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1. Introduction 

 

The potential and applicability of the nuclear magnetic resonance (NMR) techniques that can 

be used in vivo have not been widely studied in Hungary. There are two main reasons for this: 

with the exception of the high-field Varian spectrometer at Pécs, there are no experimental 

NMR systems capable of the imaging of small laboratory animals in Hungary; additionally 

the clinical NMR scanners are generally loaded with routine measurements and machine time 

has not been devoted to state-of-the-art experiments. This situation has resulted in a large gap 

in NMR knowledge between Hungary and more developed countries, which is reflected in a 

relative lack of Hungarian publications in respected journals. During my Ph.D. training, I 

have attempted to learn and understand a wide spectrum of in vivo NMR techniques ranging 

from spin-lattice relaxation time, water content and diffusion measurements to metabolite 

quantification. These new NMR methods will facilitate future animal studies on transgenic 

mice, where the course of the brain pathologies can be investigated in vivo. Hopefully, they 

will also be of service to the patients, who can be managed better clinically, for instance by 

the measurement of brain water content or the quantification of brain metabolites.  

 

1.1. Nuclear magnetic resonance  

 

NMR is a phenomenon involving magnetic fields and radiofrequency electromagnetic waves. 

It was discovered in 1946 independently by Bloch and Purcell. Since then, it has become a 

useful tool, especially in analytical chemistry and biochemistry, thanks to the discovery of the 

chemical shift. The in vivo techniques of NMR make use of electromagnetic radiation to 

probe living tissues. The radiation has low energy and appears to be safe under normal 

operating conditions. The idea to extend NMR to in vivo studies dates back to 1968, when 
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what are believed to be the first NMR signals from a live animal were produced (Jackson and 

Langham, 1968). The first two-dimensional proton NMR image of a water sample was 

generated in 1973 (Lauterbur, 1973).  

Any NMR experiment can be described as involving three consecutive events: equilibrium, 

excitation and relaxation. In the equilibrium state, the static magnetic field divides the water 

protons into two populations according to the orientation of their spins. Some of the protons 

have a spin-up position as compared with the main magnetic vector, whereas the others have a 

spin-down orientation. This division represents two distinct energy levels and results in a 

macroscopic magnetization due to the inequality of the populations. 

During the excitation, if the energy absorbed is sufficient to equalize the populations of the 

two levels, saturation occurs. A saturated system will return to equilibrium because of two 

simultaneous processes. First, the absorbed energy will be redistributed within the spin system 

by processes in which every transition of a nucleus from a higher to a lower level is 

accompanied by the transition of a nucleus from the lower to the higher state, called spin-spin 

relaxation. Second, there will be a gradual loss of energy to the other nuclei and the electrons 

in the material collectively called the lattice, resulting from transitions of nuclei from the 

upper to the lower state; this second process is called spin-lattice relaxation. The time 

constants characterizing these two processes are denoted by T2 and T1, respectively, i.e. the 

spin-spin (or transverse) and spin-lattice (or longitudinal) relaxation times. In fact, the NMR 

signal intensity, besides the spin density and diffusion, is determined by these physical 

properties and the sequence parameters.  

In NMR imaging (MRI) the signal intensity of the sample is decomposed into spatial 

information, whereas in localized in vivo NMR spectroscopy (MRS) besides the spatial 

determination of the signal, the individual resonances can be determined to identify NMR-

visible metabolites.  
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1.2. Brain water content measurement by means of NMR 

 

Brain edema, characterized by an abnormal accumulation of water in the brain tissue, is a 

major clinical problem in more than one-third of neurosurgical patients. Two main edema 

types exist, with different underlying pathologies: cytotoxic and vasogenic types (Klatzo, 

1967). The first, by definition, means cell swelling as a result of a damaged metabolism. The 

second is essentially featured by breakdown of the blood-brain barrier, resulting in the 

leakage of plasma constituents into the parenchyma. In the pre-CT/MRI era, no direct 

measurements were available to follow the clinical therapy aimed at edema reduction. 

However, MRI has offered a new direct, non-invasive, quantitative approach for 

determination of the brain tissue water content (W).  

