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Abbreviations:
ADC: Apparent diffusion coefficient.
Cho: Choline.
Cr: Creatine.
CV: Coefficient of variation.
DWI: Diffusion weighted imaging.
SWI: Susceptibility weighted imaging
PWI: Perfusion weighted imaging
FLAIR: Fluid attenuated inversion recovery
EPI: Echo planar imaging.
MRI: Magnetic resonance imaging.
MRS: Magnetic resonance spectroscopy.
mT/m: Militesla/meter.
NAA: N-acethyl-aspartate.
PRESS: point resolved spectroscopy sequence.
RF: Radio frequency
ROI: Region of interest.
Spin: impulse moment of the particles (practically magnetic moment)
T1-T2w - T1-T2 weighted imaging
SNR: Signal to noise ratio.
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I. Introduction
I.1. Preface

Clinical magnetic resonance imaging in practice is dominated by qualitative imaging that is
based on the contrast differences of certain magnetic relaxation and other physical properties
of the tissues.

Qualitative imaging gives a cross-sectional information of the imaged

phenomena (eg. T1-T2 relaxation, diffusion etc.) but it cannot identify the exact background.
It is suitable for tissue differentiation only when there is enough contrast between two
different samples, and gives only a coarse and relative information for comparison.
Quantitative imaging steps further, by identifying the background of the measured phenomena
in the way of acquiring and analyzing a series of qualitative images, thus allowing more
precise characterization and follow up. In clinical practice the quantitative approach is not
generally utilized however research and scientific MR experiments are mainly based on
quantitative measurements.

The main reason for the clinical underrepresentation is that

quantitative approach is time consuming and demands special knowledge for the
measurements, however nowadays with state of the art scanners and software they are slowly
starting to be introduced to routine imaging. In Hungary there are only a few MR research
sites, and only a part of them are dealing with quantitative MRI. During my PhD training my
aim was to acquire feasible quantitative imaging methods (T1-T2 relaxation, bi-exponential
water diffusion, perfusion, quantitative spectroscopy) through scientific experiments, and
implement the knowledge both in the research and clinical practice.
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I.2

Basics of NMR-MRI

The NMR phenomenon describes how atomic particles react to electromagnetic energy within
external magnetic fields. It was independently described by Bloch and Purcell in 1946 both were
awarded the Nobel prize in 1952.
Particles building up the atoms due to their inner structure and constant movement generate an
own small magnetic field. This magnetic feature (spin) interact with external magnetic fields in
a way determined by such strict energetic rules. Basically two different energetic states can be
observed for a certain particle placed within an external magnetic field according to how they
precess along the orientation of the external field. A lower energy: to align it's own small
magnetic field parallel, and a higher energy: to align it anti-parallel(opposite direction) state is
present. Utilizing the energetic difference of these two states is the basis of NMR: we excite the
particles from the lower energy state to the higher one (flipping them from parallel to the antiparallel orientation) and after the excitation we observe their relaxation back to the lower
energetic state (how they flip back to parallel). Despite the minute size of these particles their
movement as magnets during the relaxation induces enough current in our finely tuned antennas
to measure. This signal is used to reconstruct every MR image, spectra, etc.

The excited particles need time to go back to the lower energy state to be able to be excited
again. The time describing this re-excitability is called T1 time and T1 time means the time (in
ms) to take for ~63% of an excited particle population to fully relax (to be able to re-excited
again). At the relaxed state particles are aligned according to the thermal equilibrium, and they
from a lattice structure, so returning to this structure is called spin-lattice relaxation (T1).

If we observe the signal induced in our antennas during relaxation we will notice an exponential
signal decay. In a homogenous magnetic field the signal will decay exponentially and the time
6

describing the decay is called the T2 time. The T2 time means (in ms) the time for the maximal
signal measured right after excitation to decay by ~63%. The current induced in the antenna is
mostly affected by the spin-spin coherence and interaction hence the name spin-spin relaxation.
In a non-homogenous magnetic field the decay is accelerated and called T2* relaxation. If we
want to observe pure T2 decay we have to apply special pulses (eg. 180° refocusing pulse in
spin-echo) to compensate the spin dephasing effect of field inhomogeneity.

However all particles (proton, neutron, electron) have some degree of magnetic feature due to
their inner structure, protons have several order higher in magnitude, that enables them to be the
most "easily" detected and measured. Particles within the nuclei are organized in a very strict
energetic way according to magnetic moments(they pair up at different energy levels), due to
this we can interact only with the magnetic moment of unpaired particles. Utilizing these two
features everyday NMR is based upon unpaired proton measurements of nuclei with odd mass
number: H1, C13, P31 , etc.
The excitation is performed with an electro magnetic pulse (RF pulse) having the same
frequency as the precession of the protons that results in "resonance" a very efficient energy
transfer. (Consequently for signal reception our coils are also tuned to this frequency.) At a
certain magnetic field strength the resonance frequency of protons are basically influenced by
the host nuclei, and in a smaller degree by the surrounding of the chemical environment. The big
variety of measurable nuclei in molecules results in wide variety of resonance frequency that is
technically impossible to be covered by one machine.
Human scanners are tuned to the resonance frequency of protons(H1) in water. Some other
molecules close to this resonance frequency range containing protons can also be detected like CH2 and -CH3 chains in fat and some other molecules like choline and creatine etc. To be able
to measure other nuclei on a clinical scanner eg. C13, P31 a dedicated so called multinuclear
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transmitter-receiver RF coil system is needed. Consequently human scanner MRI is water
proton NMR(I). My thesis is focusing on this type of experiments.

I.3 The way to MR Imaging

In the beginning of the 20th century quantum mechanics revolutionized the way of thinking
about the behavior of atomic particles. The magnetic moment of the proton was first measured
by Estermann and Stern in 1933 and verified in 1938 by Rabi [1-2]. The MRI revolution was
initiated in 1946 when the NMR phenomena was presented in practice by two different research
groups of Purcell and Bloch in 1946 [3-4]. The discovery of spin-echo generation [5] by Hahn
was a major step forward. These days MR measurements were performed only by some
dedicated sites on so called "state of the art" analog spectrometers. Later the introduction of
digital signal processing [6-7] made the methodology applicable to wider audience. The signal
changes of the whole sample were detected with these machines and mostly the main relaxation
parameters (T1-T2) were studied. Different tissue relaxation parameters were first confirmed in
animal and somewhat later in human [8-9] tissue samples. Meanwhile Lauterbur published the
principles of the imaging [10]. In 1977 the first image of the human body was presented [11]
and MRI was born and still developing in an enormous rate revolutionizing diagnostic imaging.

I.4 Qualitative imaging

Image interpretation based on intensity differences (contrast) between different tissue qualities is
called qualitative imaging. Contrast generation in MRI is one of the main strength of the method
compared to any other imaging modality. Almost infinite variations of contrasts can be achieved
by combining different excitation and signal detection times with the virtually infinite number of
electro-magnetic pulses. The main goal is to choose and adjust the imaging sequence in order to
8

achieve the final desired MRI contrast. The measured MR signal is always determined by
multiple effects (T1-T2 relaxation, diffusion, perfusion, susceptibility, etc.) pure contrast
generation is impossible, hence the weighting index always used by the sequence names. The
aim is to set up the imaging sequence in a way of emphasizing the desired contrast effect the
most and suppressing the others to the lowest possible.
The first imaging sequences were tuned to show the T1 and T2 relaxation differences of the
tissues [12-14]. T1-T2w images proved to be so useful that even nowadays they represent the
basis of imaging protocols. Somewhat later by applying special motion sensitizing gradients
within a sequence [15-16] weighting on water diffusion became possible. Nowadays plenty of
contrast weighting techniques are available: T1,T2,T2*, proton density, FLAIR, DWI, SWI,PWI
etc. . The goal is to always choose the sequence most suitable to answer our question.
The pitfall of qualitative imaging is that exact quantification is not possible, and it only shows a
cross sectional information of the weighted effect (figure 1) not the exact background, while
contrast is very sensitive to technical parameters. However fast imaging time and simple
applicability is the main advantage that puts the method in first place in everyday diagnostics.
Figure 1. Quantitave vs. Qualitative imaging
This figure shows the T2 relaxation time
curves
obtained
from
quantitative
measurements of 4 different tissues. The
quantitative data describes the signal intensity
during the whole T2 relaxation process.
A cross sectional line at TE:100ms
represents what a T2w qualitative image
capture from the T2 relaxation process.
Choosing the optimal weighting parameter
(eg. echo time) is crucial in qualitative
imaging for obtaining optimal tissue contrast,
however the whole relaxation course remains
a "black box".
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I.5 Quantitative Imaging

While qualitative imaging gives only a cross-sectional contrast based information, the
quantitative approach steps further, and describes the signal courses of the processes in a
standardized numerical way (Figure 1.). T1, T2 relaxation, diffusion-perfusion parameters,
blood velocity, metabolite concentrations,magnetization transfer and many other parameters
can be determined quantitatively by MRI [17-18]. An exact determination of the desired effects
allow a more detailed insight and standardized basis of comparison, tissue characterization and
follow up. For quantification a more detailed approach is needed. Generally it is performed in a
way of analyzing a series of qualitative images, where the time course of the signal change is
controlled by the change of an imaging parameter. By fitting the signal change against the
parameter change is the regular way how a quantitative parameter is derived (figure 2)

I
(arb.)

