honeybee have since found iron-containing cells within the 

honeybee abdomen (Kuterbach et al. 1982). Although Mössbauer analysis of honeybee 

abdomens failed to detect magnetite in this study, the reported remanent magnetization 

of the honeybees studied by Gould et al. would correspond to an amount of magnetite 

too small (about 22 ng of magnetite per bee) to be detected by the analytical techniques 

used in the study by Kuterbach et al. The study by Kuterbach et al. reported that the 

primary form of iron in the honeybee abdomen is hydrous iron oxide, which the authors 

note is a precursor to magnetite production in both chitons and magnetotactic bacteria. 

Kuterbach et al. also noted that only 0.33% of the hydrous iron oxide present would 

have to be reduced to magnetite to account for the magnetic remanence measurements of 

Gould et al. 

1.2.2 Magnetite particles in homing pigeons 

The homing pigeon is an animal whose ability to navigate over long distances has 

proven a source of interest to the scientific community. The ability of the homing pigeon 

to return to its loft following release from an unfamiliar location has proven both useful 

to humans as a method of relaying messages and as a sport. Research has indicated that 

pigeons use a number of cues to navigate to the home loft (Walcott 1996). Although the 

primary cue for the compass sense in pigeons appears to be the location of the sun, 
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research suggests that applied magnetic fields affect the navigational capabilities of the 

homing pigeon, in particular on overcast days when the sun is not visible (Keeton 1971). 

Magnetic measurements on pigeon head and neck tissue indicated the presence of stable 

single domain magnetite particles. In a similar fashion to the honeybee magnetic 

measurements (Gould et al. 1978), the first indication that magnetic material was present 

in the tissue was given by the observation of remanent magnetization in pigeon head and 

neck tissue using SQUID magnetometry. The material was identified as being rich in 

iron using electron microprobe analysis, and further identification of the magnetic 

material as being magnetite was accomplished by measuring the Curie temperature of 

the tissue that had measurable remanent magnetization. Electron microscopy analysis of 

the remanence-holding pigeon tissue indicated the presence of electron opaque particles 

(size 80 - 150 nm) in the tissue. The authors suggest that their measurements indicated 

that there are few superparamagnetic particles observed in the pigeon tissue. 

This reported finding is contradicted somewhat by measurements in a more recent study 

(Hanzlik et al. 2000) on the upper beak tissue of homing pigeons. In this study the 

researchers report the presence of magnetite particles, although of a considerably smaller 

size (1 – 5 nm) than those reported in the Walcott paper. The researchers identified the 

particles as magnetite by taking selected area diffraction patterns of the particles using 

TEM. The characteristic d-spacings for the material, as measured from the diffraction 

patter, were indicative of magnetite.  

In contrast to the magnetic measurements by Walcott et al. (1979), the size of the 

magnetite particles measured in the Hanzlik study would mean the particles are 

superparamagnetic at room temperature. Hanzlik et al. (2000) observed a remanent 

magnetization in samples of fresh unfixed beak tissue after 30 minutes (presumably 30 
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minutes after the animal was killed), and they raise the possibility that degradation of the 

surrounding organic tissue leads to magnetite particle clustering, as has been observed in 

magnetotactic bacteria. As pointed out by the authors, however, there is little compelling 

evidence from their study to substantiate this hypothesis. It is possible that the difference 

in the size of the magnetite particles detected in the Hanzlik study (1 – 5 nm) in 

comparison to the Walcott study (80 – 150 nm) may be due to the different anatomical 

regions of the homing pigeon analysed by the researchers. 

1.2.3 Magnetite particles in pelagic species 

Several species of fish and other marine animals have been found to respond to applied 

magnetic fields in a similar fashion to other animals such as pigeons and honeybees. 

Sockeye salmon and yellowfin tuna have been shown to respond to the earth’s magnetic 

field (Quinn et al. 1981; Walker 1984). Analysis of pelagic species such as Chinook 

salmon and yellowfin tuna found that they contain magnetite particles (Walker et al. 

1984; Kirschvink et al. 1985). Further analysis of magnetite particles found in the 

ethmoid tissue of the sockeye salmon by high resolution TEM found that the magnetite 

particle sizes had a mean of 48 nm and a standard deviation of 8.5 nm. Magnetite 

particles with this size range are strikingly similar to the particle size range of 

magnetites found in magnetotactic bacteria (mean size 53 nm, standard deviation = 10 

nm) and fall within the theoretical single domain particle size range (Butler and Banerjee 

1975). The magnetite particles were aligned in chains, an arrangement that is utilized by 

magnetotactic bacteria for magnetotaxis. 

The presence of these magnetite particles within the migratory pelagic species, as well 

as the response of the species to the earth’s magnetic field, presents compelling evidence 

that magnetite forms part of a sensory system in the fish that responds to magnetic 
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fields. Recent research on rainbow trout, utilizing confocal microscopy (which is more 

conducive to in vivo analysis than TEM) has located the receptors for the magnetic sense 

within a discrete sub-layer of the olfactory lamellae of the trout (Diebel et al. 2000). The 

rainbow trout had previously been shown to exhibit learned magnetic field 

discrimination, which is a robust technique of proving the species responds to magnetic 

fields (Walker et al. 1997). The experimental evidence gathered by these researchers has 

been interpreted as the first robust indication of the existence of a vertebrate magnetic 

sense. 

1.2.4 Magnetic measurements on human brain tissue 

Given the detection of magnetite in such a variety of biological organisms, it appears 

logical, in retrospect, that human tissues would prove a candidate for analysis for the 

presence of ferromagnetic material. Although there has been little evidence to suggest 

that there is any human geomagnetic sensing capability, there has been a number of 

epidemiological studies that have suggested that proximity to magnetic fields may 

invoke a physiological response in mammals, including humans. In particular studies 

have focused on the deleterious health effects of proximity to the magnetic fields created 

by power lines and other sources of low frequency alternating magnetic fields, such as 

the infrastructure associated with cellular telephony networks. 

In general research has found that there is little evidence for a causal relationship 

between exposure to alternating magnetic fields and adverse health effects (Habash et al. 

2003), although some studies suggest that such a relationship may exist. An example of 

possible adverse health effects due to exposure to electromagnetic fields is demonstrated 

by a study in which Eµ-Pim1 transgenic mice, which are predisposed to developing 

lymphoma, were exposed to pulsed 900 MHz electromagnetic fields (Repacholi et al. 
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1997). The study found that there was a statistically significant increased incidence of 

lymphoma in mice exposed to the radiofrequency electromagnetic radiation compared to 

mice that were not exposed to the electromagnetic radiation. A hypothetical mechanism 

for the interaction between pulsed electromagnetic radiation and biological tissues 

(Kirschvink 1992; Dobson and St. Pierre 1996) is based on the discovery of the presence 

of low concentrations of ferrimagnetic magnetite in human tissues. 

Magnetic measurements on samples of human brain tissue have reported the presence of 

trace quantities of stable (at room temperature) single domain magnetite particles 

(Kirschvink et al. 1992; Dobson et al. 1995; Dunn et al. 1995; Dobson and Grassi 1996). 

The technique used to make the measurements in these studies measured the isothermal 

remanent magnetization (IRM) of the tissue samples. This type of measurement only 

detects magnetic particles that are magnetically blocked at the measurement 

temperature. If a fraction of the magnetite particles in the sample is superparamagnetic 

at the measurement temperature, this fraction will not have a remanent magnetization 

and therefore will not be detected by the technique. Several studies report biogenic 

magnetite particles in biological systems that are in a size range that would mean the 

particles are superparamagnetic at room temperature (Sparks et al. 1990; Hanzlik et al. 

2000; Dobson et al. 2001). Therefore it is neccesary to make magnetic measurements 

that allow for the detection of a superparamagnetic fraction of magnetite particles in the 

tissue. 

Recently a technique to accomodate for the possibility of a superparamagnetic fraction 

of magnetite in human brain samples has been developed (Hautot et al. 2003). The 

technique is based around the measurement of magnetization versus applied field (M-H 

or hysteresis curves) of human brain tissue samples. Once the hysteresis curve for the 
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human brain tissue is measured, the measurement of the ferromagnetic properties of 

brain tissue was accomplished by first subtracting the diamagnetic signal from the 

measured hysteresis curve. The resulting data were then fitted with a sum of Langevin 

functions for ferritin and magnetite. The contribution from ferritin was constrained to 

match the published data on horse spleen ferritin. The results of this study (Hautot et al. 

2003) suggested that levels of biogenic magnetite in human brain tissue may be elevated 

in subjects with Alzeheimer’s disease, although too few samples were measured to 

indicate robust statistically significant results (3 confirmed Alzheimer’s subjects and 3 

control subjects). 

A previous study (Kirschvink et al. 1992) had also measured the magnetic properties of 

human brain tissue and failed to detect any significant difference between the 

concentrations of magnetite particles in Alzheimer’s disease and control subjects, 

although again a low number of samples were measured (2 confirmed Alzheimer’s 

disease patients, 1 suspected Alzheimer’s disease subject and 4 control subjects). 

Experimental conditions were also different in the Kirschvink study. The brain tissue 

samples were frozen in liquid nitrogen, so there should be some contribution from a 

superparamagnetic fraction of particles at this temperature, although this is dependent on 

the characteristic blocking temperature of the superparamagnetic fraction, which is not 

known for human brain tissue. To get a true measure of the superparamagnetic fraction 

of magnetite particles in a system one must use applied field magnetic measurements, 

such as zero-field-cooled and field-cooled magnetization versus time measurements, or 

Mössbauer spectroscopy. 

The Kirschvink study reported magnetite concentrations of between 3 and 7.2 

nanograms of magnetite per gram of brain tissue (wet weight), whereas the Hautot study 
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reported magnetite concentrations of 1 – 7 micrograms of magnetite per gram of brain 

tissue (freeze dried); using the dry to wet weight ratio quoted by the authors (0.25) this 

corresponds to 250 – 1750 nanograms of magnetite per gram of brain tissue. 

In principle the characteristic magnetite concentrations measured in both these studies 

could be used to estimate the ratio of room-temperature superparamagnetic magnetite 

particles to stable single domain particles in human brain tissue, but there are a number 

of reasons why this approach is problematical. The first is that it is unclear what the 

range of blocking temperatures of the superparamagnetic fraction of magnetite in brain 

tissue would be, given that the characteristic blocking temperature for magnetite 

particles in human brain tissue is a function of the size distribution of magnetite particles 

as well as their spatial distribution. Also the consistency between the isothermal 

remanent measurement technique and the hysteresis curve measurement technique 

reported by Hautot et al. is unknown. 

Furthermore the results of Hautot et al. conflict with other studies in that they report no 

magnetite concentration in the brain tissue of subjects with no known neurological 

disorders, whereas all previous studies report at least some magnetite concentration in 

control subjects. It is possible that the hysteresis curve technique is not sensitive to 

magnetite concentrations of only a few nanograms per gram of tissue. Further 

refinement of the technique, as well as the measurement of more brain tissue samples 

should resolve these questions. 

Despite the reasons for not making quantitative estimates of the ratio of 

superparamagnetic to stable magnetite particles (at room temperature), it is likely that a 

significant fraction of the magnetite particles in human brain tissue are 

superparamagnetic at room temperature. The presence of a superparamagnetic magnetite 
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fraction in human brain tissue  is suggested by both the size distributions of the 

magnetite particles measured by Kirschvink using TEM (he reports that the stable single 

domain particles comprise a maximum of 85% percent of the sample), and the fact that 

the use of magnetic measurements that explicitly incorporate the measurement of the 

superparamagnetic fraction of magnetite particles (Hautot et al. 2003) indicate 

considerably higher magnetite concentrations than remanent magnetization 

measurements (Kirschvink et al. 1992), which only detect magnetically blocked 

magnetite particles in the tissue. 

1.3 Biomedical applications of magnetic particles 

In addition to naturally occurring magnetites, both due to inorganic (e.g. the magnetite 

component of lodestone) and biologically mediated processes (the magnetite particles 

precipitated by biological organisms), magnetite particles may also be synthesized in 

aqueous solution. Of particular interest in biomedical applications are the novel liquids 

known as ferrofluids. A ferrofluid is a colloidal suspension of ferromagnetic particles in 

a carrier liquid. The particles are coated with a surfactant to prevent the agglomeration 

of the ferromagnetic particles, particularly when a magnetic field is applied to the fluid 

(as is the case with many of the applications of ferrofluids). The inorganic ferromagnetic 

phase in ferrofluids is often composed of synthetic magnetite, although other magnetic 

materials such as maghemite or cobalt nanoparticles may be used. 

There are three magnetic properties of ferrofluids that make these materials useful from 

a biomedical perspective. The first is that the motion of the ferromagnetic particle 

component of the ferrofluid may be directed under the influence of magnetic field 

gradients. This property of the ferrofluid is exploited in potential in vivo applications in 

which a ferrofluid is introduced into the body and directed to a site of interest using 
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externally applied magnetic fields. The second property of magnetic fluids that is 

utilized in biomedical applications, in particular in hyperthermia treatment of tumours, is 

that the application of an alternating magnetic field to a system containing ferromagnetic 

particles can cause the particles to heat up. The use of alternating applied magnetic fields 

to heat magnetic material is known as hysteretic heating. The alternating magnetic field 

can be applied externally to the region of interest in the body. The third property of 

ferrofluids that may be exploited in biomedical applications is the ability of magnetic 

materials to be detected non invasively using techniques such as magnetic resonance 

imaging, enabling labelling of biomolecules or cell types. The non invasive 

measurement of magnetic inclusions in biological tissue using MRI is investigated in 

this thesis. 

In most biomedical applications the carrier fluid for the ferrofluid is water, although this 

is not always the case; for hyperthermia treatment of liver tumours using suspensions of 

magnetic particles (an application investigated in  Chapter 3) some researchers have used 

ferromagnetic particles suspended in lipiodol (Moroz et al. 2001). The magnetic phase 

of the ferrofluid is most often superparamagnetic at room temperature in those fluids that 

are used in biomedical applications; this is due in part to the control this affords within 

the biological system - the magnetic phase does not hold a permanent magnetic moment 

at room temperature and so does not experience or exert a magnetic force on other 

particles until the application of a magnetic field. 

The prevalence of superparamagnetic ferrofluids in biomedical applications is also due 

to the difficulty in synthesizing magnetically stable single domain particles using 

chemical techniques. There is a comparatively narrow window of particle sizes that 

leads to stable single domain particles. The particle size range for stable single domain 
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particles (at room temperature) has been theoretically calculated to be between 0.05 µm 

and 0.076 µm for cubic magnetites, although the range increases for elongated particles 

(Butler and Banerjee 1975). According to Neél’s theory of magnetization blocking in 

single domain particles the superparamagnetic threshold for magnetite at room 

temperature is about 30 nm (Neél 1949). Experimental data on geological magnetites 

gives a slightly different estimate for the stable single domain particle size range of 

between 29 and 36 nm (± 5 nm) for the lower limit, below which the particles are 

superparamagnetic, and an upper limit of 48 ± 5 nm, above which the particles form 

magnetic domains (Dunlop 1973). It should be noted that the size ranges are dependent 

on the elongation of the magnetite particles; as the elongation increases the upper limit 

for single domain particles also increases. The elongation of biogenic magnetite particles 

may explain why magnetic measurements indicate they are single domain particles 

despite being close to the single domain to multi-domain transition determined by 

Dunlop (1973). 

The synthesis of particles with such a narrow size range is testament to the high level of 

control exterted by magnetotactic bacteria over the magnetite synthesis process. In part 

the difficulty with the synthesis of ferrofluids containing single domain magnetic 

particles is due to the tendency of such particles to aggregate in solution since such 

particles have a permanent dipole moment. It is possible to synthesize ferrofluids 

containing a magnetic phase with a permanent dipole moment if one is able to coat the 

particles with a material that either provides a thick enough barrier to prevent 

aggregation or prevents particle aggregation using other forces, such as steric hindrance 

or entropic forces. Materials containing a magnetic phase with greater particle sizes than 

the single domain threshold size have been used in biomedical applications; for example 
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Moroz et al. (2001) use maghemite (γ Fe2O3), an oxidation product of magnetite, for the 

hyperthermia treatment of liver tumours, with a size range of 0.1 – 0.2 µm. 

Further biomedical applications of ferrofluids are based on the ability to bind specific 

molecules to the material coating the magnetic phase of the ferrofluid. An example of 

this technique is the use of ferrofluids for cell labelling and separation. Magnetic cell 

labelling involves binding a specific biological entity such as an antibody to the material 

that coats the inorganic magnetic phase of the ferrofluid. The ferrofluid-entity conjugate 

is then introduced into the biological system and the bound biological entity interacts 

with the biological system, usually by binding to a specific cell or accumulating in a 

specific tissue. Once the cells have been labelled in this way the distribution of the 

ferrofluid, and hence the bound cells or tissue, may be imaged using MRI. Such 

materials may be potentially used as cell or tissue specific MRI contrast agents. 

Magnetic separation is accomplished by attaching the entity to be separated from its 

biological environment with the magnetic material (in a similar fashion to magnetic 

labelling), then passing the biological matter through a device that uses magnetic fields 

to remove the magnetic material and the bound entity from the solution. The magnetic 

particles used in applications of this type are tailored to the biological entity of interest – 

for example superparamagnetic material may be incorporated into micron sized polymer 

based microspheres and the polymer surface modified to bind to the biological molecule 

(Lea et al. 1988; Ansell and Mosbach 1998). The use of magnetic separation techniques 

may increase the efficiency of existing physical separation techniques (Kemshead 1992; 

Karumanchi et al. 2002) or to detect low numbers of target molecules in a sample (Gu et 

al. 2003). 
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An extended biomedical application of magnetic labeling is in the delivery of theraputic 

agents to sites within the human body (Brigger et al. 2002; Alexiou et al. 2003; Yoshida 

and Mizuno 2003; Gupta and Curtis 2004). If a theraputic agent can be bound to 

magnetic material in colloidal suspension and then injected into the human body, then 

magnetic field gradients can be used to direct the agent-magnetic material complex to 

specific sites such as an organ or tumour tissue within the body. The advantage of such a 

technique lies in the specificity of delivery, reducing potentially harmful effects of the 

agent in other parts of the body. This is particularly important in radiotherapy techniques 

in which the theraputic agent, in this case a radionucleide, non specifically acts on all 

cells it irradiates – by localizing the material in a tumour for example then unwanted 

damage to healthy tissue may be avoided. 

1.4 Non-invasive measurement and imaging of magnetic 
particle concentrations in vivo 

In most of the in vivo applications of ferrofluids it is important to be able to determine 

the distribution of the magnetic particles after they have been introduced into the body. 

The distribution of the magnetic phase within the biological system may be important in 

order to assess the effectiveness of the application or it may be a major health concern, 

as in the case of magnetic fluid hyperthermia treatment of tumours. In the hyperthermia 

treatment for tumours in liver tissue investigated in this thesis ( Chapter 3) ferromagnetic 

particles are introduced into the liver via the portal vein and embolize the tumour and 

tissue surrounding the tumour. The particles are then heated by application of an 

alternating magnetic field and the tumour is thermally ablated. It is important that the 

particles only embolize the tumour and inadvertent thermal ablation of healthy liver 

tissue is avoided. 
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Previous research using magnetic resonance imaging (MRI) to map the proton transverse 

relaxation rate of liver tissue has proven successful in quantifying the hepatic iron 

concentration of subjects with iron overload disease (Clark and St. Pierre 2000; St. 

Pierre et al. 2004). By applying the MRI-based proton transverse relaxation rate 

measurement technique to liver tissue embolized with ferromagnetic material, as used 

for hyperthermia treatment of liver tumours (Moroz et al. 2001), we found that proton 

transverse relaxation rate measurement and imaging of liver tissue containing 

ferromagnetic material may be used to non invasively quantify the concentration of 

ferromagnetic material over a clinically useful range of iron concentrations. The 

research indicates that proton transverse relaxation rate measurements may be able to 

non invasively measure the concentration and distribution of ferromagnetic material in 

many of the in vivo applications of magnetic liquids. 