Previous authors (Go and Edzes, 1975; Naruse et al., 1982) have demonstrated double 

reciprocal correlations between T1 measured in vitro and W in several experimentally induced 

cerebral edema models. T1 measurements have been utilized to quantify W in vivo both in 

humans and in experimental animals (Barzo et al., 1997a; Barzo et al., 1997b; Fatouros and 

Marmarou, 1999). Other authors have suggested that a suitable method for W quantification is 

spin density map, M0 map, generation (Lin et al., 1997; Lin et. al., 2000; Venkatesan et al., 

2000). Recent reports of the in vivo determination of W have provided data mostly on the 

cytotoxic type of brain edema (Lin et. al; 2000; Venkatesan et al., 2000). In contrast, 

investigations on W quantification in vasogenic edema, which is a critical problem in many 

clinical conditions, such as trauma, brain tumors, inflammatory lesions, radiation therapy, 

etc., have been rather sparse.  

W quantification based on the M0 map has limitations, caused mainly by the inhomogeneity 

of radiofrequency pulse (B1). Obtaining a water map necessitates keeping the subject in the 
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magnet for extensive periods of time (Fatouros and Marmarou, 1999), and in critical 

conditions, this may not be feasible.  

The application of fast T1 mapping techniques (Deichmann and Haase, 1992) is often limited 

in clinical practice due to the hardware (relatively long gradient rise times) and software 

(pulse sequence manipulation and fractional k-space filling would be necessary for 

implementation) inflexibility of most whole-body scanners (Deichmann et al., 1999). 

Localized proton MRS (Ernst et al., 1993; Kreis et al., 1993; Christiansen et al., 1994) offers 

another possibility for the fast assessment of W focusing on the investigated area only. 

However, the absolute quantification of W, which requires measurement of the magnetization 

within a region of interest (ROI) and in an external standard with known W, is also limited by 

the inhomogeneity of main magnetic field (B0) and B1. Additionally, further measurement is 

necessary to correct for T2 decay.  

 

1.3.Brain water diffusion measurement by means NMR 

 

Diffusion-weighted magnetic resonance imaging (DWI) and measurement of the apparent 

diffusion coefficient (ADC) play important roles in clinical diagnosis. Alterations in the ADC 

of water occur in many pathological conditions, such as stroke (Moseley et al., 1990; Baird 

and Warach, 1998), diffuse axonal injury (Takayama et al., 2000), tumors (Sugahara et al., 

1999), epilepsy (Helpern and Huang, 1995), etc. Nevertheless, despite the widespread use of 

DWI, the underlying mechanisms that cause these changes in the ADC are still unclear. Many 

theories have been put forward to explain the phenomenon, e.g. (i) a water shift from the 

extracellular space to the more viscous intracellular space (Moseley et al., 1990; Benveniste et 

al., 1992; Norris et al., 1994); (ii) a loss of cytoplasmic streaming and/or an increased 

intracellular viscosity result in a ADC drop (Neil et al., 1996; Duong et al., 1998); (iii) the 
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extracellular space becomes more tortuous during such a water shift (Latour et al., 1994; 

Sykova et al., 1994; van der Toorn et al., 1996); and (iv) the transition of water from a sol to a 

gel state (Branco, 2000).  

It is clear that, with the exception of the last of these theories, the physiological compartments 

are believed to be involved. Evidence has been reported suggesting that complete separation 

of the intracellular and extracellular spaces in cell cultures was feasible by means of 

diffusion-weighted spectroscopy (Van Zijl et al., 1991). However, a work on the rat brain 

indicated that the correspondence between the water populations determined in vivo by 

localized diffusion-weighted spectroscopy and the extra- and intracellular compartments is 

not straightforward (Niendorf et al., 1996). Nevertheless, the changes in these volume 

fractions, as assessed by NMR, have been claimed to follow the alterations in the water 

compartments in the brain in several experimental models (Niendorf et al., 1996; Buckley et 

al., 1999; Bui et al., 1999). An understanding of the diffusion properties of the water 

molecules in the nervous tissue becomes more demanding when the strength of the diffusion 

weighting (b value) range is extended over 10 000 mm-2 s, where more than two exponentially 

decaying components can be determined (Assaf and Cohen, 1998). The above literature data 

reveal that the origin of the water signal and the multiexponential function in DWI remain to 

be explained.  

 

1.4. Brain metabolite quantification in mice by means of NMR 

 

Localized proton MRS has been used successfully to quantify age- and gender-dependent 

cerebral metabolite concentrations of N-acetyl-aspartate (NAA), creatine and phosphocreatine 

(total creatine; tCr), choline-containing compounds (Cho), myo-inositol (Ins), glucose (Glc) 

and lactate (Lac) in humans and small mammals in vivo (Michaelis et al., 1993; Pouwels and 
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Frahm, 1998; Michaelis et al., 2001). The measurement of these metabolites renders possible 

the in vivo investigation of many brain pathologies; such as epilepsy, stroke, head trauma, 

brain tumors, etc. However, quantitative proton MRS studies of the mouse brain in vivo, and 

putative strain differences are so far rare (in `t Zandt et al., 2000). In fact, cerebral metabolite 

concentrations in mice have often been determined in vitro (Jenkins et al., 2000; Tsao et al., 

1999; Agrawal et al., 1968).  