Figure 2: T1 relaxometry is
performed in a way of
analyzing a series of T1w
qualitative images differing
only in the repetition time. The
measured MR signal of a
sample is presented
by
different repetition times. By
fitting a curve on the
intensities
a
quantitative
parameter of T1 time can be
calcualted.

TR(ms)
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II.Quantitative proton MRI and MRS of the rat brain with a 3 T clinical MR scanner

II.1 Introduction

Magnetic resonance imaging (MRI) in animals has the substantial advantage that the evolution
of a modeled pathology can be followed in vivo. The complicated signal changes detected in
human pathologies (e.g., multiexponential diffusion) can be modeled and the background of
these signal changes may be elucidated via the morphology [19]. However, the dedicated smallanimal (i.e., rat and mouse) scanners with strong gradient coils can be quite expensive. Many
clinically-based researchers, and especially radiologists, do not have access to such MR
apparatus. To circumvent this situation much effort has been devoted proving that large-bore
clinical MR scanners have the ability to perform small-animal imaging with acceptable quality
[20—35]. Most of the reported successful rat MRI measurements performed with human
scanners provided merely qualitative data: only T1 or T2-weighted images were produced [27]
together with quantitative ADC data [24,36]. The reason for refraining from quantitative MRI is
that the low signal to noise ratio (SNR) and inappropriate MR sequences may yield very
inaccurate results. This is also obvious in the case of dedicated small-animal scanners operating
at higher magnetic field strength, e.g., the reported T1 values for the rat brain range from 928 ms
to 1690 ms at 4.7 T in the literature [37,38]. This situation demonstrates the merit of a recently
published paper in which T1 T2 and magnetization transfer were determined in vitro with high
accuracy in different tissue types at 3T [39]. These latter authors state that the literature
regarding T1 and T2 data at 3 T is surprisingly limited. Quantitative MRI would be important,
for instance, in brain edema studies in which the extent of the edema appears identical (i.e., the
same hypo- or hyperintense area is seen on the images) but T1 and T2 may be significantly
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different among animals depending on the water content [40,41]. As regards the spectroscopy of
small animals on human scanners, only a few papers are available in the literature [42,43].
Combination of the relatively high SNR of a 3 T human scanner with a strong insert gradient
coil make DTI feasible in the rat brain [44]. It was demonstrated that a field strength of 3 T
allows not only better human imaging, but also small-animal imaging with a spatial resolution
comparable to those obtained with dedicated small-bore magnets [27,30,45]. Accordingly, 3 T
clinical scanners may readily be employed in small-animal imaging, and expensive small-bore
systems are not necessary for most applications. The advantage of a clinical MRI scanner is that
it has very homogenous B1 field; however, the smaller gradient amplitude and the lack of
flexibility in pulse sequences imposes problems to overcome. The aim of our study was to
demonstrate the capability of a 3 T human scanner in performing quantitative imaging in smallanimals. The study was carried out using commercial coils and commercial MR sequences; no
sequence manipulation or extra MR hardware was applied.
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II. 2. Materials and Methods:

Phantom experiments

A group of solutions was prepared with increasing gadolinium (Magnevist, Bayer®)
concentrations. The solutions were measured by three independent imaging methods in order to
test the accuracy of the measurement of T1: (i) saturation recovery spin echo imaging single
slice, (ii) inversion

recovery spin echo imaging single slice and (iii) multislice inversion

recovery turbo spin echo imaging. Method (iii) was then used in an animal study (see below).
The same coil setup was used for phantom and animal experiments (i.e., no major difference in
filling factor).

Animals

The experiments were carried out on eight Wistar rats (250—300 g, three females, five males).
The rats were intubated and anesthetized with 1.5% isoflurane in a 70/30 mixture of N2O and
O2. The rectal temperature of the animals was maintained between 36.5 and 37.5 ◦C throughout
the experiments by using an isothermal pad (Deltaphase®, Braintree Scientific Inc., Braintree,
USA). The head of each rat was fixed in a custom-built plastic head holder and placed through a
loop RF coil (Fig. 3). After MRI and MRS examinations, the animals were sacrificed with an
overdose of isoflurane. The brains were rapidly removed in a humid chamber, brains weighed
immediately and dried to constant weight at 90 ◦C. The percentage water content (W) of each
sample was calculated according to Eq. (1):
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W = 100 × (wet weight − dry weight)/wet weight (1)
was utilized in the quantitative MRS calibration.

Figure 3: The custom-built head holder with the 40mm (i.d.) loop coil. The rat is intubated
and anesthetized.

MRI and MRS

MRI was performed on a 3.0 T clinical MRI scanner (Magnetom TIM Trio, Siemens Medical
Solutions, Erlangen, Germany) with a field gradient strength of 40 mT/m. Excitation was
performed with the body coil, while a commercial loop RF coil with an inner diameter of 40mm
(Siemens Medical Solutions, Erlangen, Germany) was applied for signal detection. After the
acquisition of scout images of the rat brain, T1, T2, and diffusion measurements were
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performed. The MRI protocol was followed by MRS experiments. High-resolution T2-weighted
MRI was also performed in three rats in separate experiments carried out by a turbo spin echo
imaging sequence:
TR/TE = 3000/76 ms, slice thickness = 0.13mm, FOV = 33×33mm2, 256×256 pixel matrix,
bandwidth = 40 Hz/pixel, fat suppression with spectral attenuated inversion recovery method
(SPAIR), number of acquisitions = 1.
T1 was determined by an inversion recovery method, applying a turbo spin echo imaging
sequence: slice selective inversion pulse, TR/TE = 4200/15 ms, slice thickness=1mm, distance
factor=0mm with two concatenations (i.e., no gap, two interleaved series of slices),
FOV=31×31mm2, 128×128 pixel matrix, bandwidth = 300 Hz/pixel, number of acquisitions = 1,
echo train length = 8, number of slices = 20, inversion times = 300, 700, 1300, 1900, 2400 and
2800 ms.
T2 was determined by the standard spin echo imaging version of the CPMG sequence: TR/TE =
2600/12.1, 24.2, 36.3, 48.4, 60.5, 72.6, 84.7, 96.8, 108.9 and 121 ms, slice-thickness = 1mm,
distance factor=0mm (i.e., no gap), FOV=33×33mm2, 128×128 pixel matrix, bandwidth = 175
Hz/pixel, number of acquisitions = 1, number of slices = 20.
Diffusion was determined with a trace-weighted singleshot echo planar imaging sequence:
TR/TE = 4000/119 ms, slice thickness = 1.9mm, distance factor=0mm (i.e., no gap),
FOV=30×95mm2, 40×128 pixel matrix, bandwidth = 830 Hz/pixel, number of acquisitions = 4,
number of slices = 14, b values: 0, 500, 1000, 2000, 3000, 4000, 5000 and 6000 s/mm2.
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Figure 4.: This figure shows the position of the 5×10×10mm voxel in the rat brain used for
spectroscopy (a) and also the corresponding proton spectrum (b). The major peaks are labeled
(NAA: N-acetyl-aspartate; Cho: choline; Cr: total creatine).

