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Introduction
Magnetic Resonance Imaging (MRI) is primarily based on local 

variations of proton relaxation rate, caused by the interaction of water 
molecules with tissue proteins, lipid membranes and other tissue 
components. Paramagnetic ions (Mn2+, Gd3+, Fe2+/Fe3+) and organic 
radicals have a great influence on the relaxation rate and can be used as 
contrast agents and for tracing cellular activity. The change in relaxation 
rate between oxygenized and deoxygenized blood was displayed already 
in 1982 on the front-page of one of the first textbooks on medical 
applications of NMR imaging, although in Swedish [1]. That MR-image 
was recorded at December 15 in 1981 at Aberdeen University, with one 
of the first NMR-imaging devices [2-3]. It is apparent that the difference 
in relaxation rate between oxygenized and deoxygenized blood arises 
from the difference in relaxation rate between Fe3+ and Fe2+ [4]. The 
experimental ratio of the relaxation rate (1/T1) for Fe3+ versus Fe2+ is 
about 18.2 in aqueous environment.But in agarose gels which should 
mimic tissue it is decreased to about 7.64 [5]. 

Already in the early 1980-ies we started to study the relaxation 
properties of different brain tissues in order to understand the basics 
of the NMR-imaging technique. We found that brain tissues in vitro 
are characterized by a wide range of proton relaxation rates (1/T1) [6-
17]. We also studied the use of super-paramagnetic particles as contrast 
agents in T2 NMR-imaging of the liver in rats [14].

In the present investigation we have studied the relaxation rate 
dispersion of blood in the frequency region 0.01 – 10 MHz by cycling 
the relaxation magnetic field in the range of 0.234 – 234 mT [18-19]. 
In the field cycling NMR spectrometer we used, the sample is first 

magnetized in a relatively high magnetic field (0.5 T), which then by 
electronic means rapidly (10-3 s) is reduced to a lower value where the 
excited proton spin may relax during a time interval about 3⋅ T1max. 
Then the magnetic field is again quickly raised up to higher level for the 
detection of the NMR-signal. This procedure is repeated with stepwise 
varying the relaxation field in the range of 0.2 - 240 mT to create a 
dispersion curve [20].

Various molecular theories are presented for explaining the shape 
of the relaxation dispersion in tissue. We apply a model, which relates 
to exchange of intermediary bound water protons that gradually 
transfer their magnetization to bulk water protons [21-23]. The relevant 
frequency range for such relaxation dispersion is determined by the 
dynamics of the molecular processes.

In the frequency region from 10 kHz to about 10 MHz the proton 
relaxation rate is related the exchange of spin of bound water molecules 
with the bulk water. In the present investigation we study the influence 
of paramagnetic Mn-ions on the relaxation rate dispersion in this 
frequency region. By using this approach we aim to develop imaging 
techniques and further improve the clinical use of relaxation dispersion 
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Abstract
The proton relaxation rate dispersion of paramagnetic ions in blood samples was studied in the frequency interval 

from 10 kHz to 10 MHz. With the Field cycling method we applied, the samples were first magnetized by a relatively 
high magnetic field (0.5 T). By electronic means this field was rapidly (1 ms) reduced to a lower value in the interval 0.1 
mT - 0.5 T, where the excited proton spin may relax during a time interval of about 3·T1max. Then the magnetic field 
is again quickly raised up to the higher level for the detection of the NMR-signal. The relaxation characteristics were 
analyzed by applying a model with three compartments of water proton-spin exchange. For each compartment we 
estimated a correlation frequency by fitting the dispersion curves to a sum of Lorentz distributions. We found that low 
concentrations of paramagnetic ions have a large influence on the relaxation rate dispersion in the low frequency region 
<10 MHz. This effect is suggested to be used for mapping of inorganic paramagnetic or organic free-radical compounds 
in medical applications as contrast agents and for tracing cellular activity by subtracting MR images recorded at high 
(>100 mT) and low (<10 mT) relaxation fields. Such sequences of images could be used to study the oxygen status and 
metabolism of the brain as well as the generation and distribution of reactive oxygen species (ROS). This technique 
called “Magnetic resonance Relaxation Dispersion Imaging” (MARDI) would be particularly suitable to analyze various 
neurological diseases such as stroke, MS, Alzheimer´s disease as well as brain tumor progression. It might also be 
suitable for imaging of tumour oxygenation and in vivo ROS distributions in radiation therapy, which could be used in 
dose planning and for analyzing and optimizing the effect of various radiation therapy regimes. 
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imaging (MARDI) by using paramagnetic contrast agents. This 
approach is also aimed to be used to image physiological oxygenation 
processes in cardiac and brain imaging. Increased oxygen consumption 
will decrease the ratio of Fe(III)/Fe(II) and thus decrease the relaxation 
rate. But increased oxygenation will increase the Fe(III)/Fe(II)-ratio and 
the relaxation-rate will increase. It will also apply to the use of spatial 
radiation-dose distribution imaging in ferrous–ferric gel systems [5,24].