The development of the transgenic mouse technology has revolutionized investigations of 

specific molecular and cellular mechanisms associated with brain pathologies (Huang et al., 

1994; Yang et al., 1994). However, transgenic mice originating from different strains may 

possess a mixture of biological properties (in `t Zandt et al., 2000), which can confound the 

results of drug studies where the pathologic outcome elicited in transgenic mice is compared 

with that in one of the parent strains (Fujii et al., 1997). For instance, the frequently used 

C57BL/6 mouse displays a greater susceptibility to stroke than other mouse strains (Connolly 

et al., 1996; Fujii et al., 1997; Prass et al., 2000; Wellons et al., 2000), including BALB/c 

(Yang et al., 1997). Thus, the gross anatomical variability of the circle of Willis has been 

discussed as a major factor hampering a comparison of different mouse strains with regard to 

their sensitivity to stroke (Barone et al., 1993; Kitagawa et al., 1998; Maeda et al., 1998; 

Beckmann, 2000; Majid et al., 2000). Further complications may arise from the filament 

techniques commonly used to induce focal ischemia, since the infarct volumes may differ 

when the gauge is not matched to the body weight, with variation among the strains at the 

same age (Connolly et al., 1996; Hata et al., 1998).  

Despite the potential usefulness of in vivo brain metabolite quantification in mice, reports on 

such studies can not be found in the literature. The determination of brain water metabolite 

concentrations may reveal metabolic differences between the above mouse strains which 



 12

could also explain, for instance, the greater susceptibility of the C57BL/6 strain to cerebral 

ischemia.  

 

1.5. Aims 

 

 - To establish a simple in vivo method for the quantification of W in vasogenic edema and to 

provide data on mouse brain imaging at 9.4 Tesla. Microimaging at high fields has the 

advantage of the microscopic resolution that is essential for accurate in vivo studies of such a 

small animal. 

 

 - To find a fast in vivo W quantification method, which might be applicable as either a 

routine test in clinical practice or a valuable tool in animal studies. On the basis of the fast-

exchange two-state model (Fatouros et al., 1991; Ewing et al., 1999), T1 measurement 

provides W. Accordingly, localized proton MRS was tested in an attempt to estimate T1 fast 

and consequently W rapidly in a vasogenic edema model in rats at 9.4 Tesla.  

 

 - To clarify the possible role of compartmentalization in water diffusion in biological 

systems, biexponential analysis being applied to the diffusion signal decay. The experiments 

were designed to examine the water diffusion in the mouse brain over an extended b value 

range and to explore the biexponential signal decay changes (i.e. the ADCs of slow- and fast-

diffusing components and the respective volume fractions) in global ischemia and cold injury. 

Centrifuged human red blood cell samples with a negligible extracellular space were also 

investigated, in which the cell membranes are the only factors that could be responsible for 

compartmentalization (i.e. there are no intracellular organelles). 
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 - To determine the cerebral metabolite concentrations of three common mouse strains 

(NMRI, BALB/c, and C57BL/6) in vivo by localized proton MRS and to investigate the 

metabolic responses to irreversible global ischemia for putative strain differences.  
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2. Materials and Methods 

 

2.1. Brain water content determination in mice by means of MRI 

 

2.1.1. Phantom preparation 

Widely employed brain edema-mimicking gels (Fatouros et al., 1991; Lin et al., 1997) were 

prepared over a broad range of W (69.5-90%) by using appropriate amounts of doubly 

distilled water and commercial gelatin (Reanal, Budapest, Hungary). A complete description 

of the preparation has been reported (Fatouros et al., 1991).  

 

2.1.2. Animal preparation 

The experiments were performed on 15 BalbC mice weighing 25 to 30 g. All of the animals 

were kept under ad libitum conditions. 

Prior to both edema induction and imaging a single intraperitoneal injection containing 

sodium thiopental (25 mg kg-1, Trapanal, Byk Gulden, Germany) and diazepam (5 mg kg-1, 

Seduxen, Richter, Hungary) was applied for general anesthesia. There were 5 animals in the 

control group and 10 in the edema group. 