In the research reported in this thesis we also use novel synthetic magnetite based 

ferrofluids as a proxy model system to simulate the magnetic material found in human 

brain tissue. The synthesis technique and details of the characterization of the ferrofluid 

are given in chapter 4. The ferrofluids were used to construct agar gel based phantoms 

for analysis by MRI in order to address the question of whether reported concentrations 

of magnetite may be responsible for contrast differences observed in T2-weighted MRI 

scans of human brain tissue (Kirschvink et al. 1992). 

Although a number of researchers have found that regional brain iron levels play some 

part in the contrast observed in T2-weighted MRI scans, the relationship between these 

two parameters has proved unclear (Chen et al. 1989). The development of a MRI-based 

technique for in vivo mapping of the proton transverse relaxation rate of tissue 

containing ferrimagnetic particles could be a tool that is useful for the measurement of 
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ferrimagnetic or superparamagnetic material in other biological systems. Given that a 

number of researchers have reported quantifiable levels of magnetite in human brain 

tissue (as detailed above), we have applied the technique of MRI-based proton 

transverse relaxation rate measurement to biological systems containing ferrimagnetic 

and/or superparamagnetic particles. In the research presented in this thesis the biological 

systems we analysed using MRI-based proton transverse relaxation rate measurements 

were liver tissue embolized with ferromagnetic particles (chapter 3), the aforementioned 

agar gel-ferrofluid phantoms (chapter 5) and in vivo human brain tissue (chapter 7). 
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Chapter 2 Basic principles of magnetic materials, 
nuclear magnetic resonance, and magnetic 

resonance imaging 

2.1 Magnetic properties of materials 

2.1.1 Magnetic field and magnetic induction 

A magnetic field is generated whenever there is a moving electric charge. The magnetic 

field is denoted by the symbol H. The magnetic induction B is the response of a medium 

to a magnetic field. Different materials will respond to the same applied magnetic field 

H differently; the relationship between the magnetic field and the magnetic induction is 

given by: 

 B = µH , (  2.1 )

where µ is called the permeability of the medium. Permeability is not necessarily 

constant for a medium, although in most materials this is effectively the case. An 

important exception is the case of ferromagnetic materials in which µ may vary 

considerably. The permeability of free space is equal to 4π ×10−7  Henry per metre (V s 

A-1 m-1) and is denoted µ0. The permeability of a material is often given as the relative 

permeability, µr which is the permeability of the material relative to that of free space: 

 
µr =

µ
µ0

. (  2.2 )

 

2.1.2 Magnetic moment and magnetization 

The magnetic moment and magnetization of a material measure how a material responds 

to an applied magnetic field. The magnetic moment m of an object is the maximum 
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torque τmax experienced by the object under the action of a magnetic field in free space 

divided by the field H times the permeability of free space: 

 m =
τmax

µ0H
. (  2.3 )

The magnetization of a material is the magnetic moment per unit volume: 

 M =
m
V

. (  2.4 )

The magnetization contributes to the magnetic induction B, along with the applied field 

H. The magnetization M, applied field H and magnetic induction B are related by: 

 B = µ0(H + M) . (  2.5 )

µ0H is the induction contributed by H in free space and µ0M is the induction contributed 

by the magnetic material. 

The response of a material to an applied magnetic field is quantified using the magnetic 

susceptibility χ: 

 χ =
M
H

. (  2.6 )

χ is a function of H for materials such as iron, cobalt and nickel; i.e. it is not a constant 

in these metals. 

2.2 Types of magnetic materials 

Materials are traditionally classified according to the values of their magnetic 

susceptibilities and relative permeabilities at room temperature. 

The three types of magnetic materials are: 

(i) Diamagnets: χ < 0; µr < 1, 
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(ii) Paramagnets: χ > 0; µr ≅ 1, 

(iii) Ordered magnetic materials: χ >> 0; µr >> 1. There are a number of 

subcategories of ordered magnetic materials including ferromagnets and 

ferrimagnets. Antiferromagnets are also magnetically ordered but have low χ 

and µr (see section  2.2.3.2). 

2.2.1 Diamagnetism 

Diamagnetic materials have a small, temperature independent susceptibility (χ is of the 

order of 10-5). The magnetization of a diamagnetic sample placed in a magnetic field has 

a direction opposing that of the field. Therefore the susceptibility of a diamagnetic 

material is negative. Diamagnetic materials do not have a magnetic moment unless there 

is an applied field – the material has an opposing magnetic moment that has been 

induced by the field. Water is an example of a diamagnetic material. 

2.2.2 Paramagnetism 

Like diamagnetic materials, paramagnets do not have an inherent magnetic moment in 

the absence of an applied field. The magnetization of paramagnets is proportional to the 

strength of the applied field H at ambient temperatures and typical laboratory fields. The 

susceptibility of paramagnetic material is of the order of 10-3 to 10-5. Paramagnetic 

material is composed of atoms with unpaired electrons whose spins are free to change 

direction. When there is no applied field the magnetic moments of the spins in the 

material are randomly aligned (Figure  2.1 A) and are in constant fluctuation due to 

thermal energy. The propensity of an applied field to align these spins parallel to the 

field is counteracted by the random fluctuation of the spins. For small applied fields one 

finds that there is a linear relationship between the intensity of the magnetization of a  
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Figure  2.1 Schematic arrangement of atomic magnetic moments for various types 

of materials. (A) represents a paramagnetic material, (B) represents a 

ferromagnetic material, (C) represents an antiferromagnetic material and (D) 

represents a ferrimagnetic material. 

paramagnetic substance and the applied field, and an inversely proportional relationship 

between the temperature of the material and the magnetic susceptibility. 

2.2.3 Ordered magnetic materials 

2.2.3.1 Ferromagnetism 
Ferromagnetic materials contain spins that are aligned parallel to one another due to 

strong positive exchange interaction between the neighbouring spins (Figure  2.1 B). 

Therefore ferromagnetic materials may have a resultant magnetic moment if there is no 

applied magnetic field. Thermal energy has a randomising effect on the orientation of 

the spins in the material, so the magnetisation of a ferromagnetic material decreases with 

increasing temperature. Above a temperature known as the Curie point thermal energy 
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overcomes the alignment of the spins in a ferromagnetic material and the magnetic 

properties of the material resemble a paramagnet. 

Although a ferromagnetic material can possess a magnetic moment in the absence of an 

applied field, often a macroscopic ferromagnet exists in a demagnetised state. 

Ferromagnetic material can form magnetic domains within the sample; domains are 

regions of the whole spin assembly that have spins aligned in the same direction. Each 

domain has a spontaneous moment but the arrangement of the domains is such that the 

magnetic moment of the whole material is minimized. 

2.2.3.2 Antiferromagnetism 
Antiferromagnetic materials are similar to paramagnetic material in that they have a 

small positive susceptibility. The spin structure of an antiferromagnet is different from 

that of a paramagnet. In the case of antiferromagnets the structure is such that there are 

two lattices of spins which point in opposite directions, thereby cancelling out the 

moments due to each spin lattice and giving a negligible net magnetic moment (Figure 

 2.1 C). In an antiferromagnetic arrangement the tendency of the spins to align in a 

magnetic field is opposed by the strong negative exchange interactions between the 

opposing sublattices. The magnetic susceptibility of the sample increases with 

temperature up to the Néel temperature, at which point the thermal energy overcomes 

the negative interaction between the two spin lattices. Above the Néel point the material 

behaves like a paramagnet – that is, the susceptibility is inversely proportional to the 

temperature. 

2.2.3.3 Ferrimagnetism 
Ferrimagnetic materials have a similar spin lattice structure to antiferromagnetic 

materials. A ferrimagnetic material consists of two spin lattices pointing in opposite 



42 

 

directions (Figure  2.1 D). Unlike an antiferromagnetic material, the number of spins on 

each lattice may have different populations and magnetic moments, leading to a net 

magnetic moment for the material. Ferrimagnetic materials are also similar to 

ferromagnetic materials given that they may possess a spontaneous magnetic moment 

(i.e. ferrimagnets can have a magnetic moment in zero field). The ability of 

ferrimagnetic materials to possess a spontaneous moment also means that, like 

ferromagnets, ferrimagnetic materials can form magnetic domains. 

The most common ferrimagnetic material is magnetite (Fe3O4). In the case of magnetite 

the first spin lattice is composed of both Fe2+ and Fe3+ ions (arrows pointing left in 

Figure  2.2) and the second spin lattice is composed of Fe3+ ions (arrows pointing right in 

Figure  2.2). The uneven distribution of spins between the two lattices in Figure  2.2 

indicate that Fe3O4 has a spontaneous magnetization. 

 
Figure  2.2 Schematic diagram of the spin lattice arrangement of magnetite. The 

filled circles represent Fe2+ ions and the open circles represent Fe3+ ions. The 

arrows pointing left represent the first sublattice and the arrows pointing right 

represent the second sublattice.  
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2.3 Single domain particles and superparamagnetism 

In the previous section on types of magnetic materials (section  2.2) the bulk magnetic 

properties of the materials were explained in terms of the atomic spin structure. The 

arrangement of the magnetic moments within ordered magnetic materials determines the 

bulk properties of the material, and considerable research has been devoted to 

determining the organization of magnetic moments within such materials. In bulk 

magnetic materials it has been found that the magnetic moments in the material form 

regions in which the atomic magnetic moments are aligned. These microscopic regions 

are known as magnetic domains. Domains are formed by the material to minimize the 

magnetostatic energy associated with having magnetic moments aligned in parallel (i.e. 

a system of two bar magnets placed side by side minimizes magnetostatic energy by 

aligning antiparallel). There is also an energy associated with the formation of domain 

walls within an ordered magnetic material. One finds that there is a critical size of the 

magnetic material below which the energy needed to create a domain wall is greater than 

the reduction in magnetostatic energy that would be gained from domain formation. In 

ordered magnetic materials below this threshold size there are no magnetic domains and 

so they are known as single domain particles. 

Interactions between the atomic magnetic moments and the crystal lattice of single 

domain particles mean there are high and low energy orientations of the magnetic 

moments with respect to the crystal lattice. The orientation of the atomic magnetic 

moments therefore has an associated energy known as the magnetic anisotropy energy. 

The low energy configurations of the atomic magnetic moments are separated by 

anisotropy energy barriers, and to a first approximation the height of this energy barrier 

is proportional to the particle volume. If the particle is small enough the anisotropy 
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energy barrier may become sufficiently small that the thermal energy of the system (kT) 

can induce excitation of the magnetization over the energy barrier. In these 

circumstances it is possible for thermal energy to cause spontaneous reversal of the 

direction of the magnetic moment of the single domain particle. Magnetically ordered 

particles of this size are described as being superparamagnetic. Although 

superparamagnetic particles are magnetically ordered materials, they exhibit markedly 

different magnetic properties compared with their bulk counterparts. The magnetic 

properties of superparamagnetic materials are analogous to paramagnetic materials, with 

the exception that they have higher magnetic moments. The fluctuation of the magnetic 

moment of superparamagnetic particles is described by the Neél-Arrhenius equation: 

 
τ = τ 0e

(
Eb

kT
)
, (  2.7 )

where Eb is the magnetic anisotropy energy barrier,τ0 is a constant between 10-12 and 10-

9 seconds, k is Boltzmann’s constant, T is the absolute temperature in Kelvins and τ is 

the average time between transitions of the magnetization over the energy barrier. 

Equation 2.7 indicates that the timescale of observation of the magnetic moment of the 

particle determines if a particle is superparamagnetic or not. If a particle does not appear 

to be superparamagnetic over the timescale of observation (i.e. the magnetic moment 

does not spontaneously reverse due to thermal energy) then it is said to be magnetically 

blocked. Equation 2.7 also indicates that the probability of the magnetic moment of a 

single domain particle spontaneously reversing is dependent on the temperature of 

measurement. The temperature at which single domain particles make the transition 

from magnetically blocked to superparamagnetic behavior is known as the blocking 

temperature. 
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2.4 Nuclear magnetic resonance and magnetic resonance 
imaging 

Nuclear magnetic resonance (NMR) occurs when there is an interaction between an 

externally applied magnetic field and the magnetic moment of a nucleus. Nuclei possess 

a property known as nuclear spin. The nuclear spin is quantified using a spin quantum 

number I. I can be zero, half-integral or integral. In general if the mass number of an 

element is odd then I will be half integral; for example H1, C13 and N15 all have I = 1/2. 

If a particular nucleus has a spin quantum number I then it has the following properties: 

(i) angular momentum of magnitude: 

h I (I +1) . 

(ii) a component of angular momentum mIh  along an arbitrary axis where 

mI = I, I −1,...,−I . 

(iii) if I > 0 a magnetic moment with a constant magnitude and an orientation 

determined by the value of mI. 

These properties determine which molecules will exhibit NMR. Two common nuclei C12 

and O16 have I = 0 and by (iii) above no magnetic moment; therefore they cannot be 

‘seen’ in NMR experiments. The most common nucleus used for imaging (MRI) is the 

proton (hydrogen nucleus). A proton has I = 1/2 and so may have two spin states 

corresponding to mI = 1/2 (spin up) and mI = -1/2 (spin down). 

The component of the nuclear magnetic moment along the z axis, µz, is proportional to 

the component of spin angular momentum along that axis, giving: 
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 µZ = γ hmI . (  2.8 )

The constant of proportionality γ is called the magnetogyric ratio; this value describes 

the magnetic properties of a particular nucleus. H1 has a positive magnetogyric ratio, so 

the nuclear magnetic moment is parallel to the spin. Each value of mI corresponds to a 

different orientation of the nuclear spin and so of the nuclear magnetic moment. If we 

place the nuclei in a magnetic field the nuclei have different energies depending on the 

value of B (the strength of the applied magnetic field). This energy is given by 

 EmI
= −µzB

= −γ hmI B.
 

(  2.9 )

These energies are often expressed in terms of the Larmor frequency νL: 

 EmI
= −γ hmI B

= −mIhνL ,
 

(  2.10 )

 
where     ν L = (

γB
2π

). (  2.11 )

In the case of protons I = 1/2 and so there are two states for the nuclei according to (ii) 

above. These are designated spin-up (or α) and spin-down (or β) nuclei. The energy 

separation of the two states of spin 1/2 nuclei is 

 ∆E = Eβ − Eα

= 1
2γ hB − (− 1

2γ hB)

= γ hB
= hνL .

 

(  2.12 )

If the sample is exposed to electromagnetic radiation with a frequency component equal 

to ν L  (Larmor frequency) the energy separation between the two states of the nucleus 

matches the energy of the radiofrequency (rf) wave and resonance occurs. At resonance 
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there is strong coupling between the incident radiation and the nuclear spins and there is 

a net transition of low energy spins to the higher energy state. 

In the absence of an applied magnetic field the population of spins in the up and down 

states are equal and the bulk magnetization of the sample is zero. When a static magnetic 

field is applied the magnetization changes in two ways. The first change is due to the 

change in the energies of the two spin orientations; the individual magnetic moment 

vectors precess around the static magnetic field. The second change occurs because the 

populations of the two spin states change and there will be more low energy (up) spins 

than high energy (down) spins. The imbalance between the two spin states means that 

the sample acquires a small net magnetization. The net magnetization can be represented 

as a vector M pointing in the direction of the applied field with a length proportional to 

the population difference between spin-up and spin-down spins. 

After the application of a 90° rf pulse (see section  2.4.3) the magnetization of the spin 

ensemble has changed from being oriented along the z-axis to rotating in the xy plane. 

The rotation of the magnetization does not continue indefinitely. Eventually the 

magnetization, as measured in the xy plane, decays back to the equilibrium state. There 

are two processes which contribute to the return of the magnetization to the equilibrium 

state. These are known as spin-lattice relaxation and spin-spin relaxation. Both of these 

spin relaxation processes occur because following the 90° rf pulse the nuclear spins are 

not in thermal equilibrium with their surroundings – if they were then the net 

magnetization of the spin ensemble would lie along the z axis. The population 

distribution of spin-up and spin-down nuclei (which give rise to a net magnetization M) 

at thermal equilibrium in an applied static field is given by the Boltzmann distribution: 
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 Nβ

Nα

= e
−hνL

kT

≅ 1−
hνL

kT
.

 
(  2.13 )

So at thermal equilibrium there are more α spins than β spins. After the application of 

the 90° pulse M is in the xy plane; therefore there are equal numbers of α and β spins, 

which is a non equilibrium state. 

2.4.1 Spin-lattice relaxation: relaxation time T1 

Spin-lattice relaxation is concerned with the change in M along the z axis. As the system 

returns to equilibrium higher energy β spins revert to α spins and in doing so give up 

energy to the surroundings; hence the term spin-lattice relaxation. Spin-lattice relaxation 

is caused by fluctuating local magnetic fields due to the thermal motion of the nuclei. 

The decay of magnetization back to the original pre-rf pulse value is generally an 

exponential process characterized by a time constant T1; this is the spin-lattice relaxation 

time: 

 
M z (t) − M 0 ∝ e

−
t

T1 , (  2.14 )

where M0 is the equilibrium magnetization in the static field.  

2.4.2 Spin-spin relaxation: relaxation time T2 

Spin-spin relaxation is manifested as the decay of magnetization in the xy plane. The 

process of spin-spin relaxation is different from spin-lattice relaxation and is due to a 

loss of phase coherence of the individual magnetic moments of the nuclei in the 

ensemble. Following the application of the 90° rf pulse the magnetization is rotating in 

the xy plane. If we consider the individual magnetic moments of the nuclei they are in 

phase immediately following the pulse. As time progresses the spins lose phase 
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coherence with respect to one another; that is, the spins precess at slightly different 

frequencies owing to variations in local magnetic field strength. Eventually the spins fan 

out in the xy plane until there is no measurable magnetization in this plane, although the 

magnetization has not necessarily moved out of the xy plane to precess about the z axis. 

The process of spin-spin relaxation does not involve energy exchange with the 

environment. The decay of magnetization due to the loss of phase coherence of the 

individual nuclei is characterized by a relaxation time T2: 

 
M xy (t) ∝ e

−
t

T2 . (  2.15 )

The relaxation times T1 and T2 may also be converted to relaxation rates R1 and R2; 

these quantities are simply the inverse of the appropriate relaxation times i.e. 

 
R1 =

1
T1

,

R2 =
1
T2

.
 

(  2.16 )

Because the return of an ensemble of non-zero I nuclei to equilibrium following the 

application of a 90° pulse is manifested by the decaying to zero of the magnetization in 

the xy plane, the process of longitudinal relaxation also contributes to measured 

transverse relaxation. The process of transverse relaxation, being due to the dephasing of 

spins when precessing in the xy plane, does not contribute to longitudinal relaxation. For 

these reasons the following relation holds: 

 T1 > T2 . (  2.17 )
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2.4.3 Pulse techniques in NMR 

The basic apparatus for the observation of NMR spectra comprises the following: 

(i) A magnet for the creation of the static applied field. 

(ii) An rf transmitter. 

(iii) An rf receiver to detect the NMR signal. 

Early NMR experiments were conducted by recording the output signal as the 

experimenter varied either the frequency of the applied rf signal or the strength of the 

applied static magnetic field. This style of NMR spectrometry is known as a continuous 

wave technique. An NMR spectrum is measured by recording the strength of the 

received signal as a function of the frequency of the transmitted rf radiation. At the 

Larmor frequency of nuclei in the sample (i.e. when resonance is occurring) there is a 

peak in the NMR spectrum. 

The nature of continuous wave techniques results in the frequency being close to the 

Larmor frequency for only a fraction of the time spent transmitting a signal into the 

sample. Therefore continuous wave techniques are fairly inefficient. A more useful 

technique, and one that was suggested in one of the early papers on NMR, is the use of a 

short intense rf pulse to excite the nuclei. An rf pulse intrinsically comprises a range of 

frequencies and it is only necessary that the Larmor frequency of the nuclei in the 

sample is a component of the input signal. The use of pulse techniques in NMR was 

fairly straight forward in ensembles of nuclei in which there was only one NMR peak 

(i.e. one Larmor frequency) but more complex molecules presented output signals too 

complex for the experimenter to interpret. 
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Since the 1960’s there were two developments that brought pulse NMR techniques to 

the attention of researchers. The first was the development of the use of Fourier 

transforms on the received signal to generate NMR spectra; the second was the 

development of minicomputers which enabled the necessary Fourier transforms to be 

executed in a timely and cost effective fashion. At present continuous wave 

spectrometers are used for low resolution spectrometry; virtually all commercial high 

resolution NMR spectrometers use Fourier transform pulse techniques. 