Materials and Methods
Blood sample

Whole blood and blood plasma, which were too old to be clinically 
used, was donated by the blood-bank at Lund University hospital.

Field cycling spectrometry 

We used a unique NMR spectrometer “Spin Master FFC” developed 
by Stelar [25]. The instrument is designed to measure the field 
dependence of NMR spin-lattice relaxation time T1 dispersion from 
earth field to a maximum operating field of 20 MHz. The characteristics 
of the spectrometer are given in Table 1.

The operating magnetic field sequence for T1 measurements is 
shown in Figure 1 [26]. Before the polarization of the sample during 
D2 there is a pre-scan delay RD and a pre-condition relaxation field D1 
= (4T1max-t), where t is the time period D4 = 3⋅ T1max of the relaxation 
field. During the “STIM” period the acquisition of the NMR signal 
takes place after a 90º RF-pulse.

Evaluation of the proton-spin relaxation-rate dispersion 

The recorded proton-spin relaxation rate dispersion curves are 
fitted to Lorentz frequency distribution curves according to the 
following model:
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Where,

R1 =the relaxation-rate s-1

α = the relaxation-rate of the bulk water (f→∞)
A = surface under the curve (power).
x = the angular frequency x=w=2p⋅ f;
w = 2p⋅ tc = 2pnc

-1

f= the linear frequency Hz 
tc = the correlation time of bound water with bulk water (s)
nc = the correlation frequency of bound water with the bulk water 

(Hz).
The fitting was performed using the OriginPro 7.5 (Origin Lab 

Corporation, Northampton, MA 01060 USA). For non-linear fitting of 

FFC spectrometer 
Component Characteristics

Power Supply:

Max I = 330 A
Max B0 = 0.5 T (23.7 MHz)
Max Slew Rate = 2.5 MHz/ms (0.4 ms/MHz) at 20 MHz,
5 MHz/ms (0.2 ms/MHz) at < 10 MHz

Magnet: Field inhomogeneity 200 ppm (2 kHz) at Bacquis = 9.8 MHz
Temperature range 16 - 65 °C (at Brelax up to 20 MHz)

Probe 1H:

Frequency range 6 - 18 MHz; 
Temperature range -140 ÷ 140 °C
Coil height: 12 mm
Dead time: Rx inhibit = 20 µs
Acquisition delay: = 25 µs

Interface: Digitizer: 12 bit, 2 MHz (max 1 MHz is achievable), ± 1.2 V
Acquisition buffer: 32 kbyte (blocked to 2 kbyte)

Table 1: Some SpinMaster FFC spectrometer characteristics.

 

RD    D1 D2 D4

D3D3 D5

Bpolarise

Bacquis

Brelax τ4*maxT 1 - τ
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Field
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310 1 1 2 2

Polar. time (TPOL )

STIM

90°RF pulse

Figure 1: Balanced Pre-polarization Sequence ( PP/S ) Field cycle code: 0131122.
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equation (1), Origin 7.5 uses the Levenberg-Marquardt algorithm to 
iteratively adjust the parameters to get the minimum chi-square value. 
To allow better control of the iteration process, the Max Number of 
Iterations was set to 100 and the Tolerance to 10-9, which is used by 
the fitting algorithm. The program automatically gives the first initial 
guesses of the parameters selected for fitting. It is also possible to give 
the number of desired replica curves.