Before MRS acquisition, a 10×10×5mm voxel was defined in the middle of the rat brain (Fig.
4). After localized manual shimming and water suppression adjustment, fully relaxed shortecho-time proton MR spectra (PRESS, TR/TE = 6000/30 ms, 64 accumulations) were acquired.
Water suppression was accomplished with a chemical shiftselective sequence [CHESS] pulse.
At the end of the MRS experiment, a reference water signal for the calibration of metabolite
concentration was also acquired by turning off the water suppression. The total experimental
protocol lasted for ~ 36 min comprising (i) 13 min for T1 measurement, (ii) 4 min for T2
measurement, (iii) 6 min for ADC quantification, (iv) 13 min for quantitative proton
spectroscopy including manual adjustments. The acquisition time for high-resolution T2weighted imaging was 146 min.
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Data processing

T1 maps were calculated pixelwise from the images with different inversion times applying
either a standard twoparameter fit (Eq. (2) [46]) or a three-parameter fit that accounts for RF
pulse imperfections (Eq. (3) [47,48]).
M = |M0 ∗ (1 − 2 ∗ exp(−TI/T1) + exp(−TR/T1))| (2)
where M is the measured signal intensity, M0 is the signal intensity at thermal equilibrium, TI is
the inversion time, and TR is the repetition time.
M = |A + B ∗ exp(−TI/T1)| (3)
where A and B are constants incorporating M0 and corrections for imperfect RF pulses (i.e.,
deviation from the nominal flip angle).
T2 maps were produced from the pixelwise fit of Eq. (4), assuming monoexponential signal
decay:
M = M0 ∗ exp(−TE/T2)) (4)

ADC maps were also generated by a monoexponential fit of signal intensities in the low b value
range (i.e., bvalue = 0, 500 and 1000 s/mm2). A manual coregistration of ADC maps with T1
maps was performed in each slice (i.e., two-dimensional stretching) in order to decrease the EPI
distortion artifacts. The ADC values of the rat cortex were broken down into ADCfast and
ADCslow by applying a biexponential fit throughout the whole b value range (Eq. (5)).
M/M0 = ffast exp(−b ∗ ADCfast) + fslow exp(−b ∗ ADCslow ) (5)
where M is the signal in the presence of diffusion sensitization, M0 is that in the absence of
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diffusion sensitization, ADCfast and ADCslow are apparent diffusion coefficient values, and
ffast and fslow are the contributions to the signal of the fast and slow-diffusing water
compartments.

Freehand regions of interests (ROIs) were drawn on T1, T2 and ADC maps to yield mean values
(Fig. 5). Raw spectroscopic data were postprocessed by using a Siemens Leonardo Workstation
with built-in Siemens spectroscopy software. We applied a Hanning filter and zero filling to
2048 data points before Fourier transformation. After manual baseline and phase correction, an
automatic fit was applied to the Fourier-transformed spectra, and the peak integrals of water,
choline (Cho), creatine (Cr) and N-acetyl-aspartate (NAA) were determined. The molar tissue
water content (MWC) was calculated from the tissue water content (W) determined by the
wet/dry method and the molar concentration of pure water (55.6 mol/L). Finally, the absolute
metabolite tissue concentrations
were calculated from:
C = IM ∗ MWC ∗ 2/(n ∗ IW) (6)
where C is the molar concentration of the metabolite, n is the number of resonating protons, IM
is the peak integral of a given metabolite, and IW is the peak integral of water. This formula only
applies for spectra with long TR and short TE.

Statistical analysis

In phantom experiments only one ROI was used for each solution, standard deviation represents
the variability of T1 within the ROI. Concerning the animal study, two ROIs were placed in the
cortex on both sides of the brain (Fig. 6).Within one animal, mean value and standard deviation
was calculated by taking into account pixelwise data of both ROIs. The Coefficient of Variation
18

(CV) was calculated (i.e., ratio of the SD to the mean) to normalize the SD in animal
experiments.

II.3 Results

Phantom experiments

All three methods, (i) saturation recovery spin echo imaging single slice, (ii) inversion recovery
spin echo imaging single slice and (iii) multislice inversion recovery turbo spin echo imaging,
yielded similar T1 values with low standard deviation (Table 1). Both the two- and threeparameter fit gave accurate results in multislice inversion recovery turbo spin echo imaging
(Table 1). Multislice inversion recovery turbo spin echo sequence was chosen for in vivo
measurements because it provided a multislice acquisition in a reasonable time frame.

High-resolution MRI

Although the focus of our study was quantitative MRI and MRS, the high-resolution T2
weighted image shows the capabilities of a 3 T human scanner (Fig. 5). A microscopic
resolution of 130×130×130µm3 was achieved (Signal-to noise ratio = 30).
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Figure 5.
High-resolution (130×130×130µm3)
T2-weighted image of the rat brain
(turbo spin echo: TR/TE 3000 ms/76
ms).

T1 and T2 in the rat brain

Figure 6. T1 maps of the rat brain generated by two- (a) or three- (b) parameter fit of the
turbo spin echo inversion recovery data. The T1 map generated by the two-parameter fit
demonstrates more homogeneity in the cortex, and accordingly a lower SD (see Table 2). The
regions of interest (ROI) used for the cortex are shown (a). T2 (c) and ADC (d) maps of the
same slice are also presented.

T1 maps (Fig. 6) were generated by applying either the two-parameter fit or the three-parameter
fit. The two parameter fit gave a mean T1 value of 961±2.5% ms for the cortex while the threeparameter fit gave significantly (p < 4.3×10−7, paired t-test) larger T1 value of 1272±6.7% ms
(Table 2). The CV of T1 was less in the two parameter fit (Table 2). Fig. 7. demonstrates the
difference between two- and the three-parameter fit in the in vivo data obtained from the cortex
as free hand ROI. It is clear that the two-parameter fit is not a good model (r2 = 0.96), while the
20

three-parameter fit gives a nearly perfect match (r2 = 0.99) (Fig. 7). However, due to the larger
CV, the three-parameter fit resulted in less smooth T1 maps than those produced via the twoparameter fit (Fig. 6). The T2 maps (Fig. 6) produced a mean T2 value of 75±2% ms for the rat
cortex. The standard deviation was less than that in the T1 measurement (Table 2).

Gadolinium
cc.
0.266
0.2
0.133
0.083
0.053

Spinecho
Saturation
Recovery
single slice

Spinecho
Inversion Recovery
single slice

915 ± 2
1184 ± 3
1440 ± 2
1865 ± 5
2038 ± 10

899 ± 3
1133 ± 13
1335 ± 18
1815 ± 28
2145 ± 45

Turbospinecho
Inversion Recovery
multislice
Fit1
Fit2
909 ± 11
933 ± 15
1078 ± 32
1068 ± 26
1360 ± 19
1405 ± 19
1726 ± 11
1764 ± 67
1997 ± 21
2129 ± 43

Table 1.
T1 values (ms) obtained for gadolinium solutions (mmol/l). Turbospinecho inversion recovery
data were fitted using either two (Fit1) or three parameter fit (Fit2). The equations for fit are
presented in the methods section.

T1

T2 ADCmono ADCfast ADCslow pfast pslow

Fit1 Fit2
mean 961 1272 75
CV(%) 2,5 6,7 2

6.02
3,8

9.36
9,7

2.04
16

74.3 25.7
6,1 17,5

Table 2. Quantitative MR parameters measured in the rat brain. T1 data were fitted using either
two (Fit1) or three parameter fit (Fit2). The equations for the fits are presented in the methods
section. Means and coefficients of variatons(CV) are presented
T1 and T2 times are shown in milliseconds ,ADCmono, ADCfast, ADCslow in (x10–4mm2s–1)
pfast and pslow in (%)
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Diffusion

The ADC maps (Fig. 6) were produced by using only the low b value range (i.e., 0, 500 and
1000 s/mm2). The spatial resolution of ADC maps is much lower than that of T1 and T2 maps
with obvious image blurring. The low image quality is mainly due to the gradient limitations of
the scanner and not to the low SNR. The quantitative ADC data are presented in Table 2. The
large voxel size in DWI produced a high SNR which allowed the acquisition of diffusion images
with larger b values. The SNR was > 15 even on the images with b=6000 s/mm2. Via the
biexponential approach throughout the whole b value range ADCfast and ADCslow with the
corresponding volume fractions were determined with acceptable standard deviation.

Spectroscopy

mean
CV(%)

Cho

Cr

NAA

1,77
21

6,25
25

8,78
14

Table 3. Metabolite concentrations (mmol/l) of the rat brain measured by proton spectroscopy.
Means and coefficinets of variations (CV) are presented.