As outlined above, NMR is observed by pushing the magnetization M of the spin 

ensemble out of its equilibrium position along the static magnetic field direction 

(referred to as the z direction) into the xy plane. Pulse techniques achieve this by 

applying an rf pulse for a short period of time. The angle between M and the z axis upon 

application of the rf pulse is given by 

 θ = γ B1t p , (  2.18 )

where B1 is the rf field amplitude and tp is the duration of the rf pulse. From this 

expression we can see that the experimenter can control how far the magnetization M is 

deflected from around the z axis. Of particular importance are 90° pulses (as shown in 

the preceeding sections) and 180° pulses. 

2.4.4 Free induction decay 

Once an ensemble of magnetic nuclei are subjected to a 90° pulse, the magnetization M 

precesses in the xy plane, enabling a signal to be recorded by the rf receiver. The signal 

is known as the free induction signal since the nuclei are precessing freely without being 

in the presence of an rf field. The signal then decays because transverse relaxation is 

occurring. In ideal conditions the rate of the decay observed by the rf receiver would be 
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equal to R2; but in practice there are instrument dependent field inhomogeneities that 

mean the individual nuclei precess at slightly different frequencies and so move out of 

phase rapidly. An NMR spectrum is recorded by taking a Fourier transform of the free 

induction signal. The height of the peak in the NMR spectra gives an indication of the 

strength of magnetization M immediately following the 90° rf pulse. One finds that the 

observation of the decay of the free induction signal following a single 90° pulse cannot 

be used to determine R2 because of dephasing due to field inhomogeneities (and it is not 

possible to measure R1 at all using a single 90° pulse) and so more complicated rf pulse 

sequences must be used to measure relaxation times. 

2.4.5 Measurement of longitudinal relaxation using the inversion-
recovery pulse sequence 

The longitudinal relaxation time T1 can be measured using an inversion-recovery, or 

180°-τ-90° pulse sequence. A 180° pulse is applied to the sample, which inverts M along 

the z axis. After a time τ a 90° pulse is applied to the system. The application of the 90° 

pulse pushes M into the xy plane. A free induction signal is detected by the receiver and 

the initial height of this signal gives the magnitude of M (hence Mz at time τ). The 

system is then allowed to return to equilibrium and the pulse sequence is applied again 

using a different value of τ. From these measurements the decay rate of Mz is 

determined. The process is described quantitatively with the following equation: 

 
M z = M 0 (1− 2e

−
τ
T1 ) . (  2.19 )

By measuring MZ for many values of τ, one can determine the value of T1. 
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2.4.6 Measurement of transverse relaxation using the spin-echo 
pulse sequence 

The spin-echo technique was developed to overcome the problem created by instrument 

dependent field inhomogeneities in measuring T2 using the free induction decay 

following a single 90° pulse. The technique consists of applying a 90°-τ-180° pulse 

sequence to the spin ensemble (Figure  2.3). Following the application of the 180° pulse 

the receiver detects a free induction “echo” signal. The quantity 2τ is called the echo 

time (TE) since this is the length of time after the 90° pulse to the echo signal. Because 

the 180° pulse effectively reverses the phases of all the spins, dephasing owing to 

magnetic field inhomogenieties in the instrument exactly cancel at the echo time, 

ensuring that the relaxation time measured is related to sample properties and not 

instrument imperfections. The amplitude of the free induction signal is dependent on T2; 

one can determine T2 by applying the spin-echo pulse sequence a number of times for 

different values of TE and fitting the data to the following equation: 

 
M xy(TE) = M 0 (e

−
2TE
T2 ) . (  2.20 )
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2.5 Magnetic resonance imaging 

Magnetic resonance imaging (MRI) utilizes the principle of NMR for imaging biological 

tissues. The wide applicability of MRI in biological systems is due to the fact that most 

biological systems contain a large concentration of water protons. The human body, for 

example, contains 55% water by weight. The quantity measured by MRI is the nuclear 

magnetization of protons in a given volume element (voxel). The proton concentration 

varies between different tissues such as muscle, blood, fat and bone, so by mapping the 

proton magnetization (which is proportional to the proton density to a first 

approximation) a 2D image with proton density contrast can be constructed. The 
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Figure  2.3 Schematic diagram of a spin echo pulse sequence. The bottom row 

indicates the motion of the magnetization under the influence of the rf pulse. 

Between the 90° and 180° pulses the spins have started to dephase; at 2τ the 

magnetization refocuses and a spin echo is observed. 
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advantages of MRI over other imaging techniques such as x-ray tomography are 

improved soft tissue contrast and the fact that no ionizing radiation is required. 

As outlined in the previous sections NMR can be used to measure not only the proton 

density of an ensemble of spins but also the longitudinal and transverse relaxation times. 

The relaxation times, along with the proton density, are important for MRI because they 

are influenced by the structure and composition of the tissue. The dependence of the 

relaxation times on tissue properties mean that one may obtain contrast in an MRI image 

by the application of an appropriate pulse sequence that gives a signal that is strongly 

influenced by the relaxation time. So if a particular tissue type or tissue pathology is 

known to be strongly dependent on T2, a spin echo imaging sequence (section  2.4.6) 

may be used; likewise if the tissue shows strong dependence on T1 an inversion recovery 

imaging sequence (section  2.4.5) may be used. 

In order to construct an image using NMR, one needs some way of spatially localizing 

the NMR signal in the biological tissue. The spatial localization is achieved by applying 

a field gradient over the static magnetic field. Therefore the protons in each voxel along 

the field gradient are exposed to a different field strength and so has a different Larmor 

frequency (see equation 1.11). An rf pulse will then excite the protons in the usual way, 

but the signal detected by the receiver will be a combination of the different frequencies 

from the protons in each voxel. The signal is then deconvolved using a Fourier transform 

into the component frequencies and the amplitude of each frequency is proportional to 

the proton density in the appropriate voxel. Clinical MRI typically has a resolution of 

about 1 mm. 
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2.6 The effect of superparamagnetic particles on contrast in 
T2-weighted MR images 

A system containing superparamagnetic particles tends to have a lower image intensity 

in T2-weighted MRI scans than a similar system that does not contain any 

superparamagnetic material. The amount of signal loss is proportional to the 

concentration of the superparamagnetic agent. In standard clinical MRI field strengths 

(1.5 T or 1T in the research presented in this thesis) the magnetic moment of 

superparamagnetic magnetite particles are aligned with the static applied field. The 

magnetic moments of the particles create microscopic field gradients that act to create a 

local field, as “seen” by the protons, that is different to the applied static field depending 

on the proximity of the proton to the particle. 

Over the course of the measurement the protons will diffuse through the field gradients 

created by the superparamagnetic particles and so have slightly different Larmor 

frequencies in comparison to the average Larmor frequency of the whole spin ensemble. 

Therefore the spins in close proximity to the superparamagnetic particles will move out 

of phase with each other when in the transverse plane and so exhibit a higher relaxation 

rate than protons that are not in close proximity to the superparamagnetic particles. In 

T2-weighted MRI scans the higher relaxation rate induced by superparamagnetic 

particles is manifested as a darker image. It is this phenomenon that we attempt to 

exploit in the remainder of this thesis to develop methods for non-invasive imaging and 

measurement of ferrimagnetic particle concentrations in vivo. 
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Chapter 3 An MRI based technique for the 
measurement of ferrimagnetic particle 

concentrations in liver tissue 

3.1 Introduction 

A novel treatment for liver cancer is currently being developed that is based on localized 

heating of tissue induced by magnetic hyperthermia (Mitsumori et al. 1996; Jordan et al. 

1997; Minamimura et al. 2000; Moroz et al. 2001; Jones et al. 2002; Moroz et al. 2002; 

Moroz et al. 2002; Moroz et al. 2002; Moroz et al. 2002). The initial step in this 

proposed treatment consists of arterially embolizing the liver tumour with a suspension 

of ferrimagnetic material. The basis for this approach to tumour treatment is the fact that 

macroscopic liver tumours derive virtually all their blood supply from the hepatic 

arterial system, and so any substance infused into the arterial system will have the 

potential to preferentially target liver tumours (Breedis and Young 1954; Stribley et al. 

1983; Archer and Gray 1989; Archer and Gray 1990). Following the embolization 

process, the patient would be exposed to an externally applied alternating magnetic field 

which would generate hysteretic heating in the embolized particles and hence in the 

tumour tissue. A safety concern of the technique is ensuring that the concentration of 

ferrimagnetic material in healthy parts of the liver is low enough to avoid unwanted 

heating of healthy liver tissue. Hence there is a need for new methodologies to determine 

the ferrimagnetic particle concentration distribution within the liver of the patient prior 

to commencement of hyperthermia therapy. 

In normal liver tissue iron is present mainly in the form of ferritin, an iron storage 

compound, and other iron-containing biologic molecules such as hemoglobin. Although 

the iron present in these proteins is superparamagnetic or paramagnetic, the overall 
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magnetic susceptibility of tissue containing these iron containing molecules is 

diamagnetic (i.e., is negative) and is significantly less positive than that for tissue 

containing introduced synthetic ferrimagnetic material. The iron oxide cores of ferritin 

molecules are essentially superparamagnetic antiferromagnets with relatively weak 

magnetic moments. In healthy liver tissue, ferritin mineral cores are present in 

concentrations low enough that they are not the major factor contributing to proton 

transverse relaxation rate enhancement. However, in cases where ferrimagnetic material 

has been introduced into the liver, the large magnetic moments of the ferrimagnetic 

particles may be the dominant factor that determines the relaxation properties of 

surrounding tissue protons (Bulte et al. 1993; Bulte et al. 1999). 

The effect of ferrimagnetic material on tissue proton relaxation properties is seen on T2 

weighted magnetic resonance images as a lower signal intensity. In this study we apply a 

magnetic resonance imaging technique that has been used previously to measure the 

transverse relaxation rate R2 of protons in the liver of patients with iron overload disease 

(Clark and St. Pierre 2000) to image the R2 properties of liver tissue embolized with 

ferrimagnetic particles. The aim of this study was to explore the feasibility of using MRI 

based measurements to quantify and image ferrimagnetic particle concentrations in liver 

tissue. 

3.2 Methodology 

3.2.1 Tumour-free liver: 

Three 16 to 20 week old New Zealand half lop rabbits weighing three to four kilograms 

received hepatic arterial infusions of 20, 40 and 60 mg of ferrimagnetic iron oxide 

particles (γ-Fe2O3, 150 nm diameter) suspended in lipiodol (Laboratoire Guerbot, 

France). The rabbits were allowed to recover for 24 hrs after which they were 
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anaesthetised with intravenous phenobarbitol and placed in the head coil of a Philips 

Vista 1T scanner. Axial magnetic resonance images through the liver were obtained 

using a multi-slice single-spin-echo sequence with a repetition time of 2500 ms and spin 

echo times of 9, 12, 15, 18 and 25 ms. Image slices were 5 mm thick with 5 mm 

spacings between slices. Typically 3 or 4 slices produced reasonably large cross sections 

through the liver. A 256 × 256 image reconstruction matrix was used over a field of 

view (FOV) of approximately 22 cm. The resulting images were used to generate a 

series of proton transverse relaxation rate (R2) images of each rabbit liver in vivo and to 

characterise the R2 distribution of the arterially embolized liver tissue following the 

method of Clark & St Pierre (Clark and St. Pierre 2000). Overall R2 distribution 

parameters for each liver were obtained by combining the R2 distributions measured for 

the 3 or 4 images slices through the liver. As a control, one rabbit without introduced 

ferrimagnetic material or lipiodol was also imaged. After imaging, the rabbits were 

sacrificed by barbiturate overdose. The livers were then eviscerated following ligation of 

the hepatic artery. This was done to prevent any unlikely, but potential, loss of particles 

via retrograde drainage through the hepatic artery during manual handling of the organ. 

The livers were placed in individual tubs which were placed in a plastic container that 

fitted inside the MRI head coil. The container was filled with water until the livers were 

at a lower height than the water level. The livers were imaged using the protocol 

outlined above. Again, 3 or 4 useful slices through the liver were obtained. The data 

were used to generate a series of R2 images and R2 distributions of the explanted livers 

using the method of Clark & St. Pierre (Clark and St. Pierre 2000). 

The rabbit livers were frozen overnight and allowed to thaw until the tissue attained a 

soft but firm consistency. The livers were then cut into approximate 1 cm cubes. These 
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samples were placed in test tubes and allowed to thaw completely. In order to measure 

simultaneously a population of samples in the head coil covering a range of 

ferrimagnetic iron concentrations, a selection of the 1 cm cube samples from the control 

and the two ferrimagnetic-particle loaded rabbits that had received 40 and 60 mg doses 

of iron were selected and imaged using the sequence outlined above in order to measure 

R2 distributions for each sample. A Gaussian curve was fitted to the R2 distribution of 

each sample and the mean value of the Gaussian was used as a measure of the mean R2 

value (henceforth denoted <R2>) for each sample. On completion of the R2 

measurements, the samples were freeze dried to obtain the dry tissue mass. The iron 

content of the samples was measured by inductively coupled plasma atomic emission 

spectrometry (ICP-AES). 

3.2.2 Variable temperature measurements: 

Two further rabbits received hepatic arterial infusions of 40 mg and 60 mg of the 

ferrimagnetic particles suspended in lipiodol. Each rabbit was allowed to recover for 24 

hrs. The rabbits were then sacrificed by barbiturate overdose and their livers removed. 

The rabbit livers were frozen, cut into approximate 1 cm cubes and placed in test tubes. 

The test tubes were placed in a water bath at 44°C for five minutes to warm the samples 

to 37°C. The temperature of the samples was verified using a thermometer. The samples 

were imaged using the method outlined above. The water bath was maintained at 37°C 

during the imaging. The procedure was repeated at 1°C using iced water instead of warm 

water. The effect of temperature on R2 was determined by comparing the measured R2 

values at the two different temperatures using Student's t-test and by evaluation of the 

Spearman rank order correlation coefficient of the temperature dependent change in R2 
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with iron concentration. On completion of the MR measurements, the samples were 

freeze dried and then acid digested for iron concentration measurement by ICP-AES. 

3.2.3 Tumour-bearing liver: 

Four further rabbits, each with a VX2 carcinoma that had been implanted two weeks 

previously, received 25, 50, 75 and 100 mg of iron oxide particles suspended in lipiodol 

respectively. The intact livers were removed and R2 images of the whole liver were 

measured (256×256, 35 cm FOV). R2 distributions for each liver were obtained by 

combining the R2 distributions measured for the 3 or 4 useful image slices obtained for 

each liver. After measurement, the livers were acid digested for iron concentration 

measurement by ICP-AES. 

3.3 Results 

3.3.1 Iron concentration and R2 measurements: 

The results of the chemical assay measurements of iron concentration for the dissected 1 

cm cubes of liver from the control rabbit and three ferrimagnetic–particle-loaded rabbits 

are shown in Figure  3.1. The mean tissue iron concentration measured for each rabbit 

liver increases with increased ferrimagnetic particle dose. In addition, the standard 

deviation of the iron concentration for each liver increases with increasing ferrimagnetic 

particle dose. The coefficients of variation of liver iron concentration ranged between 

0.26 for the rabbit that received the 20 mg Fe dose to 0.52 for the rabbit that received a 

40 mg Fe dose indicating a rather uneven distribution of ferrimagnetic particles 

throughout the liver when concentration measurements are made on approximate 1 cm 

cubes of tissue. Figure  3.1 also shows the mean iron concentration for the tumour- 
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Figure  3.1 Mean tissue iron concentration of liver measured by ICP-AES against 

dose of ferrimagnetic iron received by tumour-free rabbits ( ) and tumour-bearing 

rabbits ( ). Vertical bars through the data points indicate the standard deviation 

of the iron concentration measurements made on the dissected livers. 

bearing liver tissue at the various doses administered. The mean iron concentrations for 

the tumour-bearing livers are consistently higher than those for the tumour-free livers. 

Standard deviations of tissue iron concentration for the tumour-bearing livers are not 

available since these tissues were not dissected into 1 cm cubes. 

Figure  3.2 shows the relationship between the value of <R2> and tissue iron 

concentration for 1 cm cube samples of rabbit liver with varying ferrimagnetic particle 

concentrations at ambient temperature (approximately 20°C). There is a significant 

correlation between <R2> of each liver sample and the iron concentration of the sample. 

The Spearman rank order correlation coefficient between these variables was R = 0.96 

(N=29). The data appear to be linearly correlated and a linear fit to the data gives the 

following equation: 

 <R2> (/s) = (14.9 ± 1.1) + (24.1 ± 0.9) × [Fe] (mg Fe/g dry tissue). (  3.1 )
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Figure  3.2 Graph of <R2> against iron concentration for approximate 1 cm cubes of 

tissue dissected from livers of rabbits loaded with ferrimagnetic particles. R2 

measurements were made with samples at room temperature (approximately 

20°C). Vertical bars through each data point indicate the width of the Gaussian 

distribution of R2 observed for each sample of liver. 

Samples containing less than 0.5 mg of iron per gram of dry tissue were from the control 

rabbit that had received no ferrimagnetic material. 
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Figure  3.3 Graph of <R2> against iron concentration for approximate 1 cm cubes of 

rabbit liver at 1°C (circles) and 37°C (squares). Note that data points represented 

by open symbols correspond to control liver samples containing no ferrimagnetic 

material. Vertical bars through each data point indicate the width of the Gaussian 

distribution of R2 observed for each sample of liver. 

3.3.2 Effect of temperature on R2 measurements: 

Figure  3.3 shows the relationship between the value of <R2> and tissue iron 

concentration for 1 cm cube samples of rabbit liver at 1°C and 37°C. At both 

temperatures the <R2> of the samples is seen to increase with tissue iron concentration 

in an approximate linear fashion. For the ferrimagnetic-particle-loaded tissue samples 

the mean difference between the measured <R2> at 37°C and 1°C in the samples was not 

found to be significantly different from zero (N = 17, p < 0.05). The control tissue 

samples containing no ferrimagnetic material were found to have consistently higher 

<R2> values at 1°C than at 37°C. The mean <R2> of the control samples at 1°C was 

significantly higher than the mean <R2> of the control samples at 37°C (N = 5, p < 

0.001). No significant correlation between the change in <R2> on raising the temperature 

from 1°C to 37°C and tissue iron concentration was found for the ferrimagnetic-particle-

loaded samples. However, if the control samples are included in the population there is a 
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significant correlation (Spearman rank order correlation R= 0.69, p < 0.001) between the 

temperature change in <R2> and tissue iron concentration. 

3.3.3 R2 measurements on intact tumour-bearing and tumour-free 
livers: 

Although a value of R2 could be calculated for most of the voxels within each intact 

liver, some voxels (a maximum of approximately 10% of the voxels for the 100 mg Fe 

dose tumour-bearing liver) encompassed tissue with insufficient signal to make a 

reliable calculation of R2. Voxels for which no reliable value of R2 could be obtained 

were not included in the calculation of R2 distributions. R2 images of intact livers were 

mottled in appearance. Typical mottles were approximately 1 cm in size. 

The results of R2 measurements on intact explanted tumour-free livers and explanted 

livers with implanted tumours from rabbits that had received a range of doses of 

ferrimagnetic particle suspensions via the hepatic artery are shown in Figure  3.4. The 
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Figure  3.4 Mean R2 (averaged over whole liver) against ferrimagnetic iron dose for 

explanted rabbit liver with implanted tumours ( ), explanted tumour-free rabbit 

livers ( ), and tumour-free rabbit liver measured in vivo ( ). Vertical bars through 

the data points illustrate the standard deviation of R2 observed in each liver. 
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data indicate that the mean values of R2 for the tumour-containing livers are consistently 

higher than those for the tumour-free livers at the various dosages of ferrimagnetic 

particle suspension delivered. In addition, the standard deviation of R2 over each liver 

was consistently greater for the tumour-containing livers than the tumour-free livers. 