Linear combination of several compartments of differently bound 
water can be written as follows:

( )2
1

1( )  
1

N
n cn

n cn

cR
f
nw a
n

∞
=

⋅
= +

+ ⋅
∑                                    (2)

where:  

cn = An/p2 is the contribution of the nth compartment. 

The correlation frequencies, ncn correspond to molecular 
compartments of water in various state of exchange equilibrium with 
the bulk water. 

The lowest frequency nc1 corresponds to the compartment of firmly 
bound water molecules with longest correlation time (≈ 30 µs) with 
bulk water. 

The middle frequency nc2 originates from the compartment of water 
molecules bound in nano-cavities of macromolecules and sub-cellular 
units with correlation times in the order of ≈ 5 µs.

The highest frequency nc3 component is assumed to correspond 
to the compartment of water molecules in the hydration layer of the 
proteins and sub-cellular structures in the plasma, with correlation 
times ≈ 1 µs. 

These correlation times are in the same order of magnitude (0.1 to 
10 µs) as found by others in studies of cell water dynamics [27,28].

Results and Discussion
Whole blood and blood plasma

In Figure 2 are given the NMR relaxation-rate R1 dispersion 
curves recorded for whole-blood and blood-plasma. The high values 
of whole blood at low frequencies are probably due to the presence of 
paramagnetic iron in the red blood cells.

The relaxation dispersion curve of blood plasma fitted to a sum of 

3 Lorentz frequency dispersion curves and the result is given in Figure 
3. The correlation frequencies nc with free water occurred at 37 kHz, 
220 kHz and 1480 kHz, respectively. The lowest frequency is believed 
to correspond to the compartment of firmly covalently bound water 
molecules with longest correlation time (≈ 30 µs) with bulk water. The 
middle frequency probably originates from the compartment of water 
molecules bound in channels and nano-cavities of macromolecules 
and sub-cellular units with correlation times in the order of (≈ 5 µs). 
The highest frequency component is assumed to correspond to the 
compartment of water molecules of the hydration-layer of the proteins 
with correlation times < ≈ 1 µs) in the plasma.These correlation times 
are in the same order of magnitude (0.1 to 10 µs) as those found in 
studies of cell-water dynamics [27,28]. 

The high value of relaxation rate of whole blood at low frequency 
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Figure 2: T1 Relaxation dispersion of fresh whole blood and blood plasma.

Tissue Frequency 
n1 (low) / kHz

Frequency 
n2 (middle) / kHz

Frequency 
n3 (High) / kHz

Whole blood  285 7600
Blood plasma 37 ± 4 220 ± 10 1480 ± 40

Table 2: Summary of the parameter obtained by fitting the dispersion curves to a 
sum of Lorentz distributions.

0,01                       0,1                         1                         10

Frequency / MHz

R
el

ax
at

io
n 

ra
te

 R
1/

s-1

Blood Plasma
3,0

2,5

2,0

1,5

1,0

0,5

0,0

a            SD(a)     vn         SD          Cn        SD
0.84       0.006     1.48       0.04      8.48       0.15
                            0.22      0.01       1.01       0.06
                            0.037    0.004     0.09       0.01

Figure 3: T1 relaxation dispersion of blood plasma modelled as a combination 
of 3 components with the correlation frequency components nc1 (low) 37 kHz, 
nc2 (middle) 0.22 MHz and n(High) 1.48 MHz.
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Figure 4: Relaxation rate dispersion of 0.2 mM MnCl2 at pH=2. The disper-
sion curve is fitted to a sum of Lorentz distributions with the correlation 
frequency components nc1 (low) 140 kHz, nc2 (middle) 1.0 MHz and n (High) 
4.2 MHz.
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depends on a higher fraction of water bound in immobilized proteins 
and in other immobilized structures of the blood cells. The average 
correlation frequency is about 300 kHz. The high relaxation rate at low 
frequency also depends on the presence of paramagnetic iron in the red 
blood cells [29] Table 2.