The localized manual shimming to the voxel was essential in the signal acquisition. A
representative spectrum of the rat brain is shown in Fig. 4. The SNR for the NAA peak was ~17
which could permit a smaller voxel size, but reduction of the voxel size was not possible
because of limitations in the commercial PRESS sequence. The mean water concentration (W) in
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the rat brain was 78.0±0.5%. It was used for calibration of the water peak in Eq. (6). The
metabolite concentrations determined for NAA, Cr and Cho are presented in Table 3.

Figure 7: Comparison of two- and three- parameter fits used for T1 measurement. The
equations for the fits are presented in the Methods section. The intensity (arbitrary units)
obtained from a rat cortex is plotted against the inversion time (ms). Dashed and continuous
lines correspond to the two- and threeparameter fits, respectively.

Discussion

The advances in the technology of clinical MR scanners permit high-quality small-animal
imaging [20,30,44,45]. MR spectroscopy has also become possible in small animals in
consequence of the higher magnetic field strength and custom-made coils [42,43]. It was
recently demonstrated that mouse brain MRI is feasible with microscopic resolution even at the
relatively low magnetic field of 2.35 T [49]. Although this was not the focus of our study, we
succeeded in performing rat brain MRI with microscopic resolution. Long measurement time is
usual in MRI anatomical studies of small animals [45,49]. Quantitative MRI and MRS data
acquired with clinical scanners are seldom reported [50,51], though they would be important in
the follow-up of in vivo pathologies. For instance, T1 values of the brain may be converted to
23

water content, so that brain edema can be measured in vivo [41,52—54]. However, the pitfall of
in vivo T1 measurements is clearly demonstrated by comparing the in vivo and in vitro data in
the present study. Both two- and the three- parameter fits gave accurate T1 values for the
gadolinium solutions; however, the two-parameter fit underestimates T1 in vivo. Fig. 8 shows
the dependence of the published T1 values for the rat cortex [37,38,51,53,55—69] on the
magnetic field strength. Only empirical data are available for T1 of brain tissue vs magnetic field
[30]. A T1 value of ~1270 ms for 3 T is estimated by fitting either a general equation of Rooney
etal. [30] or a simple linear trendline (Fig. 8). When this predicted T1 is taken into account, only
the three-parameter fit fournishes accurate T1 values. Failure of the two-parameter fit in vivo is
probably explained by the RF imperfections which results in incomplete inversion and
refocusing. It should also be noted that the CV is larger when the three-parameter fit is used than
that produced by the two-parameter fit. Nevertheless, this ~7% CV obtained with a clinical
scanner is still within the CV range observed for small-bore systems: 2—10% [58,60,61,70].
Further, on the basis of a meta-analysis of the human T1 at 1.5 T, Tofts and Boulay [71]
speculated that biological variation of T1 in the brain should be around 5%. Fig. 9 shows the
literature T2 values for the rat brain as a function of magnetic field strength [37,38,57—
59,63,65—68]. T2 data are often reported because of the direct relationship with brain edema
[40] and also because of the simple and rapid measuring method. Similarly to T1 the T2 data
also suggest a linear dependency on magnetic field strength (Fig. 8). This linear relationship
indicates that T2 for the rat brain should be ~76 ms at 3 T which is in very good agreement with
our data. The CV of T2 is smaller (~2%) than that of T1, probably as a result of the lower
sensitivity of measurement in RF field problems.
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Figure 8.: This figure shows the dependence of the published T1 values for the rat brain
[37,38,51,53,55—68] on the magnetic field strength. There is a clear linear trend (continuous
line) between T1 and the magnetic field strength in the range of 1.5—11.4 T. The figure also
shows the empirical relationship (dashed line) between T1 and magnetic field strength derived
from [69].

Figure 9.: This figure shows the dependence of the published T2 values for the rat brain
[19,37,39,43,49,53,72—74,76] on the magnetic field strength. There is a clear linear
trendbetween T2 and the magnetic field strength.

Quantitative, low b value range ADC data were earlier obtained on human scanners, mostly in
stroke studies of the rat brain [24,36]. Although a good SNR can be achieved with the current
set-up at 3 T, the limitations (mainly in gradients) did not allow better spatial resolution with the
applied EPI sequence. Similar ADC images with low spatial resolution obtained with clinical
scanners have been reported in the literature at 3 T [30]. The high SNR originating from the low
spatial resolution allows larger b values. The biexponential analysis of the diffusion data yielded
ADCfast and ADCslow values in very good agreement with those to be found in the literature
[19,72,73]. ADCmono, (×10−4 mm2s−1), ADCslow (×10−4 mm2s−1) and the volume fractions
(%) for instance are almost identical to the results measured in a mouse study [73] at 9.4 T
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(ADCmono: 6.02±3.8% vs. 5.90±3.4%; ADCslow: 2.04±16.0% vs. 2.02±9.9%; pfast: 74±4.0%
vs. 75±4.0%). It is intriguing that despite the markedly increased diffusion and echo time, the
volume fractions do not change. Although there is a debate in the literature on the origin of the
biexponential signal decay in diffusion measurements, our results clearly demonstrate a good
reproducibility regardless of the field strength and echo time. Besides the quantitative imaging
experiments, we succeeded in performing quantitative proton MRS in the rat brain. The
limitations in the Siemens spectroscopy sequence did not allow the smaller voxel size that could
have been achieved according to the SNR of the metabolite spectra. The feasibility of MRS in
the rat brain at a 3 T clinical scanner has already been demonstrated through the utilization of
special, non-commercial hardware elements [42,43]. Although absolute quantification (i.e., in
mmol/l) was not performed, metabolite concentrations were presented in institutional units,
normalized to an arbitrary NAA value of 10.0 [62,63]. The metabolite concentrations obtained
in our study are in overall agreement with earlier literature results [74,75]. Obviously, the
postprocessing steps applied, (mostly baseline correction) and the quantification method (i.e., an
external or an internal reference, the principle of reciprocity, etc.) might have a considerable
impact on the absolute metabolite concentrations. Nevertheless, our metabolite concentrations
and standard deviations almost perfectly match the values reported for the mouse brain using
the same water reference strategy [76].

Conclusion

Quantitative T1, T2, ADC (including a biexponential approach) and MRS data were obtained at
3 T on a human scanner. The measured T1, T2, ADC data appear to be accurate and precise and
also comparable to those obtained with dedicated small-bore systems operating at higher
magnetic field strength. A microscopic resolution was achieved in the rat brain as concerns
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structural imaging. Our results suggest that reliable small animal quantitative NMR
measurements can be carried out on new-era high-field clinical scanners. The experiments do
not require special MR hardware or software elements. However, the limitations of a clinical
scanner in gradient strength and software flexibility should be always taken into account. The
results will hopefully encourage others to carry out state-of-the-art rat MRI or MRS on clinical
scanners.
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III. Quantitative MRI Studies of Chronic Brain White Matter Hyperintensities in
Migraine Patients

III. 1 Introduction

Migraine is a primary headache disorder characterized by recurrent headache attacks
associated with temporary symptoms of autonomic nervous system dysfunction, and the attacks
can be accompanied by transient focal aura symptoms [77]. Based on magnetic resonance
imaging (MRI) findings, migraine is an independent risk factor for supratentorial deep white
matter lesions, silent anterior and posterior circulation territory infarcts, and infratentorial
hyperintense lesions [78-82] The brain white matter lesions are more prevalent in migraine
patients than in the general population [73], and their presence does not correlate with age
[74,75]. The underlying pathogenesis of lesion formation is not completely known, and
histopathological analysis of these tissue abnormalities was not performed. Both the disease
duration and the attack frequency have an essential role in the lesion evolution, but the effects of
comorbid diseases may also contribute to the development of white matter lesions[86,87].
Several attack-related pathophysiological mechanisms have been proposed in the development
of lesions[86,87]. Among these factors, the cumulative effect of repeated intracerebral
hemodynamic changes, including oligemia and focal hypoperfusion with ischemia/hypoxia
below the ischemic threshold have been supposed [80,88].
Even though the repeated migraine attacks affect different parts of the brain, there are
regional differences and predilection sites for tissue damage [86,89,90]. The lesions are best
visualized on T2-weighted and fluid-attenuated inversion recovery (FLAIR) MRI images as
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multiple, ovoid, or circular signal hyperintensities with distinctive borders above (deep and
periventricular white matter) and below (brainstem, cerebellum) the tentorium [78,91] (Fig. 10).
In the last 2 decades, there have been rapid developments in neuroimaging techniques with a
good correlation between the pathology and the MRI findings [92,93]. The nonconventional
MRI studies can help in the differentiation of chronic white matter lesions of vascular and
nonvascular origin. Usually, these measurements show tissue damage with axonal loss, glial
hypocellularity, and decreased cerebral blood flow in both the chronic ischemic and the
demyelinating lesions, but in the latter case, signs of demyelination, remyelination, and
astrogliosis are also seen [94,95]. Because the advanced MRI methods provide an opportunity to
investigate the underlying pathological basis of migraine-related white matter hyperintensities
(WMHs), we aimed to measure a variety of different tissue parameters by gaining quantitative
MRI data (ie, diffusion and perfusion imaging,T1 and T2 relaxation times, and brain metabolite
concentrations) from supratentorial WMHs in interictal states.
Our aims were: (1) to assess the radiological features of WMHs in migraine patients, and
(2) to decide whether the measured parameters can support the supposed vascular hypothesis in
the development of WMHs. To obtain accurate data on the nature of WMHs, we have examined
a homogeneous patient group in which the duration of migraine disease and the migraine attacks
were the only known risk factors for the formation of WMHs.
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Fig 10.—A 3.0-Tesla brain magnetic resonance imaging image of a 32-year-old migraine
patient without aura. Ovoid highsignal intensities are seen in the white matter of both
hemispheres on the coronal fluid-attenuated inversion recovery image. The right side of the
image represents the left side of the brain.