The coefficients of variation of R2 ranged from 0.22 to 0.25 for the explanted 

ferrimagnetic-particle-loaded tumour-free livers and ranged from 0.23 to 0.37 for the 

explanted ferrimagnetic-particle-loaded tumour-containing livers. Data from the 

ferrimagnetic-particle-loaded tumour-free livers in vivo are also shown in Figure  3.4 and 

indicate mean values of R2 consistently higher than those found for the same livers 

explanted from the rabbits. 

R
2 (

s-1
) 

 

Figure  3.5 In vivo R2 image of rabbit liver embolized with ferrimagnetic iron 

particles. The R2 image of the liver is superimposed over a standard T2 weighted 

image. The lookup table indicates the corresponding relaxation rate (in units of s-1) 

for each pixel in the image. 
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Figure  3.5 is a liver R2 map overlaid on a T2 weighted MR scan generated using the 

method of Clark and St. Pierre (Clark and St. Pierre 2000) from the acquired MR 

images. The image shows the R2 values of an in vivo tumour-free rabbit liver embolized 

with ferrimagnetic particles on a voxel by voxel basis. The image indicates that the iron 

concentration of the liver tissue is highest around the periphery of the liver, in which 

there are higher R2 values. 

3.4 Discussion 

The chemical analysis of the dissected liver tissue indicates that arterial embolization of 

tumour-free rabbit liver with ferrimagnetic particles designed for magnetic hyperthermia 

therapy results in an uneven distribution of particles throughout the liver. The measured 

ranges of iron concentration within each liver after a hepatic arterial infusion of 

ferrimagnetic particles motivates the development of non-invasive techniques to 

measure and image tissue iron concentrations in human subjects prior to the application 

of magnetic hyperthermia treatment. Such measurements could be used to aid in the 

prediction of the level of heating likely to occur in healthy liver tissue and hence to 

determine if the hyperthermia procedure can be tolerated by the patient. 

The linear correlation observed between the liver iron concentration and <R2> for the 1 

cm cube liver samples indicates that R2 measurements by magnetic resonance imaging 

can be used to measure non-invasively tissue iron concentrations over the range from 

approximately 0.1 mg Fe/g dry tissue (in the normal range) up to at least 2.7 mg Fe /g 

dry tissue in ferrimagnetic-particle-loaded liver tissue. Although there may be 

differences in calibration curves measured in vivo and in vitro and between rabbit liver 

and human liver, the results show great promise for the use of MRI in the measurement 

of ferrimagnetic particle concentrations in liver tissue in vivo. Moreover, the range of 



68 

 

iron concentration over which the method of measurement has been demonstrated to be 

sensitive in vitro, spans the critical concentration threshold above which an intolerable 

level of heat induced tissue damage is believed to occur (Moroz et al. 2001). The precise 

critical concentration will depend on the magnetic hyperthermia treatment protocols 

used. Moroz et al. (2001) showed that a tumour iron concentration of 2 mg/g wet weight 

(or approximately 6 mg/g dry weight assuming that hepatic tissue consists of 66% water 

by weight) would yield an initial tumour heating rate of 0.5°C/min, which was 

considered sufficient to produce therapeutic temperatures after 10 minutes of exposure 

to an alternating magnetic field. The study also showed that of 40 samples of normal 

liver dissected from tumour-bearing liver that received ferrimagnetic particle doses of 

between 25 mg and 100 mg, 38 samples (95%) had an iron concentration of less than 1.0 

mg/g wet weight (or approximately 3 mg/g dry weight), which clearly falls within the 

range of detectable iron concentrations determined by our study. Thus the sensitivity of 

R2 to tissue iron concentration demonstrated in Figure  3.2 implies that MRI-based R2 

measurements enable imaging of the variation in iron concentration throughout the 

normal hepatic tissue in a tumour-bearing liver arterially embolized with ferrimagnetic 

particles. The ability of MRI-based R2 measurements to image iron concentration in 

normal non-tumour liver tissue embolized with ferrimagnetic material is shown in 

Figure  3.5. With respect to tumour bearing liver tissue, the concentration of 

ferrimagnetic particles within the tumour region of the liver may be above the current 

upper limit of sensitivity of the R2 measurements. Nevertheless, a severe loss of 

radiofrequency signal from regions around the tumour would be a strong indication that 

ferrimagnetic particle concentrations are high enough to cause therapeutic heating 

during magnetic hyperthermia therapy. 
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The effect of temperature on the liver tissue R2 measurements was investigated with a 

view to the possible use of MRI R2 measurements as a thermometric technique in vivo 

during hyperthermia treatment. Although a significant decrease in the R2 measurements 

of ferrimagnetic-particle-free tissue was observed on increasing the temperature of the 

tissue from 1°C to 37°C, no significant changes in R2 with temperature were measurable 

for the ferrimagnetic-particle-loaded tissue. The decrease of the R2 values for control 

liver tissue on increasing the temperature is consistent with temperature dependent 

relaxation effects expected for water (Glasel 1972). However, it appears that the 

presence of ferrimagnetic inclusions in the tissue dominates the relaxation effects 

making it difficult to observe temperature effects in ferrimagnetic-particle-loaded tissue. 

Thus at present it does not appear that MRI R2 measurements will be a useful direct 

thermometric technique in hyperthermia treatment where temperature changes much less 

than those used in this study are of relevance. On the other hand, the results indicate that 

tissue temperature variation is not an important factor to take into account when using 

R2 measurements to measure tissue ferrimagnetic particle concentrations. An additional 

factor that may affect the proton transverse relaxation rate properties of liver tissue 

embolized with ferrimagnetic particles in the technique outlined in this study is the 

presence of lipiodol in the tissue; however a previous study (De Santis et al. 1997) has 

indicated that the R2 properties of liver tissue are not significantly altered by the 

presence of lipiodol.  

The mean values of R2 measured for the intact explanted tumour-free livers (Figure  3.4) 

are consistent with the chemical analyses and calibration curve (Figure  3.2). However, 

when comparing Figure  3.1 and Figure  3.4 it should be noted that the mean R2 

calculated for the intact livers is based on data obtained from not more than 50% of the 



70 

 

liver volume owing to the fact that each R2 image slice is 5 mm thick with a 5 mm gap 

between slices. This is in contrast to the iron concentration measurement by chemical 

assay which is based on the entire liver volume. The large variation in iron concentration 

on the centimetre length scale could conceivably account for some of the variation 

between the mean iron concentrations deduced by chemical assay and R2 measurement. 

The R2 measurements on the same livers in vivo yield consistently higher values of R2. 

The cause of this consistent difference is not known but could possibly be due to leakage 

of some of the ferrimagnetic particles from the liver during the excision process. The 

differences are unlikely to be due to temperature differences in the liver in vivo and 

explanted. The effect of other factors such as blood flow on the measured R2 will require 

further studies. The higher mean R2 values measured for the tumour implanted livers 

(Figure  3.4) are consistent with the higher mean iron concentrations measured by ICP-

AES for the tumour implanted livers (Figure  3.1). These observations are consistent with 

previous studies (Moroz et al. 2001; Moroz et al. 2002; Moroz et al. 2002; Moroz et al. 

2002) which indicate that the chaotic vascular structure around liver tumours is 

responsible for trapping a larger fraction of the injected ferrimagnetic particles resulting 

in increased ferrimagnetic particle depositions in the region of the tumour. 

Previous studies have shown a linear relationship between tissue iron concentration and 

heating rate in targeted magnetic hyperthermia treatment (Moroz et al. 2001; Moroz et 

al. 2002). In this study we have established that there is a linear relationship between 

tissue iron concentration and R2 measured by MRI. As such, this study indicates that 

there may be a potential use of MRI R2 measurements in protocols designed to treat liver 

tumours with magnetic hyperthermia therapy. 
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Chapter 4 Synthesis of nanoscale magnetite/ 
maghemite particle based ferrofluids and 

characterisation of their structural and magnetic 
properties 

4.1 Introduction 

The recent development of biocompatible, functionalized ferrofluids and ferromagnetic 

particles has led to a range of new biomedical and diagnostic applications. New studies 

utilizing these particles and ferrofluids in unique ways are continually appearing in the 

scientific literature and there are now many companies which produce these products 

both for research and clinical applications. In virtually all cases, the magnetic properties 

of these particles play an important role in the effectiveness of the application and affect 

the behavior of the particles and ferrofluids in applied fields. 

However, very few studies have examined the magnetic properties of these particles – 

particularly those produced by chemical synthesis techniques. As part of a study to 

produce gel-based ferrofluid standards for MRI analysis ( Chapter 5), we have 

synthesized nanoscale magnetite (Fe3O4)/ maghemite (γ-Fe2O3) particles in the presence 

of organic polymers. 

The resulting organic-inorganic composites form stable aqueous suspensions. Here we 

present the detailed characterization of the structural and magnetic properties of these 

nanoscale magnetic particles. We show that the arrangement of the particles within 

clusters plays a role in determining the observed magnetic properties. 

The stable aqueous suspensions were used to make agar gel ferrofluid phantoms to 

simulate biogenic magnetic particle inclusions in human brain tissue. The agar gel 
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ferrofluid phantoms were analysed using an MRI based R2 measurement technique to 

determine the minimum concentration of ferrimagnetic particles that may be detected 

using MRI. The experimental details of this research are presented in the next chapter. 

4.2 Methods 

4.2.1 Magnetite/ maghemite ferrofluid synthesis 

Syntheses of aqueous suspensions of ferrimagnetic nanoparticles were performed by 

modifying a previously published procedure (Molday and Mackenzie 1982). In this 

study magnetic nanoparticles were prepared in the presence of two types of polymer. 

The first polymer used was the naturally occuring polymer dextran. The dextran used 

had an average molecular weight of 40 kDa. The second polymer was the synthetic 

polymer poly(vinyl alcohol) with an average molecular weight of 30-70 kDa. The 

ferrofluids were prepared under identical reaction conditions by coprecipitation of ferric 

and ferrous ions in the presence of NH3 and polymer. In addition, a control synthesis 

was performed without any polymer present in solution. 

A mixed solution of ferrous and ferric ions in a molar ratio equal to 0.57 was prepared 

from 6.4% FeCl2.4H2O and 15.1% FeCl3.6H2O in de-aerated, distilled water. An equal 

volume of a solution of 20% (w/v) polymer in distilled water was then mixed with the 

iron solution and kept at a constant temperature of 60°C for 15 mins. Approximately an 

equal volume of 7.5% (v/v) aqueous ammonia solution was then added drop-wise to the 

iron-polymer mixture to maintain the pH at 11.5 during heating at 60°C for a further 15 

min with vigorous stirring. The suspension was finally dialyzed using dialysis tubing 

(Sigma) with a molecular weight cut off at 12 400 against distilled water to 

approximately neutral pH (about 6.5) and centrifuged at 12 000 g for 30 min to remove 

the solid material. 
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The resultant aqueous ferrofluids were used to make agar gel phantoms for study by 

MRI. The range of iron concentrations necessary for this study was prepared by carrying 

out a series of ten-fold dilutions of the ferrofluid with water. In this way eight dextran-

based and eight poly(vinyl alcohol) based ferrofluid samples were prepared with iron 

concentrations of 5 mg ml-1, 0.5 mg ml-1, 50 µg ml-1, 5 µg ml-1, 0.5 µg ml-1, 50 ng ml-1, 5 

ng ml-1 and 0.5 ng ml-1. Gel samples were prepared by mixing 0.92 ml of the diluted 

ferrofluid with 0.08 ml 5% agar gel solution at 60°C and allowing to cool to room 

temperature in plastic test tubes (diameter 1 cm). Control gel samples consisting of 

distilled water instead of ferrofluid were prepared in an identical manner. 

4.2.2 Measurement of iron concentration 

An aliquot of each fluid was freeze-dried and dissolved in concentrated HCl prior to 

analysis for iron concentration using atomic absorption spectroscopy (Varian SpectAA-

40 Spectrometer). The hollow cathode lamp was operated at 30 mA at a wavelength of 

248.5 nm, 0.2 mm slit width, in an air acetylene flame using background correction. 

4.2.3 Transmission electron microscopy (TEM) 

TEM was used to analyse the synthesized magnetite/maghemite particles. Two types of 

TEM measurements were made. TEM images were recorded to give an image of any 

electron dense inorganic material present in the samples. These images were used to 

measure the size distribution of individual inorganic particles present in the samples. 

They also give qualitative information regarding the arrangement of the inorganic 

particles with respect to one another. The transmission electron microscope was also 

used to measure selected area diffraction patterns of the sample. These patterns gave the 

first indication of the structure of the inorganic phase of the material. The fact that 

diffraction patterns were seen confirms the crystalline nature of the inorganic phase, and 
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by analysing the diffraction patterns one may determine the characteristic d-spacings of 

the samples. By comparing these d-spacings with predetermined standards the structure 

of the particles can be measured. In our case the diffraction patterns were used to 

confirm that the synthetic iron oxides we had prepared were magnetite or maghemite. 

Transmission electron micrographs and selected area diffraction patterns were obtained 

using a JEOL 2000 electron microscope operating at 80 or 100 keV. Samples were 

prepared by air-drying drops of diluted solutions of the ferrofluid preparations on carbon 

films supported by copper grids. Particle size distributions were obtained by scanning 

the electron micrographs to obtain a digital image. The software package NIH Image 

was then used to measure the largest dimension of each individual particle within a 

defined region of a micrograph. Using this technique the characteristic sizes of several 

hundred particles were measured to generate histograms of characteristic particle sizes. 

Selected area diffraction patterns were measured using a camera length of 0.6 m and an 

accelerating voltage of 80 keV. The diffraction patterns were calibrated using a gold 

standard. 

4.2.4 SQUID magnetometry 

Magnetization measurements were made on the synthetic ferrofluid/ agar gel phantoms. 

The magnetic measurements made on a SQUID magnetometer were used to indicate if 

the synthetic particles were suitable models for biological magnetite systems, in 

particular the reported magnetic concentrations found in brain tissue. The magnetic 

measurements were used to measure the influence of polymer present during the 

coprecipitation reaction. In addition the observation of a Verwey transition in the field 

cooled remanence measurement detailed below gave an indication of the presence of 

magnetite (as opposed to the oxidised form maghemite).   
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Measurements were made on both frozen ferrofluids and freeze dried samples. The 

measurements were performed using a Quantum Design MPMS-7 SQUID 

Magnetometer. The fluid samples were prepared by introducing the fluids into quartz 

glass NMR tubes. The tubes were sealed by applying an oxy-acetylene torch to one end 

of the sample and twisting the end of the tube as the glass melted. The torch was applied 

well away from the frozen ferrofluid to avoid altering the composition of the sample – 

the fact that the sample remained frozen indicated that inadvertant heating of the 

ferrofluid had not taken place. The freeze dried samples were prepared by packing the 

sample into cotton wool inside the sample holder of the magnetometer. 

The zero-field-cooled magnetization of each sample was measured by cooling the 

sample to 5K in approximately zero field (< 30 Oe) and monitoring the magnetization of 

the sample as it was warmed to 260 K in a field of 100 Oe. The field-cooled 

magnetization of the sample was then measured by cooling the sample to 5K in a 70 kOe 

field and monitoring the magnetization of the sample as it was warmed to 260 K in a 

field of 100 Oe. The final temperature of 260 K was chosen so the sample remained 

frozen. This ensured that the magnetite/ maghemite particles of interest were held in 

place by the frozen fluid and so any change in magnetization was due to thermal 

excitation of the magnetization vector relative to the crystal axes rather than actual 

movement of the individual particles. 

4.2.5 Mössbauer spectroscopy 
57Fe Mössbauer spectra were acquired for the magnetite/ maghemite ferrofluids to give 

an indication of the effect of the different polymers on the ratio of magnetically 

unblocked superparamagnetic iron to magnetically blocked iron in the sample. The 

freeze dried samples were packed into 10 mm diameter perspex sample holders. The 
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sample thickness was adjusted so that the intensity of the 14.4 keV gamma rays was 

attenuated by a factor of approximately 1/e by the sample. The spectra were recorded 

using a 57Co in Rh foil source (approximately 25 mCi) mounted on a constant 

acceleration drive. A double-ramp wave-form was used so that the data could be folded 

to eliminate the parabolic background. The folded spectra consisted of 250 data points, 

each approximately 1 × 107 counts. Samples were measured at room temperature. The 

source was scanned over the velocity range –12 to +12 mm/s. 

4.3 Results 

TEM images of the magnetic particle syntheses are shown in Figure  4.1. Electron dense 

particles are clearly seen as dark regions in the micrographs. The polymer components 

of the materials have too low an electron density to contribute to contrast in the images. 

The images show evidence for well-formed crystal faces on some of the particles. The 

particles in the Fe-dextran preparation appear to form cluster-like aggregates whereas 

the particles in the Fe-PVA preparation tended to form necklace-like chains. Chains 

were typically of a length of approximately 100 – 200 nm. TEM images of the control 

preparation consisted of highly aggregated dense clusters of particles (Figure  4.1, images 

E and F). Selected area diffraction patterns from the samples consisted of rings 

corresponding to lattice spacings (Table  4.1) consistent with the presence of magnetite 

(Fe3O4) and/or maghemite (γ-Fe2O3), confirming that the particles are iron oxide. Figure 

 4.2 shows the iron oxide particle size distributions measured from the TEM images. The 

polymer preparations had significantly smaller particle sizes than the control (no 

polymer) preparation. The particle size distributions for the Fe-dextran and Fe-PVA 

preparations were approximately Gaussian (Figure  4.2) with the Fe-dextran particles 

being slightly smaller than the Fe-PVA particles (Table  4.2). 
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Figure  4.1 TEM images of synthetic magnetite particles. (A) and (B) is the Fe-

dextran preparation, (C) and (D) is the Fe-PVA preparation and (E) and (F) is the 

control preparation. Scale bar = 50 nm for left column images, scale bar = 20 nm 

for the right column images. 
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Magnetite† Maghemite† Control Fe-Dextran Fe-PVA 

0.297 0.295 0.298 0.294 0.294 
0.253 0.251 0.255 0.253 0.251 
0.21 0.209 0.211 0.21 0.208 

0.171 0.17 0.172 0.171 0.17 
0.162 0.16 0.162 0.162 0.16 
0.148 0.147 0.149 0.149 0.147 

 

Table  4.1 Lattice spacings (nm) obtained from selected area electron diffraction 

patterns. †Taken from x-ray diffraction data (Cornell and Schwertmann 1996). 

 

 
Figure  4.2. Particle size distributions measured from TEM images. (A) Control 

preparation, (B) Fe-dextran preparation, (C) Fe-PVA preparation 
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Iron content analyses of the freeze dried preparations are given in Table  4.2. The control 

sample contained the most iron while the Fe-PVA preparation had a significantly higher 

iron content (w/w) than the Fe-dextran preparation. 

Results of the ZFC and FC magnetization measurements on the frozen and freeze dried 

preparations are shown in Figure  4.3. The ZFC magnetization measurements on the 

frozen preparations both show a peak indicative of a characteristic blocking temperature  

sample Mean size (nm) S.D. (nm) Fe content (w/w) 

control 7.32 2.28 64% 
Fe-dextran 4.11 0.85 0.56% 
Fe-PVA 5.78 1.3 7.70% 

 

Table  4.2 Mean particle size (nm) and standard deviation measured from TEM 

images. Fe content of freeze dried preparations measured by AA spectrometry 

for a superparamagnetic fraction of the particles. The characteristic blocking temperature 

for the Fe-dextran particles (90 K) is higher than that for the Fe-PVA particles (70 K). 