Vasogenic edema was induced with a copper rod (diameter = 6 mm) cooled down in liquid 

nitrogen and applied to the denuded right parietal bone of the skull. To achieve different W 

elevations in the brain, the duration of the cold impact ranged from 5 to 20 s. After full 

recovery, the animals were returned to their cages. Between 18 and 26 h after the induction of 

brain edema, they were fixed in an epoxy resin animal holder and scanned with the same 

imaging parameters.  
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2.1.3. NMR studies 

All NMR measurements were performed on a Varian UNITYINOVA 400 spectrometer (Varian, 

Inc., Palo Alto, CA, USA) with an 89-mm vertical bore magnet of 9.4 T (Oxford Instruments 

Ltd., UK) using a 35-mm inner-diameter hollow multinuclear microimaging probe with a Litz 

volume coil and a built-in self-shielded gradient system up to 400 mT m-1 (Doty Scientific, 

Inc., Columbia, SC, USA).  

After tuning, shimming (1H linewidth ≈150 Hz) and calibration of the 4.0 ms sinc RF pulses, 

the placement of the slice with the largest edematous area was determined by using a 

multislice spin echo sequence with contiguous 1 mm slices. An inversion recovery spin-echo 

(IRSE) sequence was then applied with an inversion time array to obtain a series of images. 

The imaging parameters were as follows: repetition time = 3000 ms, echo time = 13 ms, field 

of view = 25 x 25 mm, slice thickness = 1.0 mm, inversion times = 20, 300, 700, 1500 and 

2000ms, acquisition matrix = 128 x 128, number of excitations = 1. All images were acquired 

in the coronal orientation.  

The gel phantoms were imaged with the same parameters. On the other hand, the bulk T1 was 

also determined by using the conventional spectroscopic d1–π–τ–π/2–acq sequence with d1 = 

20s, hard pulses and an 8-element τ array.  

The values of T1 and M0 for pure water were obtained by the same MRI method, using a 

doubly distilled water sample in a 5-mm outer-diameter. glass tube placed close to the center 

of the coil to reduce the signal distortion due to the B1 inhomogeneity. 

 

2.1.4. Wet/dry measurements on brain tissue 

Anesthetized animals were decapitated promptly after the imaging. The brain was rapidly 

removed in a humid chamber and the horizontal slice containing the edematous lesion was 

excised. The edematous cortical area and the contralateral symmetrical gray matter area of the 
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same size were also prepared. Tissue samples were weighed separately and dried out to 

constant weight at 90 °C. The percentage of W for each sample was calculated according to : 

 

W = 100 x (wet weight – dry weight) / wet weight  

 

2.1.5. Data analysis 

After completion of the MRI acquisition, all images were reconstructed as 256 x 256 

matrices. Postprocessing was performed with VNMR 6.1B and Image Browser software 

(Varian Inc., Palo Alto, CA, USA) on a Sun Ultra 30 workstation (Sun Microsystems, 

Mountain View, CA, USA). The intensities of the corresponding pixels were fitted to the 

following equation in order to yield T1 and M0 maps: 

 

I = |(M(0) - M0)*exp(–TI/T1) + M0|   

 

(where M(0) is the longitudinal magnetization at t = 0, M0 is the thermal equilibrium 

magnetization, TI is the inversion time and T1 is the longitudinal relaxation time).     

 

On the T1 and M0 maps of the animals, the edematous cortical area and the contralateral gray 

matter were delineated as freehand ROIs. On the T1 maps of the control mice, the corpus 

callosum was also marked. In cases of gel phantoms, the full cross-section was marked. The 

mean apparent T1 with standard deviation and the mean apparent M0 value were taken from 

each ROI as provided by the software. 
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2.1.6. Statistical analysis 

Data are expressed as means ± standard deviation. Linear regression analysis was applied to 

obtain the slope, the y intercept and the correlation coefficient (r) of a regression line when 

1/T1 vs. 1/W or T1(MRI) vs. bulk T1 or M0 vs. W or were correlated. 

 

2.2 Brain water content determination in rats by means of MRS and MRI 

 

2.2.1. Phantom preparation 

Brain edema-mimicking gels (Fatouros et al., 1991; Lin et al., 1997) were prepared similarly 

as described in 2.1.1. 

 

2.2.2. Animal preparation 

 

The experiments were performed on 14 randomly chosen Wistar rats of either sex weighing 

55 to 70 g. The vasogenic edema induction and animal handling were identical to that 

described in 2.1.2. 