Effect of paramagnetic ions on relaxation rate dispersion

In the present work aqueous solutions of MnCl2 at various 
concentrations were used in studying the effect of paramagnetic ions in 
the field-cycling NMR experiments. The frequency dispersion of a 0.2 
mM water solution of MnCl2 at pH=2 was studied in the frequency range 
of 0.01 - 10 MHz proton NMR frequency. The frequency dispersion 
curve thus obtained is shown in Figure 4. The shape of the relaxation 
rate dispersion curve is similar to that for protein solutions although 
no macromolecules are present. The following model for analyzing the 
various components of the dispersion curve is used:

The first compartment with lowest correlation frequency n1 with 
bulk water is assumed to correspond to the inner coordination sphere 
of tightly bound water molecules in close contact with the odd spinning 
electron of the Mn-ion.

The second compartment with moderate correlation frequency 
n2 with bulk water corresponds to the outer sphere with more loosely 
bound water molecules less accessible to the odd spinning electron of 
the Mn-ion. 

The third compartment with high correlation frequency n3 with 
bulk water is the outer hydration sphere of the Mn-ions in direct 
contact with the bulk water.

The high relaxation rate at low frequency indicates that water in 

the inner coordination sphere is firmly bound and in close contact 
with the electron spin of the odd electron of the Mn-ion. The recorded 
relaxation rate dispersions of MnCl2 solutions at various concentrations 
are fitted to a single compartment Lorenz equation (4) and the data are 
given in Figure 5. 

The relaxation rate data displayed in Figure 5 are fitted to the 
following single compartment Lorenz equation: 
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where:  
nc  = 1/tcthe correlation frequency (Hz)
α∞ = the relaxation rate at infinite frequency 
c1 = the total contribution of bound water
 f  = Larmor frequency of protons in the relaxation B-field  

  (42.6 MHz/T)
The parameters from fitting the relaxation data to equation 3 are 

given in Table 3.

The relaxation rate at low (0.02 MHz) and high (10 MHz) frequency 
respectively recorded at the various concentrations displayed in Figure 
6 show that the relaxation rate increases steadily with frequency for 
all concentrations. This makes it possibly to depict the distribution of 
paramagnetic ions or radical species by subtraction of images recorded 
at (0.02 MHz) and high (10 MHz) relaxation frequencies. The ratio 
of the relaxation rates at (0.02 MHz) and high (10 MHz) frequency 
decrease with concentration. The most optimal concentration for 
imaging seems to be at Mn-concentrations in plasma below 3 µM. 

In order to study the effect of paramagnetic ions in the presence 
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Figure 5: The relaxation rate dispersions of MnCl2 in aqueous solutions with various concentrations at pH 1.
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of proteins, various volumes 0 – 5 – 10 – 50 – 100 and 200 µl of the 
0.2 mM MnCl2 solutions were added to 1 ml plasma samples under 
rapid stirring. Due to the irregular shape of the recorded dispersion 
curves displayed in Figure 7. The fitting to more than 1 replica in figure 
7 resulted in overlapping curves which is present as a single curve in 
the figure.

Different amounts of MnCl2 added to blood plasma affected the 
various parameters in the relaxation rate dispersion equation (eqn. 
4) as shown in Figure 8. The most evident effects appear at MnCl2 
concentrations below 20 µM. The magnitude of the parameter α∞increase 
asymptoticallyup to 6.1 s-1, that corresponds to a concentration of 
MnCl2 of 40 µM (200 µl). But the compartment of bound water and 
its correlation frequency seems to decrease with MnCl2 concentrations 
up to 20 µM (100 µl). At high concentrations of MnCl2, the relaxation 
rate seems to increase at frequencies above 10 MHz, as seen in Figure 
7. This is in agreement with the finding for relaxation enhancement of 
Gd-contrast agent [30].