The FC magnetization curves for the frozen preparations exhibit a rapid change between 

100 and 110 K indicative of a Verwey transition. At higher temperatures, the ZFC and 

FC curves approach each other but are still not superimposed near room temperature 

indicating that a fraction of particles in both preparations is blocked at room 

temperature. 

The ZFC magnetization measurements on the freeze dried samples indicate that the 

characteristic blocking temperature peaks are shifted to higher temperatures when 

compared with the frozen fluid preparations. Nevertheless, the characteristic blocking 

temperature for the Fe-dextran preparation (280 K) is still higher than that for the Fe-

PVA preparation (95 K). The FC magnetization measurements on the freeze dried 
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preparations show no evidence for a Verwey transition. Again there is separation of the 

ZFC and FC curves at all measured temperatures indicating a fraction of blocked 

particles in both preparations even at room temperature. 

57Fe Mössbauer spectra of the freeze dried preparations at room temperature are shown 

in Figure  4.4. The spectra comprise two components, namely a sextet of peaks indicative 

of magnetic hyperfine splitting and a doublet of peaks (near the center of the spectrum) 

indicative of superparamagnetic or paramagnetic iron. The Fe-dextran preparation yields 
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Figure  4.3 Zero-field-cooled (black symbols) and field-cooled magnetizations of the 

ferrofluid preparations measured in 100 Oe. (A) Fe-dextran fluid (0.5 mg Fe/ml), 

(B) freeze dried Fe-dextran, (C) Fe-PVA fluid (0.5 mg Fe/ml), (D) freeze dried Fe-

PVA 

a spectrum with a significantly lower fraction of the spectral area in the form of a 

doublet compared with that for the Fe-PVA preparation. This indicates that a greater 

fraction of the iron in the Fe-dextran preparation is in blocked particles when compared 

with iron in the Fe-PVA preparation. The control preparation yielded a Mössbauer 
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spectrum with no detectable doublet signal indicating that all the iron was in particles 

blocked on the time scale of 10-8 s (the Larmor precession time of the 57Fe nucleus in the 

magnetic hyperfine field). 

 
Figure  4.4 57Fe Mössbauer spectra of freeze-dried (A) control preparation (scale 

bar = 0.2 % absorption), (B) Fe-dextran preparation (scale bar = 0.2% absorption), 

and (C) Fe-PVA preparation (scale bar = 0.5% absorption) at room temperature. 

Error bars are given by N1/2, where N is the number of counts for the data point. 

4.4 Discussion 

The TEM images strongly suggest that the use of a polymer in the material synthesis 

limits particle size as both the Fe-dextran and Fe-PVA preparations generate particles 

that are significantly smaller than the control preparation in which no polymer is present. 

The type of polymer also appears to affect particle size as the Fe-dextran preparation 
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consists of smaller particles than the Fe-PVA preparation. A similar effect of polymer 

type on resulting particle size has been seen previously by other workers (Gruttner et al. 

1997). The type of polymer used in the synthesis also affects the arrangement of 

particles with respect to one another in the material. The Fe-dextran synthesis creates 

clusters of particles so that each particle generally has many nearest neighbors. In 

contrast, the Fe-PVA preparation tends to create strands or necklaces of inorganic 

particles so that each particle has fewer nearest neighbors (typically 1 or 2). The 

necklace-like configuration of the particles in the Fe-PVA preparation is strongly 

suggestive of iron oxide precipitation along unfolded polymer strands. The length of the 

observed chains (approximately 100 - 200 nm) is consistent with the molecular weight 

of the PVA polymer used (molecular chain lengths in the range 100 to 300 nm). 

However, further experimentation with different molecular weight PVA solutions needs 

to be carried out in order to confirm this relationship. The clustered nature of the Fe-

dextran particles suggests precipitation within a polymer random coil structure. The iron 

content measurements support this hypothesis, indicating that the Fe:polymer ratio is 

much higher for the Fe-PVA preparation than the Fe-dextran preparation. An unfolded 

polymer has a greater interface with the Fe-containing solution than a folded polymer 

thus presenting a greater nucleating surface per unit length of polymer than a folded 

polymer. The lower mass per unit length of PVA compared with dextran will also 

contribute to the greater Fe:polymer ratio measured for PVA. It is also possible that the 

more folded polymer will create confined spaces within which iron oxide crystal growth 

will be limited resulting in smaller particles as seen in the case of the Fe-dextran 

preparation. 
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The detection of a Verwey transition in the magnetization measurements indicates that 

magnetite is present in both preparations. This is consistent with the electron diffraction 

data. However, the presence of maghemite in the preparations can not be excluded. 

Moreover, a Verwey transition is not detected in the superparamagnetic fraction of 

particles and freeze drying completely eliminates the Verwey transition in the 

preparations. Thus it is likely that the particles are partially oxidized to maghemite with 

the smaller superparamagnetic particles being more likely to be oxidized. 

Since the Fe-dextran preparation consists of smaller particles than the Fe-PVA, the 

higher characteristic superparamagnetic blocking temperature for the Fe-dextran 

preparation as determined by the magnetometry and Mössbauer spectroscopy 

measurements suggests that stronger interparticle interactions are present. The higher 

characteristic blocking temperature for the Fe-dextran preparation is likely to be due to 

the larger number of nearest neighbor particles in the Fe-dextran compared with the Fe-

PVA. Freeze drying of both preparations results in increased blocking temperatures 

suggesting increased interparticle interactions owing to a reduction in interparticle 

separation on dehydration. Thus it appears that the arrangement of particles within the 

polymer matrices has a significant effect on the magnetic properties of the preparations. 

Interparticle interactions also help to explain the blocked magnetization observed in the 

preparations at room temperature. The particle sizes are in the range that would normally 

be expected to be superparamagnetic at room temperature in the absence of interactions 

(Dunlop 1973; Butler and Banerjee 1975). 
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Chapter 5 Detection limits for ferrimagnetic particle 
concentrations using MRI based proton transverse 

relaxation rate measurements 

5.1 Introduction 

Experimental work outlined in chapter 3 has demonstrated the feasibility of using 

clinical MRI scanners to measure and image the concentration of ferrimagnetic material 

embolized in rabbit liver tissue after injection into the hepatic artery. Over the range of 

iron concentrations up to approximately 2.5 mg Fe/g dry tissue, the relationship between 

the tissue R2 in a 1 T field and ferrimagnetic iron concentration has been found to be 

linear, thus enabling non-invasive assessment of the concentration of ferrimagnetic 

material in the liver tissue. 

Another potential application of the technique is the detection of naturally occurring 

ferrimagnetic iron deposits in biological systems. An example of naturally occurring 

ferrimagnetic materials can be found in the human brain. Magnetometry measurements 

and TEM observations made on human brain tissue samples indicate the presence of 

biogenic ferrimagnetic iron deposits in the form of magnetite (Kirschvink et al. 1992; 

Schultheiss-Grassi et al. 1999). These deposits are found in concentrations of the order 

of tens of nanograms of magnetite per gram of brain tissue. However, more recent 

measurements on samples of brain tissue from patients with epilepsy have shown 

concentrations of magnetite of the order of hundreds of nanograms per gram of tissue 

(Dobson 2002). It has been proposed previously that biogenic ferrimagnetic deposits in 

the human brain may account for some reported image intensity anomalies in T2-

weighted MR images of the human brain (Kirschvink et al. 1992). 
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Research indicates that altered brain iron metabolism is associated with 

neurodegenerative diseases (see for example Sofic et al. (1991) and Gerlach et al. 

(1994)). Although this has been well established, some researchers have raised the 

possibility that accumulation of ferrimagnetic iron oxides in the brain may contribute to 

neurodegenerative diseases via oxidative stress owing to the presence of ferrous iron or 

via stabilization of radical triplet pairs (Quintana et al. 2000; Dobson 2001). The 

question of interest in this study was to determine the feasibility of detecting these 

naturally occurring deposits of ferrimagnetic material using MRI measurements of R2. If 

feasible, this method of detection might enable monitoring of the ferrimagnetic material 

in a living patient, which would be useful for assessing the role of the material in the 

brain and possibly providing an early detection mechanism for some neurodegenerative 

diseases. 

Measurements of the magnetic properties of human brain samples taken from cadavers 

or excised during surgery have given a proxy indication of the presence of this material 

as well as its concentration in the tissue (Kirschvink et al. 1992; Dunn et al. 1995; 

Dobson and Grassi 1996; Schultheiss-Grassi et al. 1999). These results have been 

confirmed by TEM imaging of magnetite extracted from solubilized brain tissue samples 

(Kirschvink et al. 1992; Schultheiss-Grassi et al. 1999). Ferrimagnetic material has also 

been detected in human tumour tissue (Kobayashi et al. 1997). 

The aim of this study was to determine the minimum ferrimagnetic particle iron 

concentration that may be detected by MRI-based R2 measurements. In this study we 

made a series of agar gel phantoms that contained known concentrations of 

ferrimagnetic material. The mean proton transverse relaxation rate of each gel phantom 

was measured and compared with that of agar gel phantoms containing no ferrimagnetic 



86 

 

material. The ferrimagnetic material was synthesized to mimic the physical form of the 

material found in naturally occurring ferrimagnetic iron deposits found in the human 

brain as closely as possible. The similarities and differences between the synthesized 

magnetic particles and the magnetite/ maghemite particles measured in human brain 

tissue are discussed. 

5.2 Materials and methods 

The synthesis and characterisation of the agar-gel-based ferrofluid phantoms was 

outlined in the previous chapter. The test tubes containing the agar-ferrofluid gel 

phantoms were imaged in the head coil of a Siemens Magnetom Vision 1.5 T MRI 

scanner. A 256 × 256 image reconstruction matrix was used over a field of view (FOV) 

of approximately 20 cm. Images were obtained using a multi-slice single-spin-echo 

sequence with repetition time of 2500 ms and spin echo times of 6, 9, 12, 15, 18, 40 and 

100 ms. Axial slice images were used to measure the mean proton transverse relaxation 

rate properties of the gel phantoms using the method of Clark and St. Pierre (Clark and 

St. Pierre 2000). 

A sample of magnetically extracted human brain tissue was obtained from Dr. 

Schultheiss-Grassi and Dr. Jon Dobson. The tissue was extracted using a simple field 

gradient extraction technique (Schultheiss-Grassi et al. 1999). The sample was mounted 

on a formvar coated TEM grid. TEM images were obtained using a JEOL 2000 FX 

transmission electron microscope operating at 80 kV. 

5.3 Results 

TEM measurements of the synthetic ferrofluids indicated that the synthesis had yielded 

electron dense inorganic material with a crystalline structure. Analysis of the TEM 
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images indicated that the mean sizes of the particles were 4.1 ± SD 0.8 nm for the 

dextran-based ferrofluid and 5.8 ± SD 1.3 nm for the PVA-based ferrofluid. Electron 

diffraction and magnetometry confirmed that the material contained the ferrimagnetic 

mineral magnetite (Fe3O4). Further details on the structural and magnetic properties of 

the synthesized magnetite particles can be found in  Chapter 4. 

TEM studies indicated that the dextran-bound magnetite nanoparticles were grouped in 

loose clusters with the average cluster size for any particle being approximately 600 

particles. The PVA-bound nanoparticles formed branched chains with the average chain 

size for any particle being approximately 400 particles. TEM images of magnetic 

extracts from human brain tissue (Figure  5.1) indicate that biogenic magnetite in human 

brain tissue may exist in clusters on the order of hundreds of particles. The size 

distribution of the electron opaque crystalline particles in the extract from human brain 

tissue imaged using TEM is shown in Figure  5.2. 
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Figure  5.1 TEM micrograph of magnetic extract from human brain tissue. 
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Figure  5.2 Size distribution of particles imaged in TEM analysis of magnetic 

extract from human brain tissue (Figure  5.1). 
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Figure  5.3 shows the relationship between the mean R2 and the iron concentration of the 

gel phantoms prepared with the dextran based ferrofluid and the PVA based ferrofluid 

respectively. The error bars on the plot indicate the standard deviation of R2 values 

found in each gel. The data indicate that concentrations of ferrimagnetic iron above 

approximately 0.01 mg ml-1 significantly enhance R2 for the gels while concentrations 

below this critical concentration have immeasurable effects on R2. There were no 

significant differences between the R2 values for the corresponding dextran and PVA 

based gels up to 0.005 mg Fe ml-1. For ferrimagnetic iron concentrations of 0.05 mg Fe 

ml-1 and above, the corresponding values of R2 for the dextran-based and PVA-based 

gels were significantly above the R2 values of gel phantoms containing no ferrimagnetic 

material. 

5.4 Discussion 

The size distribution of the inorganic particles imaged using TEM micrographs prepared 

from a magnetic extract from human brain tissue (Figure  5.1) was measured (Figure 

 5.2). The histogram of particle sizes clearly shows that particle sizes of less than 10 nm 

occur most frequently. This size distribution is consistent with the results of 

magnetometry on human brain tissue (Dunn et al. 1995) and confirms that a significant 

fraction of the ferrimagnetic material found in human brain tissue is superparamagnetic 

at room temperature. A fraction of the size distribution is greater than 20 nm, which 

suggests that a fraction of the material is within the magnetically blocked single domain 

particle size range (at room temperature). Another study (Kirschvink et al. 1992) has 

reported size distributions of magnetite in the human brain of 33.4 ± SD 15.2 nm 

although the authors report that this figure would be biased towards larger particle sizes 

owing to the technique used to extract the magnetite from the tissue (magnetic field 
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gradient separation). The particle size range reported by Kirschvink et al. (1992) is 

therefore also consistent with the size of particles imaged in Figure  5.1. 
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Figure  5.3. Relationship between ferrimagnetic iron concentration for ferrofluid gel 

phantom and the mean proton transverse relaxation rate (R2) of the phantom as 

measured by MRI for (A) the PVA based phantoms and (B) the dextran based 

phantoms. Error bars indicate the standard deviation of R2 values measured within 

each phantom. The horizontal solid and dashed lines indicate the mean R2 and 

standard deviation of R2 respectively for gel containing no ferrimagnetic iron. 
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Figure  5.4 Biogenic magnetite concentrations for human tissues reported in the 

literature. (i) represents measurements of brain tissue from both normal subjects 

and subjects with Alzheimers disease (Kirschvink et al. 1992), (ii) represents 

measurements of meninges tissue (Kirschvink et al. 1992), (iii) represents 

measurements of various tumour tissues (Kobayashi et al. 1997), (iv) represents 

measurements of brain tissue from subjects with Alzheimers disease (Hautot et al. 

2003) and (v) represents brain tissue measurements on subjects with Mesio 

Temporal Lobe Epilepsy (Dobson and Grassi 1996). The horizontal arrow in the 

upper right corner represents the detection lower limit as determined for proton 

transverse relaxation rate measurements determined in this work. 
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Thus the magnetic particles measured in the TEM micrograph are larger than those of 

the synthetic ferrimagnetic material used in the current study and have a greater 

distribution of particle sizes. Despite these differences the synthetic ferrofluid magnetite 

particles exhibit magnetic properties that are fairly close to those of biogenic magnetite 

found in brain tissue. The particles observed in the TEM micrograph of magnetic 

extracts from brain tissue were found to exist in a cluster of greater than 400 particles 

although the particles in this micrograph were separated from one another rather than 

agglomerated into clusters of approximately 600 particles for the dextran bound particles 

and chains of 400 particles for the PVA bound nanoparticles. Magnetic measurements of 

the synthetic ferrofluids indicate that a fraction of the sample is magnetically blocked at 

room temperature which is also similar to measurements on human brain tissue. A 

Verwey transition has been observed in both the human brain samples (Dunn et al. 1995) 

and the synthetic ferrimagnetic material used in this study (see  Chapter 4). A Verwey 

transition is characterized by a drop in the magnetization of a sample as it is warmed 

through 119 K. It is only observed in samples that contain magnetite. The similarities in 

magnetic properties of the synthetic magnetite particles and those found in human brain 

tissue indicate that the synthetic ferrofluid agar gels are an appropriate proxy for the 

investigation of the detection limits of biogenic ferrimagnetic material in human brain 

tissue using MRI, and in doing so determining whether the reported levels of biogenic 

magnetite in brain tissue may be detected using MRI based measurement techniques. 

The R2 measurements on the ferrofluid gel phantoms give an indication of the detection 

limit of ferrimagnetic nanoparticles using clinical MRI imaging. Above 0.01 mg Fe ml-1 

of gel there is a monotonic relationship between iron concentration and the mean R2 for 

the gels. For both the PVA-based and dextran-based gel phantoms, the 0.05 mg Fe ml-1 



93 

 

gel phantom had the lowest iron concentration with a mean R2 significantly greater than 

that for iron-free gel phantoms. These measurements imply that the detection limit for 

ferrimagnetic particles in aqueous gel solutions using MRI-based R2 measurements is 

between 50 and 5 µg of ferrimagnetic iron per gram of sample. This concentration is 

three or four orders of magnitude greater than that reported for biogenic ferrimagnetic 

iron concentrations in cadaver brain tissue (Kirschvink et al. 1992) and one or two 

orders of magnitude greater than concentrations reported for brain tissue from epilepsy 

patients (Dobson 2002). A summary of biogenic magnetite concentrations found in brain 

and tumour tissue is shown in Figure  5.4. 

It should be noted that the voxel size for the MRI measurements is approximately 1 × 1 

× 5 mm (corresponding to approximately 5 mg of tissue), while the magnetometry 

experiments on cadaver brain tissue used samples of between 0.5 and 22 g (Kirschvink 

et al. 1992) and those on brain samples from epilepsy patients used samples of 

approximately 1 g. The magnetometry experiments do not give information on the 

location and spatial distribution of magnetite throughout the sample. Therefore it is 

possible that if the material was highly localised within the tissue it may be detectable by 

MRI, but only if the local concentration was above approximately 0.01 mg of 

ferrimagnetic iron per gram of sample. Further considerations that would affect the 

ability of MRI to detect concentrations of magnetite in the range of concentrations 

discussed in this study is the typical variations in R2 for brain regions in healthy subjects 

(an issue addressed in the following chapters) and the presence of random background 

noise in MRI scans. In conclusion, it appears that T2 anomalies seen in clinical MR 

images of the human brain are unlikely to be due to ferrimagnetic particle concentrations 

given the concentrations that have been measured to date. 
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Chapter 6 Iron concentration and proton transverse 
relaxation rate properties of human brain tissue – 

literature review 

6.1 Introduction 

The experimental work outlined in the previous chapters has indicated that within a 

certain range of iron concentration there is a monotonic relationship between the 

ferrimagnetic iron concentration of a water based system and the proton transverse 

relaxation rate of the system measured using MRI. The systems analysed included liver 

tissue embolized with ferrimagnetic particles (Chapter 3) and agar gel phantoms 

containing synthetic magnetite based ferrofluids (Chapter 5). Experimental work 

undertaken by other researchers has indicated that the proton transverse relaxation rate 

of liver tissue is highly correlated with the iron concentration of the tissue in patients 

with iron overload disease (Clark et al. 2003; St. Pierre et al. 2004). In the liver tissue 

studied by Clark and St. Pierre the iron is in the form of paramagnetic ferritin and/or 

hemosiderin. The technique developed by Clark and St. Pierre has provided a means to 

measure in vivo the proton transverse relaxation rate using MRI scans on a pixel by pixel 

basis non invasively. 

The proton transverse relaxation rate of a tissue is not dependent on the iron 

concentration only. Other factors can influence the measured relaxation rate, such as the 

lipid content of the volume of tissue (voxel) being measured. Therefore one finds that 

there is a minimum iron concentration below which the relaxation rate is not determined 

solely by the iron concentration of the sample and so measurements of the relaxation 

rate do not give an accurate measure of the iron concentration of the sample. The 

threshold concentration of magnetite particles was measured for macroscopically 



95 

 

uniform agar gel solutions containing varying concentrations of superparamagnetic 

magnetite, and it was clearly shown that below a certain concentration of iron the 

superparamagnetic particles do not significantly influence the measured R2. 