 

2.2.3. NMR studies 

 

All NMR measurements were performed on a Varian UNITYINOVA 400 spectrometer (Varian 

Inc., Palo Alto, CA, USA) with an 89-mm vertical bore magnet of 9.4 T (Oxford Instruments 

Ltd., UK), using a 35-mm inner-diameter hollow multinuclear microimaging probe with a 

Litz volume coil and a built-in self-shielded gradient system up to 400 mT m-1 (Doty 

Scientific, Inc., Columbia, SC, USA).  
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After tuning, shimming (1H linewidth ≈150 Hz) and calibration of the 4.0 ms sinc RF pulses, 

the placement of the slice with the largest edematous area was determined by using a 

multislice spin echo sequence with contiguous 1 mm slices. An IRSE sequence was then 

applied with an inversion time array to obtain a series of images. The imaging parameters 

were as follows: repetition time = 3500 ms, echo time = 13 ms, field of view = 25 x 25 mm, 

slice thickness = 1.0 mm, inversion times = 20, 700, 1500 and 3400ms, acquisition matrix = 

128 x 128, number of excitations = 1. All images were acquired in the coronal orientation.  

After completion of the MRI protocol, a localized proton MRS experiment with stimulated 

echo acquisition mode (STEAM) was performed in the symmetrical areas of the edematous 

and the contralateral cortex on the same animal (Fig. 1).  

 

 
Figure 1. Voxel selection for the localized MRS in the normal 
cortex and in the cold-injured cortex.  

 

The STEAM sequence was optimized to yield accurate T1 within the range 1.22 - 2.87 s. The 

theoretical background for this optimization of the two-point T1 determination has been 

described in detail (Imran et al., 1999). 
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The STEAM experiment was performed with the following parameters: 2-element repetition 

time array of 10 s and 1.5 s, mixing time = 20 ms, echo time = 20 ms, number of excitations = 

8, steady-state transients = 2, voxel size = 1.4 × 1.4 × 1 mm, spectral width = 4.0 kHz.  

MRI and localized proton MRS experiments were performed on the gel phantoms with the 

same parameters. 

 

2.2.4. Wet/dry measurements on brain tissue 

Quantification of W in the rat brain cortex was carried out similarly as described in 2.1.4. 

 

2.2.5. Data analysis 

After completion of the MRI acquisition, all images were reconstructed as 256 x 256 

matrices. Postprocessing was performed with VNMR 6.1B and Image Browser software 

(Varian Inc., Palo Alto, CA, USA) on a Sun Ultra 30 workstation (Sun Microsystems, 

Mountain View, CA, USA). The intensities of the corresponding pixels were fitted to the 

equation described in 2.1.5 in order to yield apparent T1 and M0 maps (de Graaf, 1998a). 

The mean T1 values with standard deviations were provided by the software after positioning 

the same rectangular ROI as used in the STEAM experiment for the voxel selection. In the 

case of gel phantoms, the full cross-section was selected as freehand ROI. 

Free induction decays originating from STEAM experiments were zero-filled to 4k complex 

points. After Fourier transformation, magnitude spectra were integrated over a 1600 Hz 

region centered at the water signal (typical linewidth ~ 30 Hz). T1 values were determined 

from the following equation, derived from a description of theoretical progressive saturation 

(de Graaf, 1998b): 

 

T1 = -1.5 / ln (1 - I1.5/I10) 
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where I10 and I1.5 are the areas under the water signal obtained with TR = 10 or 1.5 s.  

 

2.2.6. Statistical analysis 

Data are expressed as means ± standard deviation. Linear regression analysis was applied to 

obtain the slope, the y intercept and the correlation coefficient (r) of a regression line when 

the reciprocals of the T1 values and the reciprocals of the water contents were correlated. The 

differences between the T1 values given by the tested T1 assessing methods and the bulk T1 

values were expressed as percentage differences.  
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2.3. Water diffusion measurements in mouse brain and centrifuged erythrocytes 

 

2.3.1. Animal preparation 

 

The experiments were carried out on 27 male mice (25-30 g) of the C57BL/6 strain. Nine 

animals were randomly assigned to each experimental group, i.e. the control, cold-injury and 

global-ischemia groups. Before and after the manipulations, all the mice were kept under ad 

libitum conditions. Anesthesia was induced with 2% isoflurane in a 70/30 mixture of N2O and 

O2; after induction, the isoflurane concentration was reduced to 1.2%. During the NMR 

investigations and the application of the cold injury, the anesthesia gases were delivered via a 

face mask, and the rectal temperature of the animals was maintained between 36.5 and 37.5 

°C throughout the experimental protocol by means of a feedback-controlled, water-filled 

warm blanket.  