Discussion and Conclusion
The results of the present study indicate that odd electron spin 

generates a high relaxation rate of proton spin at magnetic fields in the 
order of 0.2 mT, corresponding to Larmor frequency of about 10 kHz. 
The relaxation rate decreases in a sigmoidal shape at increasing field 
strengths up to about 234 mT corresponding to Larmor frequency of 
about 10 MHz. The relaxation rates at magnetic fields above 500 mT 
are rather constant and the relaxation rate correlates to the bulk water. 
At very low fields, however, the relaxation rate is correlated to firmly 
combined molecular water and thus highly influenced by the molecular 
electrons. The presence of unpaired electrons has a high influence 
upon the relaxation rate due to the large local fields they produce 
which give rise to their paramagnetic properties. Thus the presence of 
paramagnetic ions such as Mn2+ at low concentration gives rise to a much 
higher relaxation rate at low B fields than at high fields. A few contrast 
agents for MRI enhanced based on manganese are available: the liver-
specific manganese(II)-dipyridoxal diphosphate (MnDPDP, Teslascan, 
Amersham Health) and an oral agent containing manganese(II) 
chloride (LumenHance). A new hydrophilic dendritic Mn(II) complex 
derived from diethylenetriamine pentaacetic acid (DTPA) is under 
consideration for brain imaging. The Mn concentrations of commonly 
used for MRI studies and in vivo experiments are in the order of 
0.5 mmol per kg [31]. Thus by using much lower concentration of 
paramagnetic contrast agents the paramagnetic effect would be 
visualized by subtracting images recorded at high (>200 mT) and low 
(0.2 -10 mT) relaxation fields.

We propose a field cycle imaging technique by subtraction of an 
image first recorded at a pre-magnetization high field about 0.2-0.5 T 
(corresponding to proton Larmor frequencies in the range of ≈ 9 - 21 

MHz) from images recorded after relaxation in a field at lower field 
strength in the range of 0.2 - 10 mT (9 - 426 kHz) followed by a higher 
imaging field at about 0.2-0.5 T. Such sequences of images could be 

Mn concentration µM 
(Added µl of 0.2 mM 

MnCl2)

Correlation 
frequency nc/MHz

Relaxation rate 
when n → ∞α∞/s-1

Relaxation time
when n → ∞T1∞/ms

0 1.8 0.68 1470
1 (5) 1.4 0.96 1041

2 (10) 1.7 1.26 794
10 (50) 0.8 3.2 312

20 (100) 0.5 4.5 220
40 (200) 0.6 5.7 175

Table 3: The correlation frequency nc = 1/nc relaxation rate at infinite frequency α∞ 
and corresponding T1∞ relaxation times from fitting the recorded relaxation rate 
data to the equation (4).
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used to study the oxygen status and metabolism of the brain as well 
as the generation and distribution of reactive oxygen species (ROS). 
This technique called “Magnetic resonance Relaxation Dispersion 
Imaging” (MARDI) would be particularly suitable to analyze various 
neurological diseases such as stroke, MS, Alzheimer´s disease as well 
as brain tumor progression. It might also be suitable for imaging of 
tumour oxygenation and in vivo ROS distributions in radiation therapy, 
which could be used in dose planning and for analyzing and optimizing 
the effect of various radiation therapy regimes. 

The use of spatial localized in vivo Field-Cycling NMR-relaxometry 
was demonstrated already 1992 by Carlson et al. by using a modified 
clinical whole body system [32]. They applied a Helmholtz coil 
electromagnet into the aperture of a clinical 64 mT NMR scanner for pre-
magnetization at various fields (19 -109 mT). After the electromagnet 
was turned off, conventional NMR imaging was applied [32].

A similar approach was used by Matter (2006) who developed the 
electronics for controlling a pre polarized magnetic resonance imaging 
(PMRI) system [33]. The readout magnet was a Helmholtz coil with 
200 mT homogeneous field with an inserted cylindrical polarizing 
coil magnet. The PMRI technique was demonstrated to be useful for 
delineating regions of muscle tissue in the extremities of patients by 
using a pre polarizing field of 0.5 T and imaging at a much lower field 
50 mT [34].