III.2 Materials and methods

Subjects.—Seventeen migraine patients (15 females and 2 males, mean age ± standard
deviation [SD] 41.1 ± 11.2 years, age range 19-65 years) with previously discovered brain
WMHs were prospectively enrolled in the study at the Outpatient Headache Department of the
Department of Neurology, Medical School, University of Pécs, Hungary. Clinical data of
patients are presented in Table 1. All included migraineurs had a 2- to 5-year-long follow-up
period before the final MRI studies performed in 2009. The patients were divided into 2
subgroups: 10 patients fulfilled the IHS classification criteria1 of migraine without aura and 7
patients of migraine with aura. All patients underwent MRI studies 2 or 3 times during the
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follow-up period showing FLAIR and T2-weighted WMHs without hypointensity on T1weighted scans. None of the selected migraine patients had infratentorial signal abnormalities.
Further, to gain more accurate information from the WMHs by the MRI scanning protocol,
migraineurs were chosen for having at least 1 large supratentorial WMH with normal-appearing
white matter (NAWM) area contralaterally. Because the investigated WMHs did not show any
changes in size and signal intensity in the follow-up period, these signal abnormalities were at
least 2 years old at the time of the final MRI studies. For that reason, the investigated WMHs
were defined as chronic WMHs. All MRI studies were performed in a headache-free state, and
the patients were not on chronic drug treatments at the time of MRI. All selected patients
underwent detailed clinical investigations to exclude the presence of any medical comorbidity
that may itself cause WMHs (Table 4). All selected migraine patients lacked these
comorbidities, and they did not have other types of headaches. Patients were monitored for 1
year after the study protocol, but changes in their physical status and headaches were not
detected. As a control group, 17 age- and sex-matched healthy subjects (15 females and 2 males,
mean age ± SD 40.7 ± 11.0 years, age range 19-65 years) without headache and with a normal
MRI were also prospectively enrolled in the study. Studies were performed in accordance with
the approval of the Regional Research Ethics Committee of the Medical Center, Pécs.
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Table 4.—Clinical Data of Migraine Patients With or Without Aura: †Investigations included
history taking, physical examinations, blood pressure measurements, serum, urine, and
cerebrospinal fluid tests, transthoracic and transesophageal echocardiography to rule out the
presence

of

hypertension,

diabetes,

thyroid

gland

dysfunction,

homocysteinemia,

hypercholesterinemia, hyperuricemia, oncological, hematological, and infectious diseases,
vasculitis, multiple sclerosis, and cardiac embolization source.
‡Past history of smoking.
L = left; R = right;WMH = white matter hyperintensity.

MRI Scanning Protocol and Image Analysis.

MRI was performed on a 3.0-Tesla clinical MRI scanner (Magnetom TIM Trio, Siemens
Medical Solutions, Erlangen, Germany), with a field gradient strength of 40 mT/m and a 12
channel phased array head coil. The following MRI sequences were acquired: T1- and T2weighted and 3-dimensional (3D) FLAIR images, diffusion-weighted images (DWIs) and
perfusion-weighted images (PWIs), proton magnetic resonance spectroscopy (1H-MRS), and T1
and T2 relaxation time measurements.
Identification of WMHs.—WMHs were considered if visible as hyperintense on T2-weighted
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and FLAIR images, without hypointensity on T1-weighted scans, and were larger than 3 mm.
Only 1 WMH was investigated in each patient. The investigated WMHs’ largest diameters
ranged between 6 and 21 mm, and appeared in at least 3 consecutive slices (range between 3 and
10 slices) on 3D FLAIR images. All investigated WMHs were located in the supratentorial deep
white matter.
Imaging.—Sagittal T1-weighted images were obtained using a fast low angle shot (FLASH) 2dimensional (2D) sequence: TR/TE = 300/2.46 milliseconds, flip angle = 88°,27 slices, slice
thickness = 4 mm, 30% interslice gap, FOV = 220 x 220 mm2, matrix size = 256 x 320,
receiver bandwidth = 330 Hz/pixel. For T2-weighted images, a turbo spin echo sequence was
used: TR/TE = 6000/93 milliseconds, 30 slices, slice thickness = 4 mm, distance factor 20%
(0.8 mm gap), FOV = 193 X 220 mm2, 280 x 320 pixel matrix, bandwidth = 220 Hz/pixel,
number of echo trains 18. A turbo spin echo sequence was also used for the 3D FLAIR images:
TR/TI/TE = 15,710/2750.8/105 milliseconds, 100 slices, slice thickness 1.5 mm, distance factor
0% (no gap), interleaved slice readout with 2 concatenation, FOV = 220 x 220 mm2, 192 x 192
pixel matrix, bandwidth = 400 Hz/pixel, number of echo trains 14. Diffusion was determined
with a trace-weighted single-shot echo planar 2D imaging sequence: TR/TE = 4000/119
milliseconds, number of slices 20, slice thickness = 3.5 mm, distance factor 0% (no gap), FOV =
188 x 250 mm2, 144 x 192 mm2 pixel matrix, FOV phase 75%, number of acquisitions 4, b
values 0, 500, 1000 seconds/mm2. Perfusion images were acquired with a singleshot echo planar
2D sequence: TR/TE = 1400/33 milliseconds, flip angle = 68°, 20 slices, slice thickness = 3 mm,
distance factor 33%, FOV = 210 x 210 mm2, 176 x 176 pixel matrix, bandwidth = 1150
Hz/pixel, fat saturation switched on. One hundred volumes were consecutively acquired, and
contrast agent was administered after acquiring the 20th volume. A Medrad power injector was
used for contrast agent and saline administration. A 0.1 mL/body weight amount gadopentetate
dimeglumine (Magnevist, Bayer Schering Pharma AG, Berlin, Germany) was given at a 5
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mL/second flow rate, and a 30-mL saline flush was used for washing in also at a 5 mL/second
flow rate.
Spectroscopy.—Spectroscopy was performed before contrast agent administration to avoid any
confounding effects on T1 and T2 relaxations. Before 1H-MRS acquisition, a voxel of 12 x 12
x 12 mm3 was positioned on a preselected WMH. Two voxels were placed in every migraine
patient: 1 in the selected WMH showing the radiological characteristics of the corresponding
disease (WMH+ migraine voxel) (Table 4) and 1 in the contralateral, homotopic, NAWM area
without MRI signal abnormality (WMH- migraine voxel) (Fig. 11). Two voxels were defined in
each healthy subject according to the locations of the voxels of the age-matched migraine patient
(healthy control voxels). Voxels were placed using T2 and 3D FLAIR images to position each
voxel. After localized manual shimming and water suppression adjustment, fully relaxed shortecho time proton magnetic resonance spectra (point resolved spectroscopy sequence [PRESS],
TR/TE = 6000/30 milliseconds, 128 accumulations, bandwidth = 1200 Hz, vector size 1024
points) were acquired. Water suppression was accomplished with a chemical shift-selective
sequence pulse. At the end of the MRS acquisition, a reference water signal for the calibration of
metabolite concentration was also acquired by turning off the water suppression. After acquiring
the metabolite spectra, water signal T1 and T2 parameters were also determined. T1 was
measured using the saturation recovery method. Six data points were collected, and only the TR
was changed between each data point acquisition using the PRESS sequence:TR = 490, 900,
1400, 2000, 3000, and 4000 milliseconds; TE = 30 milliseconds, 1 accumulation, water signal
suppression turned off, bandwidth = 2500 Hz, vector size = 1024, 4 preparation scans. T2 was
obtained by measuring 6 data points with parameters differing only in echo times using the
PRESS sequence: TR = 3000 milliseconds, TE = 30, 60, 90, 120, 180, and 240 ms, 1
accumulation, water signal suppression turned off, bandwidth: 2500 Hz, vector size = 1024, 4
preparation scans. The total experimental protocol lasted for 45.5 minutes in the following