The cold injury was applied similarly as described in 2.1.2. The animals in the global-

ischemia group were sacrificed with an overdose of isoflurane, and an NMR investigation was 

started 5 min. after death. Nevertheless, the rectal temperature of the dead animals was further 

maintained at 36.5-37.5 °C for approximately 1 h until the end of the NMR protocol. During 

the NMR investigations, the denuded skulls of the mice were glued to an animal head-holder 

to prevent motion artefacts. 

 

2.3.2. Histological procedures for light- and electronmicroscopy of the cold injury 

 

In a pilot study, 3 mice were subjected to the same freezing procedure as described above. 

One day later, they were reanesthetized and then perfused transcardially with 50 ml of 

physiological saline, followed by 200 ml of a fixative. This was prepared by mixing 500 ml of 
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0.2 mol dm-3 sodium cacodylate, 100 ml of 20% paraformaldehyde, 100 ml of 25% 

glutaraldehyde, 50 ml of 0.1 mol dm-3 calcium chloride and 250 ml of 10% 

polyvinylpyrrolidone K25, followed by adjustment of the mixture to pH 7.5 with a few drops 

of 0.1 mol dm-3 hydrochloric acid. After fixation, all mice were left untouched at room 

temperature for 24 h before removal of the brain from the skull (Cammermeyer, 1961). The 

cerebra were vibratome-sectioned coronally at 150 µm. Every fifth section was examined 

under the light-microscope, the condenser lens of which was adjusted to its lowest position. 

The areas with low phase contrast, i.e. the areas affected by the freezing, together with a 

surrounding unaffected zone, were dissected out, postfixed with a 1:1 mixture of 2% osmium 

tetroxide and 3% potassium ferrocyanide for 1 h at room temperature, and then flat-embedded 

in Durcupan ACM. Similar areas cut out of the contralateral unaffected hemisphere served as 

controls. Semithin sections were cut at 0.5 µm, air-dried onto microscopic slides and then 

stained for 1 min. at 90 °C with a solution containing 0.05 g of toluidine blue, 0.05 g of 

sodium tetraborate and 0.1 g of saccharose in 100 ml of distilled water. Thin sections (40 nm) 

were stained with lead citrate and uranyl acetate, as usual.  

 

2.3.3. Red blood cell samples  

 

Heparinized human blood samples (100 IU ml-1) were drawn from healthy volunteers. These 

samples were transferred to Corex tubes and then centrifuged at 3000g at room temperature 

for 10 min., and the plasma and buffy coat were carefully removed. The red blood cells were 

washed three times in physiological saline and finally centrifuged at 13000g for 30 min. The 

centrifugal parameters resulted in packing of the erythrocytes such that the extracellular space 

was negligible (Latour et al., 1994). The supernatant was completely removed and the 
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samples were immediately measured at 21 °C. The presented results are the averages for three 

different red blood cell samples.  

 

2.3.4. NMR studies 

 

All measurements were performed on a Varian UNITYINOVA 400 spectrometer (Varian, Inc., 

Palo Alto, CA) with an 89-mm vertical bore magnet of 9.4 T (Oxford Instruments Ltd., UK). 

In the red blood cell study, a 35-mm inner-diameter hollow multinuclear microimaging probe 

with a Litz volume coil and a built-in self-shielded gradient system capable of producing up to 

350 mT m-1 (Doty Scientific Inc., Columbia, SC) was used, whereas in the animal study, the 

signal was excited and received by means of a home-made surface coil (inner diameter 10 

mm) and the applied self-shielded gradient system (Resonance Research Inc., Billerica, Ma) 

was capable of switching 2000 mT m-1 field gradients. After tuning and shimming and 

calibration of the 3.0 ms sinc RF pulse, images were acquired by using a diffusion-weighted 

multislice spin echo sequence. The diffusion was measured in only one direction (dorso-

ventral) in the brain since the anisotropy in the gray matter is not prominent (Le Bihan et al., 

2001). 

The imaging parameters were as follows: TR = 2000 ms, TE = 32 ms, field of view = 20 x 20 

mm, slice thickness = 1 mm, diffusion gradient strength (G) = from 40 up to 400 mT m-1, 

duration of diffusion gradients (δ) = 8 ms, time between leading edges of diffusion gradients 

(∆) = 16 ms, acquisition matrix = 256 x 128, and number of averages = 1. 

It should be noted that in the red blood cell study, because of the limitations in gradient 

strength (Gmax = 350 mT m-1), the diffusion weighting gradients were switched on 

simultaneously along the 3 axes in order to reach larger b values. In addition, the slice 

thickness was set to 3 mm and TR was elevated to 10 s in order to improve the signal-to-noise 
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ratio (SNR) and to minimize saturation. Otherwise, the imaging parameters were the same as 

described above. 