Human tissue samples have been reported to exhibit a variety of different magnetic 

properties suggesting a variety of different iron containing magnetic species. The 

magnetic properties of a number of iron storage compounds have been investigated and 

it has been found that these properties are altered in certain disease states (St. Pierre et 

al. 1998; Allen et al. 2000). There have also been reports that both human brain tissue 

and a number of other organisms contain trace concentrations of ferromagnetic and/or 

superparamagnetic magnetite (Kirschvink et al. 1992; Kirschvink 2000). The fact that 

the form of the iron as well as its bulk concentration can influence the proton trasverse 

relaxation rate due to the change in magnetic properties means that one needs to take 

these factors into account to determine if transverse relaxation rate measurements can be 

used to quantify the iron concentration of a sample. 

The human brain is an organ that contains relatively high concentrations of iron in 

comparison to other organs in the human body. Certain regions of the brain have been 

found to have iron concentrations comparable to that of normal liver tissue (Hallgren 

and Sourander 1958). The iron concentration of the brain occurs in both haem and non-

haem compounds, although it has been found that the non-haem component of brain iron 

is nearly equal to the total iron concentration (Youdim 2001). Research indicates that 

about one third of brain iron is in the form of ferritin, with the remaining two thirds 

consisting of transferrin, haemosiderin and other low concentration compounds such as 

enzymes and lipids (Youdim 1988). It has been established by a number of studies that 

disrupted brain iron metabolism, and therefore brain iron concentration, can be 
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implicated in a range of neurological disorders including Alzheimers and Parkinsons 

disease (for a review of these studies see Gerlach et al. 1994).  

The ability to assess iron concentrations in different regions of brain tissue non-

invasively would have important implications for the early diagnosis and monitoring of 

such diseases. Given that proton transverse relaxation rate measurements of other 

biological tissues and systems have proven successful in characterising the iron 

concentration of the tissue or system of interest (Clark et al. 2003; St. Pierre et al. 2004), 

it is an interesting question to determine if measurements of the proton transverse 

relaxation rate of brain tissue may reflect variations in the iron concentration of the brain 

tissue, particularly in the brain tissue of patients suffering the aforementioned 

neurological disorders. 

6.2 Variation of iron concentration in brain tissue 

The iron concentration of brain tissue, although fairly static in comparison to other 

organs, is subject to some variability. The iron concentration of brain tissue has been 

shown to consistently vary according to the brain region (Hallgren and Sourander 1958) 

and the age of human subjects (Hallgren and Sourander 1958; Hock et al. 1975; Youdim 

2001). The most comprehensive study of the distribution of iron in the human brain and 

the effect of age on this distribution was made by Hallgren and Sourander (1958). 

The data from Hallgren and Sourander (1958) give an indication of the variation in non 

haemin brain iron concentrations with age for different parts of the brain. Figure  6.1 

indicates the general trend in brain region iron concentrations with respect to one 

another for patients between the ages of 30 and 100. Figure  6.2 and Figure  6.3 

summarise the variation in brain iron concentrations for different parts of the brain for 

people between the ages 20 – 30 (Figure  6.2) and 60-75 (Figure  6.3). The data indicate 
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that the variation in brain iron concentrations for different parts of the brain remains 

generally consistent with age. Figure  6.4 is a plot of the differences between average 

brain iron concentrations in the 60-75 age group and average brain iron concentrations in 

the 20-30 age group. The data collected in this study indicate that for most brain regions 

the iron concentrations increase with age except for the thalamus in which there appears 

to be a decrease in brain iron. The two regions with the highest differences are the 

putamen and the caudate nucleus. Therefore for the experiment reported in the next 

chapter these two areas may prove to be the most useful for detecting any age related 

increases in R2 values. 

 
Figure  6.1 The distribution of non-haemin iron in different parts of the adult brain. 

The brain samples were taken from autopsy cases 30 – 100 years of age. Data taken 

from table 1(a), Hallgren and Sourander (1958). 
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Figure  6.2 The distribution of non-haemin iron in different parts of the brains of 

patients aged between 20 and 30. Data taken from Hallgren and Sourander (1958). 

The brain regions with error bars (Globus Pallidus, Putamen, Thalamus and 

Sensory Cortex) were measured from plots of the raw data (Fig 2,3,4,6 of Hallgren 

and Sourander (1958)). The other brain region iron concentrations were calculated 

from the reported regression curves fitted to an equation of the form 

y = a{1 − ebx} + c  where y = mg non-haemin iron per 100g fresh weight and x = age 

in years. 
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Figure  6.3 The distribution of non-haemin iron in different parts of the brains of 

patients aged between 60 and 75. Data taken from Hallgren and Sourander (1958). 

The data were from the same sources as defined in Figure  6.2. 

 

 
Figure  6.4 The difference between non haemin iron concentrations in subjects 

between ages 60 and 75 and subjects between 20 and 30 years. Positive differences 

indicate an increase in iron concentration with age. Data from Hallgren and 

Sourander (1958). 
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There is an absence of age related data for the substantia nigra and red nucleus. Hallgren 

and Sourander reported that the iron values of the red nucleus and substantia nigra 

showed considerable scatter. They attributed this to difficulty in delimiting these 

structures at dissection. This may well be due to the small size of these structures, 

leading to similar difficulty in defining these regions on MRI scans. 

Höck et al. analysed the concentration of a number of trace elements using gamma ray 

spectroscopy in their paper in 1975 (Hock et al. 1975). Iron was included in this 

analysis. The study measured the variation in these concentrations with age, and 

indicates that there is a characteristic increase in iron concentration with age in both the 

cerebellar cortex and basal ganglia. The data are summarised in Figure  6.5 and confirm 

the finding of Hallgren and Sourander that the iron concentration of the basal ganglia is 

consistently higher than the iron concentration of the cortices. Höck et al. (1975) state 

that the iron 

 
 

 
Figure  6.5 Mean absolute iron concentrations in cerebral cortex (circle symbols) 

and basal ganglia (square symbols). Error bars indicate the standard error. Data 

from Höck et al. (1975). 
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 concentration of the cortex plateaus after the first decade and that no significant changes 

are seen until 74 years of age. The plateau in iron concentration suggests that no 

significant variation in iron concentration occurs in the cortex between these two ages 

although there is a low number of data points in the study. In the basal ganglia it is more 

difficult to draw a specific conclusion with regard to when the iron concentrations begin 

to plateau. It is apparent from Figure  6.5 that there is an increase in iron concentrations 

in the basal ganglia between the age of 4 years and the next highest data point at 34 

years. 

A second group of subjects were analysed for iron concentration in the Höck paper that 

have an age range of between 23 and 66 years. These brain samples were subject to a 

more in depth analysis in that more specific brain regions were dissected and measured. 

Unfortunately the iron concentrations were not reported in the paper on an individual 

basis, meaning that any relationship with age could not be determined. They do report 

with this group the mean iron concentrations on a regional basis. The consistently higher 

iron concentration of the caudate nucleus (8.3 ± 0.46 × 10-4 g), putamen (8.78 ± 0.55 × 

10-4 g) and substantia nigra (8.1 ± 0.94 × 10-4 g) compared to other brain regions (eg. 

white matter 1.31 ± 0.05 × 10-4 g) was verified in the Höck study. 

6.3 Proton transverse relaxation rate properties of brain tissue 

There are a number of studies in which a measure of the proton transverse relaxation rate 

of human brain tissue has been reported (see Table 6.3). Some of these studies have 

examined particular brain pathologies such as Alzheimers disease (Besson et al. 1992; 

Bartzokis et al. 2003), Parkinsonism (Schwarz et al. 1999), iron overload diseases 

haemachromatosis (Berg et al. 2000) and thalassemia (Metafrazi et al. 2001), and 

multiple sclerosis (Armspach et al. 1991; Bakshi et al. 2001; Bakshi et al. 2002). 
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Although the theory behind mapping the proton transverse relaxation rate of brain tissue 

using MR imaging has been well established (eg. Liu et al. 1989), the sensitivity of the 

measured values to the measurement technique, in particular to the input radiofrequency 

pulse sequence used, mean that often the measured relaxation rate is dependent on the 

technique being used. Although studies have reported meaningful results that are 

internally consistent, such as comparing pathological tissue with control tissue, it is 

difficult to determine whether accurate relaxation characteristics are being measured. 

The most comprehensive analyses of the proton relaxation characteristics of brain tissue 

have been taken using NMR spectrometry (see Bottomley et al. (1987) for a review of 

early research). Spectrometry of in vitro samples affords more control over experimental 

conditions than MR imaging techniques on in vivo tissue. The ultimate aim of the 

research is to use the techniques in a clinical setting, and MR imaging is a technique that 

lends itself to clinical measurement more readily than traditional NMR spectroscopy. 

Some aspects of experimental control that are of an advantage in NMR experiments are 

a lack of sample movement, higher field homogeneity and lower restrictions on 

measurement time. Therefore one finds that spectrometry work has been used to define 

the characteristics of brain tissue (both normal and pathological tissue), as well as the 

characteristics of tissue on a regional basis such as the difference between gray and 

white matter, in a more comprehensive manner than similar experiments using MR 

imaging. The current state of research appears to be to determine if the sensitivity of the 

spectrometry necessary to discriminate different tissue states can be matched by MR 

imaging based techniques. 
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6.4 Multiexponential proton transverse relaxation rate 
properties of brain tissue 

The proliferation of NMR studies on human brain tissue over the last 20 – 30 years has 

clearly indicated that the proton relaxation characteristics of brain tissue are 

multiexponential – that is, there is more than one population of protons in the tissue 

sample that is exhibiting transverse relaxation. Bakay et al. (1975) studied the proton 

transverse relaxation rate properties of normal and edematous brain tissue in adult cats in 

order to investigate the multiexponential characteristics of brain tissue. In this study the 

tissue was investigated by NMR spectrometry. The study showed that there are at least 

two fractions of tissue water in both normal and edematous tissue that exhibit distinct 

relaxation characteristics. The researchers in this study attribute the two components to 

cellular and extra cellular water in the brain tissue. This early study is a good example of 

the realisation by researchers that the water protons in tissue exhibit properties quite 

different from freely diffusible water. Various terms are coined to describe this type of 

water in tissue, such as “structured”, “bound”, “ice-like” or “semicrystalline”. The 

results indicate that if a proton is in close proximity to membranes within the tissue or is 

constrained within a cellular structure the proton interacts with the membranes to give a 

subsequent altered relaxation rate. In the case of brain tissue protons the interaction was 

hypothesised to be with the surface of myelin sheaths. The study by Bakay et al. found 

that the greater the water concentration of the brain tissue, the lower the proton 

transverse relaxation rate. Edematous tissue is characterized by an increase in the water 

concentration in the brain. The study also found that gray matter in brain tissue exhibits 

monoexponential behaviour on the timescale of the experiment, indicating that the two 

components hypothesised in this experiment are undergoing fast exchange (less than a 

millisecond). The study also found that white matter, both normal and edematous, 
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display more than one relaxation component in the magnetization decay, which indicates 

that the exchange is slow on the NMR timescale. The characteristic proton transverse 

relaxation rate properties of the cat brain tissue are outlined in Table  6.1. 

  R2 (a) R2 (b) 
normal white matter 19 7.6 
edematous white matter 16 4.2 
normal gray matter 31.1 n/a 
edematous gray matter 11.3 n/a 

 

Table  6.1 Biexponential properties of cat brain tissue as measured in Bakay et al. 

(1975). 

The research conducted by Bakay et al. (and other researchers during the 1970s – see the 

Bakay paper for references) indicated that brain tissue exhibits multiexponential decay 

properties. For these techniques to be of clinical use there is a need for the non-invasive 

assessment of the proton transverse relaxation rate properties of brain tissue. A more 

useful technique for clinical measurement would be to make the R2 measurements using 

MRI scanners as opposed to NMR spectrometers. This type of proton transverse 

relaxation rate measurement has been attempted by a number of researchers. The 

following paragraphs will outline the research undertaken by some of the researchers in 

this field. 

There is evidence to suggest that MRI scanning is an appropriate and useful technique 

for the detection of cerebral abnormalities in multiple sclerosis. In a paper by Armspach 

et al. (1991) the researchers have measured the multiexponential proton transverse 

relaxation rate properties of lesions in the white matter of subjects with multiple 

sclerosis. In this study the brain scans were taken using a BMT 1000 BRUKER 

tomograph at 0.15 T. The image sequence used was a Carr-Purcell-Meiboom-Gill 

(CPMG) sequence comprising 128 images taken with an interpulse delay of 6 ms and a 
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repetition time of 1800 msec. A CPMG sequence is a multi-spin echo sequence that 

involves the application of multiple 180° pulses to the sample (as opposed to the one 

180° pulse applied in a single spin echo imaging sequence detailed in section  2.4.6). The 

proton transverse relaxation rate measurements were performed on a pixel by pixel basis 

by fitting the intensity of each pixel to a decay equation given by equation (  6.1): 

 M xy (t) = Mlong × e− t
T2long + M short × e− t

T2short , (  6.1 )

where T2 long and T2 short are the long and short relaxation times and Mlong and Mshort 

are their respective magnetizations at time t = 0. 

An interesting result of the study was that the researchers found that the decay 

characteristics of normal white matter was monoexponential. This contrasts with the 

findings of Bakay et al. (1975) in which they state that gray matter probably exhibits 

monoexponential decay but white matter exhibits biexponential decay characteristics. It 

is possible that these different findings are due to the different experimental technique 

used. The fact that these different conclusions were reached is indicative of how the 

measurement of proton transverse relaxation rate is often prone to being dependent on 

the type of technique used. The different R2 values (comparing Table  6.1 and Table  6.2) 

may be due to different experimental technique although it may also be due to the fact 

that different subjects were measured (cats in the Bakay paper and multiple sclerosis 

subjects in the Armspach paper). 
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  monoexponential R2 R2 (a) R2 (b) 
White Matter 10.14 n/a n/a 
AIS 5.35 3.41 12.2 

 

Table  6.2 Biexponential proton transverse relaxation rate properties of the brain 

tissue of subjects with multiple sclerosis (data from Armspach et al. (1991)). AIS 

stands for “areas of increased signal intensity”. 

There is further evidence that brain tissue may exhibit more than two relaxation 

components. Menon and Allen (1991) report that there are a number of different states 

of water found in brain tissue and that the number of components as determined by 

experimental data may often be a function of the type of technique used to measure the 

proton transverse relaxation rate properties of brain tissue. In their paper they apply a 

linear inverse theory technique to distinguish the number of relaxing components in 

brain tissue and found that for water protons in white matter four reproducible 

components for the transverse relaxation may exist, in comparison with two components 

for the gray matter. The Menon paper utilises NMR spectrometry to measure the proton 

transverse relaxation rate properties of cat brain tissue. This may explain why the Bakay 

and Armspach papers report conflicting relaxation properties for brain tissue, given that 

the techniques used in both of these papers could be underestimating the number of 

relaxation components in the tissue. In any case the proton transverse relaxation rate 

data reported in Menon et al. are explained according to the following states of water. 

Menon reports that the shortest T2 component (highest R2 values) are due to 

phospholipid protons in the tissue. A second component is thought to be due to 

hydration water in myelin layers, which is considered to be in slow exchange with 

cellular water due to the diffusion barrier presented by the myelin layer. The major 
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component of the proton transverse relaxation rate measurements is said to be due to 

protons in fast exchange with bulk cellular water and hydration sites on proteins and the 

cellular cytoskeleton. The authors state that the fourth T2 component (lowest R2 value) is 

unknown. 

The paper gives an indication of the difficulty in making measurements of the true 

proton transverse relaxation rate properties of brain tissue due to the presence of 

multiple relaxing water states within tissue. It also indicates a divergence of the aims of 

proton transverse relaxation rate measurements. One must decide whether the aim of the 

experiment is to accurately measure the proton transverse relaxation rate properties of 

brain tissue, which appears to be a task more suitably achieved using NMR spectrometry 

measurements, or to develop a technique that is of clinical use in distinguishing between 

normal and pathological brain tissue. In the case of developing a technique of clinical 

use it appears that one must accept the fact that accurate measurement of all the 

relaxation states of brain tissue may not yet be possible using MR scanners, yet if a 

pathological condition exists in the brain tissue being measured it may affect the proton 

transverse relaxation rate properties of a water state to the extent that these properties are 

measurably different from normal brain tissue. The ultimate aim for clinical use would 

then appear to be a matter of developing a technique for measurement of proton 

transverse relaxation rate properties that is machine independent. 

6.5 R2 measurements and iron concentrations (previous 
studies) 

There have been a number of studies that have noted an apparent relationship between 

increased proton transverse relaxation rate of brain tissue and the tissue iron 

concentration. One of the earliest studies to use MR imaging to investigate brain iron 
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concentration was reported in Drayer et al. (1986). In this study the proton transverse 

relaxation time (inverse of relaxation rate) was measured in the cerebral white matter, 

cerebral gray matter, globus pallidum, putamen and thalamus of 13 subjects. The study 

correlated these measured T2 values with neuropathologic localization of ferric iron 

using Perls stain on post mortem brains. The study found that regions of the brain with 

decreased T2 values (increased R2) correlated with the highest concentration of ferric 

iron as determined using the Perls stain technique for ferric iron on normal postmortem 

brains. The paper suggests that the measurement of proton transverse relaxation times in 

human brain tissue may be used to generate a map of the brain ferric iron in living 

subjects. The form of iron attributed to the cause of this decrease in T2 values is the iron 

storage protein ferritin. It should be noted that this study did not include measurements 

of the actual concentration of ferritin in the post mortem brains – Perls stain simply 

gives a qualitative measure of the iron concentration i.e. the iron concentration is related 

to the intensity of the stain. 

Chen et al. (1989) investigated the relationship between T2 values of brain regions and 

their iron concentration by imaging whole brains taken from postmortem subjects with 

no known neurological disorders. They calculated T2 values for the caudate nucleus, 

putamen, globus pallidus, frontal cortex, frontal white matter and optic radiation, and 

then measured the iron and ferritin concentration of these regions using biochemical 

assays. The age of the subjects varied from 7 months to 83 years with a mean age of 45 

years. The study reported that although measured T2 values correlated well with 

previous studies, and the measured iron concentration of the brain regions also 

correlated with those measured in other studies, there was generally no significant 

correlation between the measured T2 values and the iron concentration of each region. 



109 

 

The paper indicated that potential sources of error in the experiment could be due to 

inaccurate T2 measurement (the T2 values were calculated using four echo times of 20, 

100, 200 and 300 ms), inaccurate iron assays and potential postmortem changes in brain 

T2 values. The researchers largely discount these reasons however, and suggest that 

other physical reasons may be responsible for the poor correlation between the tissue T2 

values and their iron concentrations. 

The paper suggests that other properties of brain tissue could influence measured T2 

values; it has been well established that the water concentration of tissue has an effect on 

the measured proton transverse relaxation rate properties of tissue, as well as the myelin 

concentration of the brain tissue. Considering the wide age range in the study this must 

be considered a strong possibility for the poor correlation in the results. The researchers 

also suggest that the form of the iron, as opposed to the total iron concentration, may be 

a primary cause of T2 shortening in brain tissue with higher iron concentration. The 

authors suggest that both ferritin and hemosiderin may be potential causes of the T2 

shortening. 

A study by Vymazal et al. (1996) analysed the relationship between brain iron 

concentrations and NMR relaxation times using brain tissue taken from two normal 

human brains and four normal Rhesus monkey brains. The relaxation times (both T1 and 

T2) were measured using NMR spectrometry. The study analysed the iron concentration 

using ICP spectrophotometry and Mössbauer spectroscopy. In this study there was found 

to be a significant relationship between the brain iron concentration and the proton 

transverse relaxation rate of the brain tissue. In this study the two human subjects were 

23 and 68 years old; this may explain the improved correlation over the Chen study 

(Chen et al. 1989). It is also possible that the improved accuracy from using NMR 
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spectrometry as opposed to MR imaging to measure the proton transverse relaxation rate 

could have improved the accuracy of the measurements. Vymazal et al. found from the 

Mössbauer measurements that at least 80% of the iron in the brain regions, in particular 

the globus pallidus, is in the form of ferritin. They therefore attribute the major cause of 

R2 enhancement (T2 shortening) in gray matter as being due to the presence of ferritin 

clusters. They also report that in vitro measurements of proton transverse relaxation rate 

are within 10% of similar in vivo measurements. 