34

order: (1) ~28 minutes for quantitative proton spectroscopy (with manual adjustments); (2) ~2.5
minutes for T1 measurement; (3) ~3 minutes for T2 measurement; (4) ~6.5 minutes

for

apparent diffusion coefficient (ADC) quantification; (5) ~1 minute for T2-weighted images; (6)
~3.5 minutes for 3D FLAIR; (7) ~2 minutes for perfusion.
Data Processing.—The T1 relaxation time for each voxel was calculated from the acquired
water signals with different repetition times applying a standard exponential fit:
M = M0 ∗(1− exp(−TR/T1)) (1)
where M is the actual signal intensity,M0 is the signal intensity at thermal equilibrium, and TR is
the repetition time.
The T2 relaxation time for each voxel was calculated from the acquired water signals with
different echo times assuming a standard exponential signal decay:
M = M0 ∗exp(−TE/T2)) (2)
where M is the actual signal intensity,M0 is the signal intensity at thermal equilibrium, and TE is
the echo time. Curve fittings were carried out on a Siemens Leonardo workstation using the
Siemens spectroscopy software. Only Fourier transformation and phase correction on the
measured signals were applied, no filters or any other corrections were used. The integral of the
fitted water signal was used for the T1 and T2 fitting. To calculate the ADC values, freehand
regions of interests (ROIs) were drawn on b0 images on the preselected WMHs. ROIs covered
the WMHs selectively. Just like for the spectroscopy, a control area was also measured in the
contralateral, homotopic NAWM. Within each ROI, the mean intensities for the b0, b500, and
b1000 images were monoexponentially fitted using the following equation:
M = M0 ∗exp(−b∗ADC) (3)
where M is the measured signal intensity in the presence of diffusion sensitization, M0 is the
signal intensity in the absence of diffusion sensitization, b is the b-value, and ADC is the ADC
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value. Curve fitting and data analysis were performed using Matlab software (The MathWorks,
Inc., Natick, MA, USA) for T1, T2, and ADC fittings. For metabolite quantitative analysis,
spectroscopic raw data were postprocessed using the LCModel (Stephen Provencher Inc.,
Oakville, Ontario, Canada)

[97]. The concentrations of N-acetyl-aspartate (NAA),

glutamate/glutamine (Glx), creatine/phosphocreatine (Cr), choline (Cho), myo-inositol (mI),and
lactate (Lac) were determined (Fig. 11). Perfusion analysis was performed on a Siemens
Leonardo Workstation using Siemens Perfusion software (Siemens Medical Solutions, Erlangen,
Germany). The relative cerebral blood flow (rCBF) and relative cerebral blood volume (rCBV)
were calculated. The arterial input function was determined by an experienced radiologist.
Freehand ROI analysis was performed. Lesions with a moderate T2 signal abnormality verified
on T2, and FLAIR images could also be identified on the native, slightly T2- and T2*-weighted
raw ep2d images measured for perfusion analysis as high-intensity areas. ROIs were drawn on
these raw ep2d images; afterwards, these ROIs were copied and used at the same slice of the
calculated perfusion maps. The lesions and control areas to be measured as ROIs were selected
and verified on T2 and FLAIR images in order to have a control contralateral white matter area
without signal abnormality.

Statistical Analysis.—All statistical tests were performed by the IBM SPSS Software (version
19, SPSS, Inc., Chicago, IL, USA). To test normality, the Kolmogorov–Smirnov and Shapiro–
Wilk tests were applied. Because the variables did not follow the normal distribution, nonparametric tests were used in subsequent analysis. The Kruskal–Wallis and Mann–Whitney Utests were utilized to detect any significant differences in each variable obtained from WMH+
migraine, WMH- migraine and healthy control voxels. For comparisons, 17 voxel values were
used in the healthy control group according to the locations of WMH+ migraine voxels. For T1
and T2 time measurements as well as perfusion analysis, the data of 15 migraine patients and 15
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healthy subjects were used, as 2 patients could not complete the MRI study. Patients with and
without aura were compared with each other to assess the possible differences between the 2
groups. The level of statistical significance was set at 0.05.

III.3 Results

There was no statistical difference between the migraine subgroups regarding the MRI findings;
consequently, all the measured data were used in 1 group.

Diffusion Analysis.—The ADC values were significantly higher in the WMH+ migraine voxels
than in both the NAWM voxels of migraineurs (P < .001; Table 5, Fig. 12A) and in the healthy
control voxels (P < .001; Table 5, Fig. 12A). A statistical difference was not found between the
WMH- migraine voxel group and the healthy control voxel group (Table 5, Fig. 12A).

T1 and T2 Relaxation Time Measurements.— Although the T1 relaxation time was more
prolonged in the WMH+ migraine voxel group than in the WMH- migraine and control subject
voxel groups, the differences were not significant statistically (Table 5, Fig. 12B). Higher T2
time values were found in the WMH+ migraine voxels as compared with the WMH- migraine
(P < .002; Table 5, Fig. 12B) and the healthy control subject voxels (P < .002; Table 2, Fig. 3B).
The statistical analysis did not show significant differences regarding T1 and T2 relaxation
times between the WMH- voxel and the healthy control subject groups (Table 5, Fig. 12B).
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Table 5: - Results of the Measured Variables and the Statistical Analyses

Fig 12.—Results and comparisons of apparent diffusion coefficient (ADC) values (A), T1 and T2
relaxation times (B), brain metabolite concentrations (C), and relative cerebral blood flow BF)
and relative cerebral blood volume (rCBV) values (D) measured in a 12x12x12 mm single voxel
in the white matter of migraine patients containing the signal abnormality in the migraine
patients’ contralateral, normal-appearing white matter and in the white matter of healthy
control subjects. The statistically significant differences between the groups are shown by * on
the figures (*P < .05, **P < .01, ***P < .001). NAA = N-acetylaspartate; Glx =
glutamate/glutamine; Cho = choline, Cr: creatine/phosphocreatine, mI: myo-inositol; WMH =
white matter hyperintensity
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1H-MRS Studies.—The NAA and Cr concentrations in the WMH+migraine voxels were
significantly decreased as compared with both the WMHmigraine (NAA P = .031, Cr P = .001;
Table 5, Fig. 12C) and healthy control voxels (NAA P = .016, Cr P = .002; Table 5, Fig. 12C).
Comparisons of other metabolites did not show a statistical difference among the 3 voxel groups
(Table 5, Fig. 12C). A Lac peak was not detected in the study.

Fig 13.—Comparative qualitative proton magnetic resonance spectra from brain white matter
containing hyperintensity (A) and from the contralateral normal-appearing white matter (B) of a
38-year-old patient with migraine without aura measured with a point resolved spectroscopy
sequence (TR/TE: 6000/30 milliseconds). Qualitatively, only slight metabolite changes are
visible, while quantitative approach revealed significant metabolite alterations. The right side of
the image represents the left side of the brain. Cho = choline; Cr = creatine/phosphocreatine;
Glx = glutamate/glutamine; mI = myo-inositol; NAA = N-acetyl-aspartate.