Diffusion signal analysis was carried out on 11 images recorded with different diffusion 

gradient strengths (b values up to 10 000 mm-2 s) for the mouse brains and on 30 images (b 

values up to 17 000 mm-2 s) for the red blood cells. 

The relaxation times T1 and T2 of the red blood cell samples were determined on the same 

slices by using Snapshot-FLASH imaging (Deichmann and Haase, 1992) (TR = 2.05 ms, TE 

= 1.1 ms, 12 inversion times ranging from 66 to 10 000 ms, and flip angle = 3°) and by means 

of the standard CPMG imaging multiecho sequence with 6 echoes (TE = n x 12 ms, and TR = 

10 000 ms), respectively. 

 

2.3.5. Phantom study 

 

Diffusion measurements were carried out at 21 °C in water, isopropanol and oil phantoms in 

order to validate the gradient systems used in the red blood cell study or in the animal study. 

The oil phantom, which gave a signal even at b = 17 000 mm-2 s, revealed monoexponential 

signal decay over the entire b value range (data not shown). The diffusion constants (D) 

obtained with two different gradient systems for water (D = 2.07 ± 0.02 x 10-3 mm2 s-1 for the 

RRI probe and 2.04 ± 0.04 x 10-3 mm2 s-1 for the Doty probe) and isopropanol  (D = 0.46 ± 

0.003 x 10-3 mm2 s-1 for the RRI probe and 0.44 ± 0.004 x 10-3 mm2 s-1 for the Doty probe) 

samples are in good agreement with the literature data (Clark and Le Bihan, 2000). 
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2.3.6. Data analysis 

 

After two-dimensional Fourier transformation, all images were reconstructed as 512 x 256 

matrices and the postprocessing was performed with VNMR 6.1B and Image Browser 

software (Varian, Inc., Palo Alto, CA) on a Sun Ultra 30 workstation (Sun Microsystems, 

Mountain View, CA). Freehand ROIs were used for the determination of the signal intensities 

in the gray matter of the mice in the control and global-ischemia groups. In the cold-injury 

group, besides the contralateral gray matter, the core of the cold lesion was delineated. On the 

images of the red blood cell samples, the full cross-section was marked as the ROI. ADCs and 

volume fractions were calculated by fitting the signal intensities to the equation 

 

I/I0 = ffast exp(-b*ADCfast) + fslow exp(-b*ADCslow) 

 

where I is the signal in the presence of diffusion sensitization, I0 is that in the absence of 

diffusion sensitization, ADCfast and ADCslow are ADC values, and ffast and fslow are the 

contributions to the signal of the fast- and slow-diffusing water compartments. To visualize 

the spatial ADC changes in the brain, ADC maps were generated via the same equation. Each 

imaging gradient (including cross-terms) was taken into account for the b value calculation 

(de Graaf, 1998c). The SNR was larger than 3 for every acquired image. 

 

2.3.7. Statistical analysis 

 

Values are expressed as means ± SD. In the control and global-ischemia groups, data from 

both hemispheres were taken into consideration. Significant differences between data were 

verified with the two-tailed Student t test, with p values less than 0.05 considered to indicate a 
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significant difference. All the statistical and fitting procedures were performed with the 

Sigmaplot 5.0 (SPSS Inc. Richmond, CA) software package. 

 

2.4. Localized proton MRS of cerebral metabolites in mice 

 

2.4.1. Animal preparation 

 

The animals had free access to food and water. The investigated male mice (8-9 weeks of age) 

from the NMRI (n = 8), BALB/c (n = 7) and C57BL/6 (n = 8) strains had a mean body weight 

of 39 ± 5, 23 ± 1, and 24 ± 2 g, respectively. Similarly as in recent high-resolution three-

dimensional MRI studies of mouse brain (Natt et al., 2000), anesthesia was induced by 

intraperitoneal injection of a mixture of xylazine (12.5 mg kg-1), ketamine (125 mg kg-1), and 

atropine (0.08 mg kg-1). The animals were intubated with a purpose-built polyethylene 

endotracheal tube and artificially ventilated. Anesthesia was maintained with 0.2 - 0.6 % 

halothane in a 7:3 (v : v) mixture of N2O and O2. The animals were placed in a prone position 

on a purpose-built palate holder equipped with an adjustable nose cone. The rectal 

temperature was maintained constant (37 ± 0.5 °C) during the proton MRS study in vivo by 

means of heated water blankets. Irreversible global ischemia was induced by overdosing 

halothane in order to examine alterations in cerebral metabolite concentrations post mortem. 