6.6 Measurement of proton transverse relaxation rate using 
MR imaging 

There have been a number of studies that have used MRI scanners to determine a 

measure of the proton transverse relaxation rate. A number of these studies may suffer 

from a lack of accuracy due to the fact that relaxation rate changes are simply inferred 

from changes in image intensity, meaning relative changes in R2 in different tissues 

rather than absolute R2 values are measured. In particular the use of multiple spin echo 

imaging methodologies may be problematic. While these techniques can generate a 

number of data points to sample the decay of intensity as a function of echo time in a 

shorter period of time, it has been found that imperfect 180° pulses do not refocus all the 

magnetization in the voxel (Crawley and Henkleman 1986). A portion of the transverse 

magnetization in the sample is converted into longitudinal magnetization which is 

subject to relaxation in this plane. The result is an inaccurate measure of the transverse 

relaxation time. A number of studies have also indicated that the characterisation of 

brain tissue transverse relaxation rates is more accurate using a biexponential decay 

model (eg. Schad et al. (1989) , Armspach et al. (1991), Cheng (1994)), although 

Armspach et al. reported that white matter in control subjects exhibited 
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monoexponential decay characteristics. Current research tends to suggest that these two 

relaxation components are probably due to the presence of multiple water compartments 

such as intra and extracellular spaces or the different relaxation characteristics of two 

fast-exchanging fractions, free and bound water. There is a limited number of studies 

that measure the biexponential decay parameters of human brain tissue and all of these 

utilise multiple spin echo techniques due to the fact that the decay curve is able to be 

sampled more extensively and faster than a single spin echo methodology (Cheng 1994). 

As indicated by Whitall et al. (Whittall et al. 1997) the appropriate MR pulse sequence 

for quantitative in vivo relaxation rate characterisation must satisfy three criteria: 

1. the 180° pulse must refocus all the magnetization in the selected slice 

2. the decay curve must not be contaminated by stimulated echoes or the transverse 

relaxation times will be corrupted by longitudinal relaxation. 

3. a sufficient number of echo times must be sampled to adequately characterize the 

observed decay. 

In the study reported in the next chapter a single spin echo pulse sequence was used. 

This minimises the possibility of error due to the first two criteria because only a single 

180° pulse is applied for each image aquisition. If a multispin echo technique was 

utilised then multiple 180° pulses are applied (one for each echo time), amplifying the 

systematic error after each pulse. The problem then becomes a matter of satisfying the 

third condition, since each additional image acquisition improves the sampling of the 

transverse relaxation decay curve but adds to the time required for the patient scan. In a 

clinical setting, and in particular since this research is being done with an aim to analyze 

patients suffering neurological disorders, minimizing the scan time is important. 
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The use of a single spin echo methodology extends the scan time in comparison to a 

multiple echo technique since an image acquisition must be taken for each echo time 

that samples the proton transverse relaxation decay curve. The accuracy of the technique 

is improved by acquiring more images at different echo times. Therefore there is a trade-

off between improved accuracy and feasible scan time. In the study reported in the next 

chapter seven echo times were used. Seven echo times are enough to accurately 

characterise the relaxation rate of a system or tissue if the relaxation characteristics are 

monoexponential, although numerical simulations suggest that the accurate 

characterisation of biexponential behaviour is not possible with this number of echo 

times i.e. condition 3 above is not satisfied (this is discussed further in the next chapter). 

Nevertheless the aim of this experiment is simply to observe if there is any correlation 

between reported regional brain iron concentration and the relaxation rate of brain tissue. 

Given that the technique of Clark and St. Pierre (Clark and St. Pierre 2000) 

accommodates for noise sources in the MRI scans, as well as eliminating sources of 

error due to multi-echo techniques, one may find that this technique is sensitive enough 

to changes in regional brain iron concentration to reflect these changes in the measured 

relaxation rates. 
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Author year relaxation rate signal loss / other iron levels pathology
Gomori 1985 • hematoma
Drayer 1986 • • •
Drayer 1986 • • Parkinson Plus Syndrome
Bondareff 1988 • Alzheimers disease
Chen 1989 • •
Schad 1989 • tumour
Bizzi 1990 • •
Armspach 1991 • multiple sclerosis
Besson 1992 • Alzheimers disease/ dementia
Connor 1992 • Alzheimers disease
Dedman 1992 • Alzheimers disease
Cheng 1994 • normal
Bartzokis 1995 • •
Schenck 1995 • •
Vymazal 1996 • •
Ye 1996 • •
Dhenain 1998 • •
Ogg 1998 • •
Steffens 1998 • • depression
Imon 1998 • age
Parsey 1998 • Alzheimers disease
Wansapura 1999 • normal
Bartzokis 1999 • • Parkinsons disease
Schwarz 1999 • Parkinsonism
Bakshi 2000 • multiple sclerosis
Berg 2000 • • haemochromatosis
Vymazal 2000 • •
Bakshi 2001 • • multiple sclerosis
Metafrazi 2001 • • beta-thalassemia major
Speck 2001 •
Bakshi 2002 • multiple sclerosis
Bartzokis 2003 • Alzheimer's disease  

 

Table  6.3 A list of papers that report relaxation rate data on human brain tissues. 

The relaxation rate column refers to methodologies that measure and report brain 

T2 values. The signal loss column indicates papers that infer changes in T2 due to 

loss in signal intensity. The iron concentrations column indicates the papers that 

attempt to correlate changes in brain proton relaxation rate with brain iron 

concentrations. The disease column indicates studies that analysed a tissue 

pathology. 
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Chapter 7 Measurement and imaging of the proton 
transverse relaxation rate of human brain tissue 

using MRI 

7.1 Introduction 

The experimental work reported in the previous chapters has focussed on the proton 

transverse relaxation rate characteristics of systems in which the ferrimagnetic iron 

content has been the primary determinant of the measured proton transverse relaxation 

rate of the system. The aim of the work detailed in this chapter is to assess the proton 

transverse relaxation rate characteristics of human brain tissue using the same MRI 

based technique. The measurement of the characteristic proton transverse relaxation rate 

properties of brain tissue has been undertaken in order to determine if contrast 

differences observed in T2 weighted MRI scans of human brain tissue may be attributed 

to inclusions of magnetite in human brain tissue (Kirschvink et al. 1992). In research 

presented in chapter 5 of this thesis the minimum detectable ferrimagnetic iron 

concentration in agar gel ferrofluid phantoms was measured; however it is also 

necessary to determine the relaxation characteristics of the brain tissue itself in order to 

investigate the primary determinants of proton transverse relaxation rate. The 

measurement of the characteristic proton transverse relaxation rate of human brain tissue 

undertaken in this study may also have application in the potential diagnosis of 

neurological disorders. 

The brain is an organ that is known to contain significant quantities of iron (Hallgren 

and Sourander 1958). The iron found in brain tissue has been found to play a significant 

role in cognitive function in both early and late stages of human development (Youdim 

1988). Brain iron metabolism has been found to be disrupted in a number of 
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neurological disorders, in particular Alzheimer’s and Parkinson’s diseases, although 

there is a number of other disorders that have also been associated with a disruption in 

brain iron metabolism (Ke and Qian 2003). There is interest in the development of a 

technique that is able to non-invasively assess brain iron levels, as this would provide a 

means for the early diagnosis and monitoring of neurological disorders associated with 

disrupted brain iron metabolism. An MRI based technique could prove to be potentially 

useful for the monitoring of brain iron levels or changes in the concentrations of forms 

of iron in the brain such as ferritin or magnetite concentrations. The use of MRI in 

providing qualitative information about brain tissue has already been well established as 

it is an imaging modality that provides superior soft tissue contrast compared with other 

imaging techniques and is safer due to the fact that it does not involve the use of ionising 

radiation. In the development of an MRI based proton transverse relaxation rate 

technique we wish to extend the use of MRI from providing qualitative information to 

also providing quantitative information. 

The aim of this study in particular is to assess the proton transverse relaxation rate 

properties of normal human brain tissue – that is, the brain tissue of human subjects 

without any known neurological disorders. These data will provide a comparitive 

benchmark for future studies on patients with signs of neurological disorders, in 

particular patients found to exhibit the cognitive signs of early onset Alzheimer’s 

disease, in order to investigate the potential use of this technique to provide a diagnosis 

for this neurological disorder. This study will also investigate the effect of age and the 

sex of the subjects on the measured proton transverse relaxation rate properties of their 

brain tissue.  
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7.2 Methods 

Twenty-eight human subjects without any known neurological disorders were recruited 

for this study. The subjects were drawn from a pool of volunteers who responded to a 

questionnaire distributed to students and staff members of The University of Western 

Australia. The subjects were selected according to the conditions that they had no known 

neurological disorders and no medical conditions that made them unsuitable for analysis 

by MRI. Seven males and seven females between the ages of 18 and 30 and seven males 

and seven females between the ages of 60 and 74 were recruited. 

MRI scans of each subject’s brain were performed on a Siemens Magnetom Vision Plus 

1.5 T whole body scanner. A head coil was used for signal detection. Axial magnetic 

resonance images were obtained using a multi-slice single spin-echo sequence with a 

repetition time of 2500 ms and spin echo times of 6, 9, 12, 15, 18, 40 and 100 ms. A half 

Fourier 256 × 256 image reconstruction matrix was used over a field of view of 

approximately 240 mm giving a pixel resolution of 0.93 mm. Images were obtained 

under fixed gain control. Image slices were 5 mm thick with 3.75 mm spacings between 

slices. A scout image sequence was used to position the slices within the brain. Twenty 

slices were obtained that spanned the brain tissue from above the lateral ventricles to the 

pons, incorporating frontal white matter, the deep gray matter and the cerebellum. A 

latex condom filled with distilled water and placed inside a sock was placed next to each 

subject’s head such that a cross section of the water filled condom was included in each 

axial slice. The water was used as a long T2 reference signal for measurement of 

instrumental drift in the analysis of the MR images. 

The MRI scans were used to measure the proton transverse relaxation rate of brain tissue 

on a voxel by voxel basis according to the technique outlined in (Clark and St. Pierre 
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2000) and (Clark et al. 2003). The background noise in each MRI scan was modelled by 

fitting a generalised Poisson distribution to the voxel signal intensities in a region of the 

MRI scan containing no brain tissue or water (i.e. empty space). The brain tissue that 

was selected for proton transverse relaxation rate measurement was subject to a 3 × 3 

smoothing filter to lessen the effect of background noise and subsequently to improve 

the quality of the fitting procedure. The brain MRI slices containing the brain regions of 

interest were fitted with both monoexponential and biexponential decay equations. The 

analysis of MRI images and measurement of proton transverse relaxation rate properties 

of the brain tissue were achieved using custom software developed for the quantification 

of liver iron levels in patients suffering iron overload disease (Clark et al. 2003). 

Analysis of the brain MRI scans using the software gave the parameters for the 

monoexponential and biexponential fits to all the brain tissue voxels contained in each 

slice analysed from the MRI scans. The individual brain regions of interest were 

delineated using the unprocessed single spin-echo images and the corresponding R2 data 

for each region were copied from the analysis file containing the R2 data for the entire 

brain cross-section. This yielded a measurement of the monoexponential and 

biexponential fitted parameters on a voxel by voxel basis for each brain region of 

interest in the study. 



118 

 

 

Figure  7.1 An example monoexponential proton transverse relaxation rate image of 

human brain tissue. The R2 map of the brain tissue is overlaid on a standard T2 

weighted MRI scan. The scale bar on the right indicates the proton transverse 

relaxation rate for each pixel in the image. 

7.3 Results 

7.3.1 Monoexponential measurement of R2 

An example proton transverse relaxation rate map is shown in Figure  7.1. The intensity 

of each pixel in the image corresponds to an R2 value given by the scale bar on the right 

hand side of the figure. The mean R2 values for each brain region analysed in the study 

are summarised in Table  7.1. The probability of there being no significant difference 

between the mean R2 of each brain region between males and females in the 18 – 30 

year old age group and the 60 – 70 year old age group was calculated using Student’s t 

test. Of all the age groups and brain regions tested there were found to be significant 

differences between male and female subjects (at the 95% confidence level) for the 
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substantia nigra and the motor cortex in the 18 – 30 age group. No significant 

differences between male and female subjects at the 95% confidence level were 

observed for the 60 – 74 year old age group. 

The male and female data were then pooled to test for significant differences between 

the two age groups using Student’s t test. Of all the brain regions studied, the putamen, 

motor cortex, sensory cortex and frontal white matter were found to have significant 

differences (at the 95% confidence level) between the age groups studied. The mean R2 

values for the globus pallidus, red nucleus, substantia nigra, putamen and caudate 

nucleus showed an increase with age, whereas the thalamus, motor cortex, occipital 

cortex, sensory cortex, temporal cortex and frontal white matter showed a reduction in 

mean R2 with age, although only the brain regions listed above (putamen, motor cortex, 

sensory cortex and frontal white matter) had changes in mean R2 that were statistically 

significant at the p < 5% level. 

The variation in mean R2 values for each region in the brain were tested using a 

Newman Keuls test. Due to the fact that there were few significant differences between 

male and female mean R2 values, the data for each sex in the age group were pooled for 

this analysis, so for each age group there were 14 test subjects. The results of this 

analysis are summarised in Figure  7.2 for the 18 – 30 age group and Figure  7.3 for the 

60 – 74 age group. 

The mean R2 values for the basal ganglia for each subject was measured by summing the 

mean R2 values for the individual basal ganglia brain regions and dividing by the 

number of regions. The mean R2 values for the cortices for each subject were calculated 

in the same way using the individual mean R2 values for each cortical region. The 

combined mean R2 values for all cortex and basal ganglia regions are shown in Figure 
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 7.4. The mean R2 values of the 60 – 74 year old age group was found to be significantly 

higher than the 18 – 30 age group (α < 0.05) for the basal ganglia. The cortex regions for 

the 60 –74 year old age group were found to have significantly lower R2 values (α < 

0.05) than the 18 – 30 year old age group. Each age group was found to have 

significantly higher R2 values for the basal ganglia when compared to the cortex regions 

(α < 0.01). 
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Figure  7.2 Significant pairwise treatment differences between brain regions in 

patients aged 18 - 30. + symbol indicates the probability of less than 1% of samples 

having the same mean, × indicates probability of less than 5%. 
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Figure  7.3 Significant pairwise treatment differences between brain regions in 

patients aged 60 - 74. + symbol indicates the probability of less than 1% of samples 

having the same mean, × indicates probability of less than 5%. 
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Figure  7.4 Mean R2 values for combined cortex regions (A) and combined basal 

ganglia regions (B). 



 

  

 
 
 
 

Brain Region male female p value male female p value 18 - 30 60 - 74 p value

Globus Pallidus 15.67 (0.97) 15.44 (1.00) 0.666 16.05 (0.98) 16.57 (1.30) 0.414 15.56 (0.96) 16.31 (1.14) 0.069

Red Nucleus 14.47 (0.54) 12.72 (2.35) 0.079 14.46 (0.91) 14.85 (1.78) 0.609 13.59 (1.87) 14.65 (1.37) 0.101

Substantia Nigra 14.82 (0.50) 13.34 (0.83) 0.002 14.29 (1.18) 15.61 (1.58) 0.102 14.08 (1.01) 14.95 (1.50) 0.085

Putamen 13.72 (0.32) 13.96 (0.44) 0.256 14.19 (0.63) 15.16 (1.15) 0.076 13.84 (0.39) 14.68 (1.02) 0.011

Caudate Nucleus 11.71 (0.37) 11.77 (0.59) 0.834 12.04 (0.65) 12.48 (0.96) 0.341 11.74 (0.48) 12.26 (0.82) 0.052

Thalamus 13.63 (0.84) 13.20 (0.48) 0.256 12.88 (0.78) 13.45 (0.47) 0.122 13.42 (0.70) 13.16 (0.68) 0.347

Motor Cortex 11.98 (0.62) 11.11 (0.43) 0.010 10.89 (0.77) 11.01 (0.72) 0.772 11.55 (0.68) 10.95 (0.72) 0.032

Occipital Cortex 12.36 (1.33) 12.48 (0.72) 0.829 12.78 (0.70) 11.99 (1.15) 0.149 12.42 (1.03) 12.39 (1.00) 0.927

Sensory Cortex 12.11 (0.56) 11.68 (0.43) 0.136 11.30 (0.55) 11.22 (1.00) 0.855 11.90 (0.53) 11.26 (0.78) 0.018

Temporal Cortex 11.93 (0.50) 11.86 (0.64) 0.825 11.42 (1.09) 11.25 (1.08) 0.775 11.89 (0.55) 11.34 (1.05) 0.094

Frontal White Matter 14.48 (0.84) 14.14 (0.69) 0.418 13.25 (0.65) 13.55 (1.04) 0.523 14.31 (0.76) 13.40 (0.85) 0.006

18 - 30 age group 60 - 74 age group Combined male and female

 

Table  7.1 Summary of mean R2 values for different regions in human brain tissue. The standard deviation on each 

measurement is given in brackets. The p value is calculated using Student’s t test. 7 males and 7 females were scanned 

in each age group.
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The measured R2 of each brain region in each age group is plotted versus the reported 

iron concentration of each region in Figure  7.5 (60 – 74 age group) and Figure  7.6 (18 – 

30 age group). The data for the iron concentration is taken from (Hallgren and Sourander 

1958). The Pearson product-moment correlation coefficient r and the probability of a 

significant relationship p is given for each age group in Table  7.2. For both age groups 

there was a positive correlation between the mean R2 of the brain region and the reported 

iron content; for both age groups this relationship was found to be significant at the α < 

0.05 level (the relationship was found to be significant at the α < 0.01 level for the 60 – 

74 year old age group). 
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Figure  7.5 Mean R2 of brain regions in 60 – 74 year old age group versus reported 

regional brain iron concentration (iron concentration data from Hallgren and 

Sourander (1958)). 
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Figure  7.6 Mean R2 of brain regions in 18 – 30 year old age group versus reported 

regional brain iron concentration (iron concentration data from Hallgren and 

Sourander (1958)). 

 

 18 - 30 60 - 74 
r 0.697 0.856 
p 0.0178 0.00077 

 

Table  7.2 Pearson Product-Moment Correlation Coefficient r and probability p of 

no significant relationship between mean R2 of brain regions and reported brain 

iron concentration (iron concentration data from Hallgren and Sourander (1958)). 

7.3.2 Biexponential measurement of R2 

The error in the fitting of a monoexponential decay curve and a biexponential decay 

curve to pixel intensity values determined by the Levenberg-Marquardt algorithm (as 

utilized in the method of Clark and St. Pierre (Clark et al. 2003)) are shown in Figure 

 7.7. The figures show the values obtained from a characteristic MRI cross section from 

one subject, although the values are representative of the whole data set. Histogram C in 

Figure  7.7 shows that the percentage error on each voxel by voxel measurement for a 
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monoexponential decay curve is less than 2 – 3% in all voxels. Histogram A and B in 

Figure  7.7 indicates the percentage error in the measurement of two decay components 

from the same MRI scans. The histograms show that the percentage error on 

biexponential fitting to the MRI data is considerably higher than the percentage error on 

a monoexponential fit to the same data. The peak in Figure  7.7 A and Figure  7.7 B at 

approximately 90% percentage error is due to a cutoff point in the fitting software; it 

indicates that a significant number of the fitted values using biexponential modelling of 

the decay data have a percentage error of greater than 90%. Due to the lack of precision 

on the measurement of the biexponential proton transverse relaxation rate properties of 

brain tissue, as indicated by the large percentage errors on the biexponential parameters, 

the results of this analysis were not interpreted further. One may find that improving this 

technique may provide more information about the proton transverse relaxation rate 

characteristics of human brain tissue. 