Perfusion Analysis.—In theWMH+ migraine voxel group, all rCBF and rCBV values were
lower than in both the WMH- migraine voxel group and in the healthy control voxel group;
however, the differences did not reach the level of statistical significance
(Table 5, Fig. 12D).
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III. 4. Discussion

We have examined chronic migraine-related supratentorial WMHs with different quantitative
MRI techniques in the present study. We found significantly higher ADC values, prolonged T2
relaxation times, decreased NAA and Cr concentrations in the WMHs, while the T1 relaxation
times were mildly prolonged. Although the intralesional rCBF and rCBV values were lower in
all the examined patients than in the control white matter areas, these differences were not
statistically significant. Differences were not found between the NAWM of migraineurs and the
healthy subjects’ white matter.
Evaluation of MRI Data in Migraine.—Several functional MRI studies have been performed
in migraine in different ictal states [91], but these studies did not focus specifically on the
investigation of WMHs; therefore, the quantity of available data is limited. DWI detects changes
in the movement of water across neuronal membranes in different brain disorders with
morphological abnormalities [98]. Alterations of the microdynamics of cellular transport
between subcompartments may change diffusivity [98]. We detected increased ADC values in
the WMHs in our diffusion analysis. This finding represents elevated levels of random water
molecule motion inside the WMHs and can be the consequence of tissue damage [98]. In vivo
measurements of T1 and T2 relaxation times of protons provide information about the tissue
water environment [99]. We measured mildly prolonged T1 and more prolonged T2 time values
in the WMHs of migraine patients. These alterations can represent an increased extracellular
water fraction based on a less bound state of water in the damaged tissue similar to other chronic
diseases [100,101]. Further, the presence of an increased free water fraction is also supported by
the higher ADC values [102] detected in the WMHs. 1H-MRS suppresses the high background
signals to measure the concentration of the major brain neurotransmitters and metabolites
[102].We found decreased NAA and Cr concentrations in the WMHs. NAA is a neuronal and
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axonal marker,and its low concentration may reflect decreased axonal viability, function, and
cell loss in the white matter [102]. Cr is a single resonance containing creatine and
phosphocreatine,and the concentrations of these metabolites are higher in astrocytes and
oligodendrocytes than in neurons [102-104]. The decreased brain levels of Cr can reflect tissue
degeneration with a low cellularity and less efficient mitochondrial functioning [102-104].
Levels of other examined metabolites (Glx,Cho,mI) were normal in theWMHs, and Lac was not
present.These findings do not indicate cell loss, myelin breakdown, remyelination,
astrogliosis,or the presence of anaerobic glycolysis [102-105]. PWI is a gadolinium-based
functional MRI technique that allows the measurement of capillary perfusion by rapid image
acquisition[98]. We found mildly reduced intralesional rCBF and rCBV values in all
investigated migraine patients. In chronic tissue damage, the decreased perfusion can reflect
axonal and cellular loss, with a lower oxygen use, lower blood flow demand, and subsequent
CBF decrease[98].
MRI Studies in Other Diseases With WMHs.—
WMHs can be detected not just in migraine but also in other diseases, such as multiple sclerosis,
ischemic stroke, silent brain white matter lesions, and tensiontype headache[82,85,92,94].
Disease-specific differentiation of these lesions is not possible in all cases with conventional
MRI without histopathological analysis[92,94]. Using nonconventional MRI techniques, both
the inactive, chronic multiple sclerosis plaques, and the ischemic lesions are characterized by
tissue destruction with reduced axonal and glial cell density, enlargement of the extracellular
space, and an increased free water fraction, decreased tissue blood perfusion, and the lack of
anaerobic glycolysis[95,103-111]. In multiple sclerosis lesions, signs of ongoing myelin
breakdown or remyelination can be seen in the isointense plaques, and astrogliosis is
present[103,104,106-108]. Previous studies have shown that most of the asymptomatic WMHs
are linked to chronic low-grade ischemia in the elderly [100,102]. Compared with chronic white
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matter infarctions, the functional MRI measurements of silent brain white matter lesions
demonstrated similar but less severe tissue affection [100,112,113]. In the primary headache
group, brain white matter lesions occur not just in migraine but also in patients with tension-type
headache[82,85]. This finding indicates that both migraine and tension-type headache may be
associated with early pathological changes in the brain and may share, at least in part, common
pathogenic pathways [82,85].
Proposed Pathomechanisms Leading to the Evolution of WMHs in Migraine.—There are
suggestions that WMHs are the consequence of a microvascular ischemic disturbance. These
abnormalities have been interpreted as an indirect marker of focal cerebral hypoperfusion
induced by migraine attacks [88,114,115]. Repeated and prolonged oligemia during and after
migraine attacks may affect the vulnerable small deep penetrating arteries, and the reduced local
perfusion may lead to minor brain injury revealed as white matter lesions [88,114,115]. The
cortical spreading depression, which is present in all migraine phenotypes, indirectly alters the
blood–brain barrier’s permeability through a matrix metalloproteinase-9-dependent cascade
activation and can lead to white matter cellular injury caused by ischemia with glutamatergic
excitotoxicity and intracellular calcium-mediated apoptosis [79,116]. The local release of
vasoactive neuropeptides could result in further changes in cerebral hemodynamics [117].
Migraine may also associate with endothelial dysfunction and oxidative stress because of
increased nitric oxide levels during attacks [118,119]. If the endothelial changes are
accompanied with platelet aggregation, this process may lead to microvascular brain damage
[118,119]. Reversible vasoconstriction of cerebral arteries can also cause transient or permanent
focal neurological deficits with or without ischemic lesions during headache [120].
Study Limitations.—We are aware that the present study has some limitations, such as the
small patient population because of the strict inclusion criteria and that the voxels contained not
just the WMHs but perilesional white matter in different proportions, as well. The small sample
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size does not allow to control for potential confounding factors or to investigate the possible
differences between the migraine subgroups. It also limits the generalizability of the measured
data.

III. 4 Conclusions

The quantitative MRI measurements of chronic WMHs in migraine patients demonstrated tissue
damage with axonal loss, glial hypocellularity, an enlarged extracellular space, and an increased
extracellular water fraction. Signs of myelin breakdown, astrogliosis, and anaerobic glycolysis
were not present. These abnormalities are similar to those detected in chronic ischemic stroke
and in silent brain white matter lesions with ischemic origin. Our findings may indicate that the
WMHs can be the consequence of a microvascular ischemic disturbance in migraine.
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IV. Quantitative MRI Analysis of the Brain after Twenty-Two Years of Neuromyelitis
Optica Indicates Focal Tissue Damage

IV. 1. Introduction
Neuromyelitis optica (NMO) is an inflammatory demyelinating disorder of the central nervous
system characterized by relapsing optic neuritis and transverse myelitis. Anti-AQP4 antibodies
have been identified in the sera in 60–90% of cases [121] . Conventional brain magnetic
resonance imaging (MRI), i.e. T1-weighted, T2-weighted or fluid-attenuated inversion recovery
(FLAIR),is usually normal in NMO. Longitudinal studies, however, have indicated signal
alterations in almost 80% of cases, and with diffusion-weighted imaging (DWI) an increased
diffusivity has been observed. These suggest chronic tissue damage [122] . Previously, a few
studies investigated ‘normal appearing white matter’ (NAWM) by MR spectroscopy in NMO
and suggested no metabolite alteration in patients with a mean duration of disease below 8
years[123,124] . Here, by using a multimodal MRI approach, we examined diffusivity and
quantitative metabolite changes in the NAWM of the brain after a long duration (22years) of
NMO.

IV.2 .Case Report and Methods

The regional ethical committee and the patient approved the study. This female patient
developed bilateral optic neuritis (ON) at the age of 8 years. Despite treatment with
azathioprine, ON relapsed 4–5 times annually. Four years later severe myelitis developed. MRI
indicated longitudinally extensive transverse myelitis. Myelitis relapsed at least 10 times in the
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next 3 years. Anti-AQP4 antibodies were identified in the sera by a cell-based assay
(Euroimmune, Lübeck, Germany) when the patient was 29 years old.
Quantitative MRI data obtained from 20 age-matched (30 ± 10 years) healthy volunteers
were used as a control for diffusion and spectroscopic analysis, measured with the same
sequences and parameters. Three patients were also included with short-term (3-, 4- and 5-year
duration, respectively) anti-AQP4-seropositive NMO and no brain lesion on conventional MRI.

Fig. 14. Brain MRI after 22 years of disease duration. Conventional MRI measures showed no
abnormalities as indicated on representative sagittal T1-weighted ( a ), coronal FLAIR ( b ) and
axial T2-weighted ( c ) sequences. The T1 map ( d ) and T2 map ( e ) suggested altered
relaxivity. The ADC map indicated white matter lesions with high diffusivity at the same time ( f
) and 6 months later ( g ).