By insertion of a solenoid magnet into the aperture of a MRI device 

various achievements have been done to realize relaxation dispersion 
imaging (MARDI) in clinical environments [30,35-38]. Magnetic 
resonance relaxation dispersion imaging (MARDI) has also been 
applied for imaging of reactive oxygen radicals and oxygen distribution 
by using free radical contrast agents [39]. Attempts to develop combined 
PET and field-cycled MRI the PMRI approach have also been applied 
by using a pre magnetization field of 1 T during 1 s and thereafter an 
imaging field of 100 mT [40-42].

The slow variation in relaxation rate at higher field strengths >1.5 
T was used as a means to reject signal from tissues with enhanced 
relaxation rate at about 0.5 T. Images with samples of albumin- and 
buffer-solutions with the albumin-binding Gd-agent Vasovist added, 
was produced by subtraction of T1-weighted images. For ordinary 
T1-images, samples with low concentrations of Vasovist in an albumin 
solution could not be differentiated from samples with higher 
concentrations of Vasovist in buffer. But with the field cycling technique 
the images showed high specificity of Gd to albumin [30]. 

An ordinary NMR imaging device could thus be equipped with an 
extra solenoid magnet coil, inserted into the aperture and with reversed 
field adjusting the relaxation magnetic field down to at least 10 mT [38].
The method of FC-imaging involves the weighted subtraction of at least 
two T1-weighted images. The first imaging sequence as a T1-sequence 
(or any other suitable sequence) at ordinary high field and the second 
imaging sequence immediately after a relaxation interval (t ≈ 3.T1max) 
in decreased B-field (< 10 mT). The field cycle imaging technique we 
propose applies a pre-magnetization at high field about 0.2-0.5 T for 
recording a first image. Then a relaxation field at lower field strength 
(< 10 mT) is applied for a short time (< 3s) by activating an inserted 
solenoid with a reversed B-field. Immediately after the relaxation 
interval, a second image is recorded at the original high field strength.

The ultimate goal is aimed to attain a relaxation field of the same 
magnitude as the earth´s magnetic field around 0.05 mT, This should 
allow imaging at normal natural physiological conditions, which might 
give a completely new dimension to NMR imaging [43-44]. 

Kimmich et al. [45] showed that the frequency dependence of the 
proton spin-lattice relaxation times TI (in the laboratory frame) and 
TIp (in the rotating frame) exhibit similar pattern of field dependence 
in field cycling experiments. Lamminen et al. [46] have been using 
T1rho dispersion, or the frequency dependence of T1 relaxation in the 
rotating frame, for in vivo muscle tissue characterization and found 
statistically significant, difference between the relative T1rho dispersion 
values of normal and diseased muscle tissue. Thus T1rho dispersion 
measurements and images may be used also for paramagnetic studies. 

Recently image-selected volume-localized relaxometry with fast 
field-cycling in the range of 10-60 mT has been developed, which 
offers better signal-to-noise ratio (SNR) and faster acquisition times 
than image-based techniques. This is achieved by applying a sequence 
of three selective radiofrequency (RF) pulses in the presence of three 
orthogonal magnetic field gradients [47]. That technique is very 
promising for studying the kinetics of radical processes in vivo. 

Overhauser Magnetic Resonance Imaging (OMRI) has been used 
noninvasively for measurement of oxygen concentration by using 
organic free electron contrast [39,48]. MRI devices for the purpose of 
ESR imaging by the Overhauser effect is first applying low field (≈10 
mT) during ESR RF-excitation and then a higher field is applied for 
NMR imaging [37,49-50]. An Overhauser-enhanced pre-polarized 
MRI system has been demonstrated for imaging studies of tumor 
hypoxia and red-ox status to be used as radiotherapy prognostic factors 
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[51]. The disadvantage with Overhauser Magnetic Resonance Imaging 
(OMRI) is, however, the extra RF exposure used in the ESR excitation, 
which is not acquired in pure Field Cycling techniques. 
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