100806040200

A

B

C

 

Figure  7.7 Histogram of percentage errors in biexponential fit fast component (A) 

and slow component (B). (C) indicates percentage error in monoexponential fit to 

the same data. 
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7.4 Discussion 

The data obtained in this study have given a measure of the characteristic proton 

transverse relaxation rates of brain tissue in humans without any known neurological 

disorders. There were few differences observed in R2 values between male and female 

brain regions within the same age group. Although significant differences were observed 

in the substantia nigra and motor cortex in the 18 – 30 year old age group, the relatively 

low number of samples (seven males and seven females) and the lack of systematic 

variation between male and female populations in other brain regions indicates that there 

is not a clear difference between the R2 properties of male and female brain regions. 

Although an increase in the mean R2 values with age was observed in all the basal 

ganglia brain regions (Table  7.1), these results were generally not statistically significant 

at the 95% confidence level. The exception to this was the putamen, in which a 

statistically significant increase was found in R2 values. When comparing variations of 

R2 with the variation in reported regional brain iron concentration with age (Hallgren 

and Sourander 1958), it is interesting to note that the brain region with the largest 

variation in iron concentration with age, the caudate nucleus (see Figure  6.4), does not 

show a statistically significant increase in R2 with age (at the 95% confidence level) 

according to the results of this study. 

Part of the difficulty in precisely measuring the R2 properties of some basal ganglia 

structures, in particular the red nucleus and substantia nigra, was their small size on the 

MRI scans, making them prone to partial volume errors in R2 measurement. This may be 

due to movement by the subject during the scan and possibly the axial MRI slice passing 

through some of the brain tissue above or below the region of interest. This is reflected 

in the relatively large standard deviation in the R2 values for the red nucleus (1.87 s-1 for 
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the 18 – 30 year old age group, 1.37 s-1 for the 60 – 74 year old age group) and the 

substantia nigra (1.01 s-1 for the 18 – 30 year old age group, 1.5 s-1 for the 60 – 74 year 

old age group). Similar issues arose with some of the cortical structures. It is possible 

that future work could address this issue by tailoring the MRI sequence to focus more on 

these particular regions, in particular imaging sections of the brain that slice through 

these regions without including other tissue. There may also be an improvement in 

delineating regions of brain tissue by using a different MRI pulse sequence for selecting 

the regions of interest. For example TIR (Turbo Inversion Recovery) or STIR (Short T1 

Inversion Recovery) MRI sequences may be useful for this purpose due to the good 

white/gray matter contrast that can be achieved with these imaging protocols. 

It is interesting to compare the variation in mean basal ganglia R2 values with age, in 

which there is an increase in mean R2 values, with the variation in mean R2 values of 

cortical brain regions with age, in which all the regions exhibit a decrease in R2 (Figure 

 7.4). Of the four cortical regions (motor cortex, occipital cortex, sensory cortex and 

temporal cortex), only the motor cortex and sensory cortex were found to have a 

statistically significant decrease in R2 with age (Table  7.1, α < 0.05). When the mean R2 

value for all cortical regions is measured for each subject, there is found to be a 

significant decrease in R2 values with age (Figure  7.4 A). Conversely the mean R2 

values for all the basal ganglia regions in each subject show a significant increase with 

age (Figure  7.4 B). 

There were two other brain regions that are not considered as part of the basal ganglia or 

the cortices. The first is the thalamus, which is a part of the deep gray matter structures 

(as are the basal ganglia). This brain region contains fairly low concentrations of iron, 

and was found to exhibit no significant variation in mean R2 with age. The second 
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region is the frontal white matter. This region of the brain exhibited a highly significant 

(α < 0.01) decrease in mean R2 between the 18 – 30 year old age group (mean R2 = 

14.31 s-1) and the 60 – 74 year old age group (mean R2 = 13.4 s-1). 

The most significant and consistent differences in brain R2 values were detected when 

comparing the mean R2 values of different brain regions. The measured R2 values allow 

the brain regions to be grouped into fairly distinct categories which also correspond to 

their different physiological classification. The basal ganglia structures exhibited higher 

mean R2 values than the cortices in both the 18 - 30 year old age group and the 60 – 74 

year old age group (Figure  7.4). Of all the cortical structures only the motor cortex and 

the occipital cortex were found to be significantly different in the 60 – 74 year old age 

group – all other cortical structures in both age groups exhibited no significant 

difference in mean R2 values. The frontal white matter was found to have significantly 

higher mean R2 values than all the cortex structures in both age groups except for the 

occipital cortex in the 60 – 74 year old age group, in which no significant difference was 

observed. 

Comparison of the relationship between reported brain iron concentrations (Hallgren and 

Sourander 1958) and R2 values of the corresponding brain regions as measured in this 

study found that there is a significant relationship (α < 0.05) between regional brain iron 

content and measured proton transverse relaxation rate of the brain region (Table  7.2) 

for both the age groups analysed. The measurement of the Pearson product-moment 

correlation coefficient r enables us to measure how much of the variation in the R2 

values can be attributed to iron variation. In the 18 – 30 year old age group r2 = 0.485 

indicating that approximately 48.5% of the variation in R2 values can be attributed to 

variation in iron content of the tissue. In the 60 – 74 year old age group r2 = 0.733 
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indicating that 73.3% of the variation in measured R2 values can be attributed to 

variation in the iron content of the tissue. Considering that at least some of the remaining 

variation must be due to experimental uncertainty, one finds that variation in iron 

content of brain tissue is the major contributing factor to the variation observed in the 

proton transverse relaxation rate properties of brain tissue. 

The measured data suggest that another contributing factor to variation in brain R2 

values may be due to variations in the ratio of myelin to water content of the tissue. 

White matter contains high levels of myelin in comparison to gray matter. It has also 

been reported to have a lower water content in comparison to gray matter (Bakay et al. 

1975; Fischer et al. 1990). Research comparing edematous brain tissue with normal 

brain tissue (edema being characterized as an increase in water content of brain tissue) 

has shown that the effect of an increase in water content, and subsequent lowering of the 

myelin to water ratio, is associated with a lower proton transverse relaxation rate (Bakay 

et al. 1975). The studies also found that normal gray matter tissue (taken from the 

cortices rather than the high-iron content deep gray matter structures) has a lower proton 

transverse relaxation rate than normal white matter. These regions have similar iron 

content (Hallgren and Sourander 1958). The comparison of measurements of the proton 

transverse relaxation rate of cortical structures (which in this study probably contain 

some white and gray matter) and frontal white matter indicate that the iron content is 

low enough for the myelin to water ratio to have a significant effect on R2 values, as 

indicated by the significantly higher R2 values of the frontal white matter in comparison 

with the cortical structures in both age groups analysed in this study. 

Comparison of the two age groups investigated in this study supports this hypothesis. A 

number of studies have reported an increase in the iron content of brain tissue with age 
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(Hallgren and Sourander 1958; Hock et al. 1975). This increase in brain iron content 

appears to be reflected in the increased mean R2 values of the basal ganglia structures 

with age (Figure  7.4 B). The cortical structures, however, which have a higher myelin to 

water ratio than the basal ganglia regions, exhibit a decrease in mean R2 values with age 

(Figure  7.4 A). It is also interesting to note that the frontal white matter shows a highly 

significant decrease in R2 with age. This finding has been previously reported (Bartzokis 

2004) and attributed to age related myelin breakdown in normal human subjects. 

The aim of this study was to obtain a measure of the characteristic proton transverse 

relaxation rate properties of brain tissue in normal human subjects. The study 

investigated the effect of sex and age on the measured proton transverse relaxation rate. 

Generally the sex of the subject was not found to have a significant and consistent effect 

on the measured proton transverse relaxation rate of brain tissue. Data collected in 

previous studies had suggested that variations in brain R2 may be due to variation in 

brain iron levels (eg. Drayer et al. 1986; Chen et al. 1989; Vymazal et al. 1996; Gelman 

et al. 1999). The data collected in this study supports the view that iron content does 

make a significant contribution to variations in the measured brain proton transverse 

relaxation rate. There is also evidence to suggest that differences in the properties of 

white and gray matter, in particular the myelin and water content of these tissues, also 

contributes to variations in measured regional brain proton transverse relaxation rate as 

reported by other researchers (Bartzokis 2004). Changes in the reported iron content and 

myelin levels of brain tissue with age were found to influence the measured proton 

transverse relaxation rate of the brain tissue. The fact that changes in both iron levels of 

tissue and myelination have been reported in some neurological disorders, in particular 

Alzheimer’s disease, suggest that brain proton transverse relaxation rate measurements 
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may prove useful as a non invasive quantitative tool for the diagnosis and monitoring of 

this disease. 

The measured brain proton transverse relaxation rates also allow us to determine if 

proton transverse relaxation rate measurements may be used to detect naturally 

occurring brain magnetite concentrations, as outlined in  Chapter 5. The relationship 

between the ferrimagnetic iron concentration and proton transverse relaxation rate is 

given in Figure  5.3 for a homogenous medium, in our case agar gel. The standard 

deviation in brain R2 regions is of the order of 1 s-1 (Table  7.1); this gives a measure of 

the natural variation in brain R2 values for each region. Therefore to be able to detect 

ferrimagnetic particle inclusions the ferrimagnetic particles must influence the brain R2 

values such that the value is at least two standard deviations from the mean R2 value. 

Given that the standard deviation in R2 values is about 1 s-1, the ferrimagnetic particles 

would need to change the brain R2 values by 2 s-1. An increase of 2 s-1 above the 

background level for ferrimagnetic particle inclusions in homogenous gel is equivalent 

to a ferrimagnetic particle concentration detection limit of about 10 µg Fe per ml (Figure 

 5.3) i.e. the variation in brain tissue R2 has little effect on the detection limits deduced in 

chapter 5 for homogenous gels. Naturally occurring ferrimagnetic particle 

concentrations are of the order of 10 – 100 ng Fe per gram of brain tissue, which is one 

or two orders of magnitude less than the detection limit for ferrimagnetic particles as 

determined by proton transverse relaxation rate measurements; therefore it is unlikely 

that naturally occurring ferrimagnetic magnetite particle inclusions in human brain tissue 

can be detected by clinical MRI scanners. 
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Chapter 8 Conclusions 

8.1 Summary of research 

The research presented in this thesis investigated the characterization and detection of 

ferrimagnetic material in human tissues. The main focus of the research was to extend a 

technique for the non-invasive measurement of paramagnetic iron inclusions in liver 

tissue of patients with iron overload disease (Clark and St. Pierre 2000) to tissues 

containing ferrimagnetic iron inclusions. The biological tissues investigated were liver 

tissue embolized with ferrimagnetic material and human brain tissue. 

Liver tissue was embolized with ferrimagnetic material in order to treat liver tumours 

using an experimental technique based around heating generated by magnetic field 

hysteresis (Jordan et al. 1999; Moroz et al. 2001). A primary concern of the technique is 

the distribution of introduced ferrimagnetic material within the liver tissue. When the 

ferrimagnetic material is introduced into the liver via the portal vein, it is important that 

the material embolizes the liver tumour and surrounding tissue only; the majority of the 

remaining healthy liver tissue must contain low or negligible concentrations of 

ferrimagnetic material to ensure the healthy tissue is not heated upon application of the 

magnetic field. Given that the MRI-based technique for the measurement of iron loading 

in patients with iron overload disease has proven successful in both quantifying and 

mapping the liver iron burden in human subjects, the technique was applied to inclusions 

of ferrimagnetic material in liver tissue. 

The research presented in chapter 3 indicates that MRI-based proton transverse 

relaxation rate measurements may be used to quantitatively assess the concentration and 

distribution of introduced ferrimagnetic material within liver tissue. Although standard 

MR imaging may be able to give a qualitative measure of the distribution of introduced 
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ferrimagnetic material, due to the high magnetization of such material and subsequent 

enhanced contrast on MR images, the research presented in this thesis presents a 

technique for the quantitative measurement of the iron concentration on a pixel by pixel 

basis non invasively. 

In addition to the analysis of relatively high concentrations of high magnetization 

magnetic material in liver tissue, the effect of low concentrations of high magnetization 

material, in our case ferrimagnetic magnetite, on MR images of the human brain were 

investigated. The motivation behind this investigation was to address the question of 

whether trace quantities of biogenic magnetite found in human brain tissue may affect 

contrast in T2-weighted MR images (Kirschvink et al. 1992). Research into the magnetic 

properties of brain tissue from subjects with Alzheimers disease has suggested that the 

levels of biogenic magnetite may be elevated in comparison to subjects without such a 

neurological disorder (Hautot et al. 2003), and so an additional question of interest is to 

determine if the characteristic mean R2 values of brain tissue from subjects with 

Alzheimer’s disease are systematically different to those of subjects with no 

neurological disorder. 

In order to assess the effect of low concentrations of magnetite on contrast in MR 

images two novel ferrofluids were synthesized to make agar gel based phantoms for 

analysis using MRI-based proton transverse relaxation rate measurements. The 

characterization of the magnetic properties of these ferrofluids is a relatively new area of 

research, in particular the investigation of the relationship between the structural 

characteristics of the inorganic phase of the fluid and the subsequent magnetic 

properties. The research reported in chapter 4 found that the magnetic properties of the 

ferrofluids were influenced by the type of polymer used in the synthesis process. The 
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type of polymer used in the synthesis influences the spatial arrangement of the magnetite 

nanoparticles that constitute the inorganic phase of the ferrofluid. 

Our investigation revealed that using the polymer dextran in the ferrofluid synthesis 

tended to yield clumps of magnetite particles, whereas the use of poly(vinyl) alcohol in 

the ferrofluid synthesis yielded chains of magnetite nanoparticles. The two different 

particle arrangements, as measured using TEM, were reflected in different magnetic 

properties of the fluids measured in the frozen fluid state. Such a finding may prove 

useful for tailoring the properties of magnetic fluids. 

The synthetic ferrofluids were used to construct agar-gel phantoms for analysis using 

MRI-based proton transverse relaxation rate measurements. The measurements allowed 

the estimation of the lowest concentration of superparamagnetic magnetite detectable 

using quantitative MR imaging techniques. By obtaining such an estimate we found that 

biogenic magnetite nanoparticle concentrations in human brain tissue are probably not 

high enough to significantly influence the contrast in T2-weighted MR images. 

In order to investigate the influence of iron concentrations on contrast variation in MR 

images of human brain tissue further, the technique of proton transverse relaxation rate 

mapping was applied to human brain tissue. Proton transverse relaxation rate 

measurements were applied to human brain tissue to investigate if the technique may 

provide a means for the non invasive measurement of brain iron concentrations. A 

disruption in brain iron metabolism is associated with a number of neurological 

disorders. Of particular interest is Alzheimers disease since this disorder is diagnosed 

using cognitive testing. There exist a number of drugs that may be useful in the 

treatment of this disorder; yet to test these drugs there is a need for a quantitative test for 

the early diagnosis of the disease. If the proton transverse relaxation rate properties of 
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Alzheimers disease tissue are significantly different from those of non-pathological 

brain tissue then the technique may be useful for early diagnosis of the disorder. In order 

to determine the usefulness of this technique in the diagnosis or characterization of 

Alzheimers brain tissue, the proton transverse relaxation rate properties of non-

pathological brain tissue were investigated. 

The research presented in chapter 7 details the regional variation in proton transverse 

relaxation rate properties of a number of human subjects measured in vivo. The study 

investigated the effect of the age of the human subject on the proton transverse 

relaxation rate properties of the brain tissue, as there is an age related increase in brain 

iron concentration (Hallgren and Sourander 1958). In the research presented in this 

thesis the measured proton transverse relaxation rate properties of brain tissue were 

found to be significantly correlated with reported brain iron concentrations. In addition 

by comparing the proton transverse relaxation rate properties of white matter and gray 

matter there was found to be a significant difference between the proton transverse 

relaxation rates in the two tissue types most likely due to the relative concentrations of 

myelin and water. The primary determinant of the proton transverse relaxation rate 

properties of human brain tissue was found to be the iron levels of the tissue; the myelin 

to water ratio of the brain region is also likely to significantly affect the mean proton 

transverse relaxation rate. The measurement of the characteristic mean proton transverse 

relaxation rate properties of normal brain tissue indicated that the natural variation in R2 

values does not significantly raise the lower limit of detection of ferrimagnetic particles. 

8.2 Suggestions for further research 

Application of the technique of MRI-based proton transverse relaxation rate 

measurement to ferrimagnetic particle inclusions in biological tissue presents a novel 
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method for quantitative measurement and mapping of the concentration of ferrimagnetic 

material in the tissue. The technique has proved able to quantify ferrimagnetic material 

in liver tissue used for the treatment of liver tumours with magnetic hyperthermia 

treatment. The application of this technique to other methodologies involving the 

introduction of synthetic ferrimagnetic material into biological tissue, such as 

ferrimagnetic contrast agents for MR imaging and magnetic field mediated drug 

delivery, may provide a means to quantify the distribution of introduced material. 

Quantitative measurements of the distribution of ferrimagnetic material may be desirable 

over routine MR imaging. 

The investigation of the properties of the synthetic ferrofluids suggested that the type of 

polymer used in the coprecipitation reaction controlled the spatial arrangement of the 

magnetite nanoparticles. The influence of the polymer on the magnetic properties of the 

ferrofluid is an area of research that could be investigated further. In particular 

investigating the influence of the molecular weight of the polymer on the spatial 

arrangement of the magnetic particles may yield a novel method for some control of the 

magnetic properties of a ferrofluid. 

With regard to the measurement of the minimum detectable ferrimagnetic iron 

concentration using MRI-based proton transverse relaxation rate measurements, it would 

be advantageous to investigate this field further in order to detect ferrimagnetic iron 

concentrations that are as low as possible. Preliminary research into the magnetic 

properties of brain tissue suggests that the levels of ferrimagnetic magnetite are elevated 

in subjects with Alzheimers disease (Hautot et al. 2003), although these levels are too 

low to be detected using proton transverse relaxation rate measurements. If the technique 

could be refined to lower the detection limit then one may be able to detect the elevated 
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levels of biogenic magnetite associated with Alzheimers disease. There is a possibility 

that other parameters that may be measured using MRI scans, such as R2* (a parameter 

that is measured using gradient echo imaging rather than the spin echo imaging 

techniques used in this thesis) instead of R2, may be more sensitive to ferrimagnetic iron 

inclusions and so it may be possible that a lower detection limit may be achieved if this 

parameter is measured. 

In order to determine if MRI-based proton transverse relaxation rate measurements can 

detect iron related changes in Alzheimers brain tissue, the research into the proton 

transverse relaxation rate properties of brain tissue in subjects with no known 

neurological disorders should be extended to studying the brain tissue of human subjects 

that are exhibiting signs of Alzheimers disease. The investigation of the proton 

transverse relaxation rate properties of such brain tissue is currently being conducted 

using both post mortem tissue from patients with Alzheimers disease and in vivo 

measurement of the proton transverse relaxation rate properties on human subjects 

displaying signs of early onset Alzheimers disease. Using the post mortem samples of 

brain tissue it is possible to measure the iron content using chemical techniques and the 

proton transverse relaxation rate properties using MRI on the same sample of tissue, 

giving a clear indication of whether the iron level of the tissue is the major determinant 

of the R2 properties of the tissue. The in vivo measurement of the R2 properties of brain 

tissue in subjects displaying some signs of early onset Alzheimers disease, and 

comparison with subjects with no known neurological disorders, will determine if there 

are systematic differences in the R2 properties of the brain tissue between the two 

groups. 
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Although clinical MRI scanners have a resolution of about 1mm, it is possible to 

generate MR images with a resolution on the order of micrometers. Such an 

improvement in resolution is achievable by increasing the static magnetic field strength 

and magnetic field gradients and decreasing the size of the radiofrequency coil 

(Benveniste and Blackband 2002). The use of NMR to generate these higher resolution 

images is known as high resolution MRI or MR microscopy. Given that decreasing the 

size of the coil plays a large role in improving the achievable resolution in MR 

microscopy, these techniques may have limited application in human studies, but may be 

well suited for analyzing smaller organisms. In particular these techniques could well 

prove useful for the location and monitoring of magnetosomes in organisms with a 

magnetic sense such as honeybees, pelagic species or migratory birds in vivo. 
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