MRI was performed on a 3.0 T clinical MRI scanner (Siemens Magnetom TIM Trio). The
following sequences were measured: T1-weighted imaging [repetition time/echo time (TR/TE)
=300/2.5 ms, twenty-seven 0.9 × 0.7 × 4 mm sagittal slices], T2-weighted imaging (TR/TE =
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6,000/74 ms, thirty 0.7 × 0.7 × 4 mm axial slices), FLAIR imaging (TR/TI/TE = 5,000/1,800/93
ms, thirty-four 0.9 × 0.9 × 4 mm coronal slices), 3-dimensional T1- weighted contrast-enhanced
imaging (TR/TI/TE = 900/1,760/3.4ms, flip angle 9°, ten 0.9 × 0.9 × 1.5 mm axial slices, 0.1
ml/kg Magnevist ® contrast agent), DWI (TR/TE = 5,923/128 ms, twenty-five 1.3 × 1.3 × 3.5
mm axial slices, b value = 0, 500, 1,000, 2,000, 3,000, 4,000, 5,000 s/mm2 ), T1 measurement
with inversion recovery TSE sequence (TR/TE/TI: 4,000/8/100, 300, 700, 1,200, 1,500, 2,100
ms, 1.6 × 1.6 × 4 mm axial slices), T2 measurement with Carr-Purcell-Meiboom-Gill sequence
(TR/TE: 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 ms, 1.1 × 1.1 × 5 mm axial slices)
quantitative proton spectroscopy (TR/TE = 6,000/30 ms,128 accumulations, position-resolved
spectroscopy sequence), T1, T2 and diffusion parameter fittings were performed. The regions of
interest used for biexponential diffusion analysis were selected according to apparent diffusion
coefficient (ADC) abnormalities and were drawn on monoexponential ADC maps: 10 white
matter areas with normal and elevated diffusivity, respectively, were selected throughout the
whole brain. The same regions were evaluated by the control group. For T1 and T2 analysis, no
control group was measured, i.e. only the white matter of the patient was analyzed by placing
regions of interest on quantitative maps of 10 well-defined altered relaxivity areas and 10
NAWM areas. Quantitative proton spectroscopy data were processed with LC model. Four
voxels were analyzed in the white matter (12 × 12 × 12 mm 3 ): 3 voxels were positioned on
high diffusivity areas and 1 voxel in an area with normal diffusivity. MRI analyses were
performed twice, with an interval of half a year.
For statistical comparison of quantitative parameters, the Mann-Whitney test was used.
Spectroscopic data of 3 lesions was also compared to the healthy control group in order to
observe the tendencies of metabolite alterations, despite the low statistical power.
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IV.3 Results
Table 6. Quantitative MRI parameters of gray and white matter after in a patient with NMO of
22-year duration

All data are presented in mean ± SD format. All metabolite concentrations are shown in mmol/l.
ADCfast and ADCslow are the ADC values (mm2/s*10–4), pfast and pslow are the percentages
of the fast- and slow-diffusing water fractions. NAA: N-acethyl aspartate; Ins: myo-inositol;
Glx: glutamine, glutamate; Cho = choline; Cr = creatin; n.s. = nonsignificant; WM = white
matter.
a Diffusion parameters were measured throughout the whole white matter in 20 age-matched
healthy controls.
b Regions of interest for quantitative diffusion analysis, T1 and T2 measurements were selected
according toADC and relaxation abnormalities (lesions), and drawn on quantitative parameter
maps: 10 normal and 10 alteredwhite-matter areas were selected throughout the whole brain
according to the control group.
c Lesions vs. NAWM of patient.
d White-matter lesion and the corresponding contralateral NAWM were measured as indicated
by the quantitativemaps.
e The average of 3 lesions measured by single voxel quantitative spectroscopy were compared to
20 healthycontrols.
On T1, T2, FLAIR and post-contrast 3-dimensional T1 sequences, no signal abnormalities were
detected. Nevertheless, ADC T1 and T2 maps identified white matter lesions with high ADC
values and altered relaxation properties (Fig. 14 ). In the quantitative analysis of 10 hyperintense
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areas compared with 10 NAWM areas based on the ADC map, both mono- and biexponential
diffusion showed significant differences: data indicated an increased monoexponential ADC
value, an increased percentage of the fast-diffusing water fraction and an increased ADC value
of the fast fraction (Table 6). T1 and T2 parameters were also significantly elevated in these
patchy areas compared to NAWM. When the 10 NAWM regions of the patient were compared
to the white matter of 20 healthy subjects, only the ADC of the fast fraction appeared to be
somewhat lower (p = 0.02) (Table 6).
Such patchy alterations were not detectable in the NAWM of the 3 cases with short-term
NMO (Fig. 15) . Comparative spectroscopic measurement in an area where quantitative maps
suggested altered diffusivity and relaxation times showed decreased N-acethyl aspartate (NAA)
and elevated myoinositol (Ins) and glutamine and glutamate (Glx) levels when compared to the
corresponding contralateral white-matter area with unaltered quantitative features (Table 6).
When the 3 voxels positioned on lesions were compared to the healthy controls, the NAA was
significantly lower, while Ins was elevated (Table 6). The NAWM of patients with short-term
NMO did not show significant differences compared to the healthy controls. Repeated MRI
analysis performed after 6 months identified patchy alterations in the same regions in the patient
with long-term NMO (Fig. 14).
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Fig. 15. Brain MRI in 3 patients with short-term NMO. Quantitative T1, T2 and ADC maps
indicated no patchy white matter areas with elevated diffusivity and T1–T2 relaxation time in
patients with short-term NMO. Duration of disease is shown at 3 years (1), 4 years (2) and 5
years (3).
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IV. 5. Discussion

Despite the long duration (22 years) of NMO, routine T1 and T2 imaging of the brain tissue
appeared to be normal in this patient. In contrast, ADC values were significantly higher in
several areas of the NAWM, which may indicate focal tissue damage even in brain areas not
characterized by high expression of AQP4, as already indicated [122] . The b-value range was
extended to get more insight into the diffusion changes: extension of the b- value range helps to
identify two water populations, fast and slow-diffusing water molecules. NAWM areas with
high ADC values are characterized by predominance of the fast-diffusing water component,
similar to extracellular edema [125] . T1 and T2 parameter times were also elevated, which is in
good agreement with the increase in the fast-diffusing water content. The change is around 10–
15%, which gives poor contrast on T1- and T2-weighted images and therefore can be classified
as NAWM. Previous nonquantitative proton spectroscopy of NAWM showed normal metabolite
ratios [123, 124] . Here, we quantitatively measured metabolite concentrations by using short TE
along with long TR to minimize the T1 and T2 weighting in the spectra, in contrast to previous
studies. In these analyses, we did not measure the metabolite relaxation times due to our limited
time resources but as changes in the water T1 and T2 relaxation times in our study suggest
differences, the short TR (1,500–2,000ms) and long TE (TE: 135ms) used in previous studies
may be inappropriate, since such differences can be masked. In our measurements, the abnormal
NAWM area that appeared to have altered quantitative MR parameters also showed decreased
NAA and increased Ins compared to the corresponding contra lateral NAWM area. The voxels
positioned within hyperintense areas on the ADC map and compared to the healthy controls also
showed the same distribution of metabolites. The metabolite changes within the areas of altered
diffusivity and T1 and T2 relaxation times together may refer to axonal loss and tissue
degeneration in areas after 22 years, which persist for at least 6 months. Such alterations could
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not be identified in the 3 cases with short-term NMO. In addition, the distribution and volume of
the patchy alterations were more extensive than incidental brain lesions indicated in other
patients; of note, no white matter lesions were obvious on conventional MRI. Such pathology of
abnormal NAWM could hardly be due to only secondary alterations caused by myelitis, and
may rather indicate primary pathology of the white and grey matter as also suggested by other
observations [122] . In conclusion, our multimodal, combined MRI approach in a case of longlasting NMO indicated: (1) normal findings on conventional MRI; however, (2) thorough
quantitative MRI analysis clearly showed extensive patchy areas in NAWM showing altered
diffusion and relaxational features in contrast to short-term NMO, (3) within such abnormal
NAWM areas, definite metabolite changes suggested axonal loss and tissue degeneration when
compared quantitatively to NAWM, (5) such alterations in diffusivity and metabolite
concentrations persisted for at least 6 months; nevertheless, (6) the MRI morphology was
fundamentally different from long-lasting MR spectroscopy and other incidental lesional
findings, and thus may suggest different pathological processes.
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