Additional mice from the NMRI (n = 4), BALB/c (n = 3) and C57BL/6 (n = 3) strains were 

used for a pilot study that compared two methods for determination of the cerebral spinal fluid 

(CSF) partial volume within the volume of interest (VOI). 
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2.4.2. Proton MRS 

The study was performed with a 2.35 T MRBR 4.7/400 mm magnet (Magnex Scientific, 

Abingdon England) equipped with B-GA20 gradients (100 mT m-1) driven by a DBX system 

(Bruker Biospin, Ettlingen, Germany). Excitation and signal reception were accomplished 

with the use of a Helmholtz coil (inner diameter 100 mm) and a surface coil (inner diameter 

16 mm), respectively. Two sets of horizontal (TR/TE = 17/7.58 ms, flip angle = 20°, field of 

view = 15 x 20 x 30 mm3, matrix size = 128x128x64) and sagital (TR/TE = 17/7.58 ms, flip 

angle = 20°, field of view = 15x15x15 mm3, matrix size = 128x128x32) three-dimensional 

gradient echo images were obtained to guide the positioning of the VOI (4 x 3 x 4 mm3) 

centrally placed within the forebrain (Fig. 2).  



 28

Figure 2. T1-weighted MRI of the brains of different mouse strains, demonstrating the 
position of the VOI within (left) coronal and (right) mid-sagittal sections. The VOI was 
centrally placed within the forebrain, using the pituitary gland as a border reference in the 
axial direction. The CSF spaces are considerably smaller in the NMRI and BALB/c mice than 
in the C57BL/6 strain. 
 

After localized shimming by FASTMAP (Gruetter, 1993), two sets of 8 fully relaxed short 

echo time proton NMR spectra (STEAM, TR/TE/TM = 6000/20/10 ms, 64 averages per NMR 

spectrum) were acquired in vivo and also 4-5 min. post mortem. Cardiac arrest was confirmed 

by a two-dimensional flow-weighted gradient echo imaging sequence (TR/TE = 16/6.15 ms, 

flip angle = 40°, field of view = 15 x 15 mm2, matrix size = 96x96). Proton NMR spectra (64 

averages) were processed by LCModel (Provencher, 1993) to determine the phase and 

chemical shift corrections. When these corrections were taken into account, sets of MR 
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spectra obtained in vivo or post mortem were added for each mouse. The metabolite 

quantification by LCModel was accomplished on the summed MR spectra (consisting of 8 x 

64 averages). The brain water signal was used as an internal reference, assuming a mean 43.7 

mol dm-3 brain tissue concentration within different mouse strains (Kinouchi et al., 1991; 

Tracey et al., 1996; Schwarcz et al., 2001). 

 

2.4.3. CSF partial volume correction 

 

The aim of the pilot study was to validate the CSF fraction assessment based on MRI 

volumetry by means of the golden standard method that uses the analysis of the biexponential 

signal decay due to T2 relaxation (Ernst et al., 1993).  

MRI volumetry was carried out on the horizontal images by delineating the CSF spaces 

within the VOI as freehand ROIs. The sum of the determined areas was multiplied by the slice 

thickness to yield the CSF volume within the VOI. The molar quantities of the water 

molecules within the brain tissue (Mtissue) and within the CSF volume (MCSF) were obtained 

by assuming a water concentration of 43.7 mol dm-3 and 55.6 mol dm-3 (i.e. pure water), 

respectively. On use of the CSF fraction (fCSF = MCSF/(Mtissue + MCSF), the concentrations 

determined by LCModel can be corrected: 

 

C = CLCModel / (1 - fCSF). 

 

This correction takes into account both the CSF content of the reference water signal and the 

partial volume of the CSF within the VOI.  

fCSF was also determined by acquiring fully relaxed proton NMR spectra of the unsuppressed 

water signal at various echo times TE (20, 30, 45, 68, 100, 150, 200, 275, 350, 425, 500, 625, 
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750, 875, 1000, 1250 and 1500 ms). These proton spectra were fitted by the biexponential 

decay function, and the slow component was assumed to result from the CSF. fCSF is equal to 

the part of the slow component within the signal at TE = 0. 

 

2.4.4. Statistical analysis 

 

Linear regression was performed to examine the correlation between the results obtained by 

NMR volumetry and those yielded by biexponential signal decay analysis of the MRS data. 

The unpaired Student t test was used to determine alterations in metabolite concentrations 

between different mouse strains in vivo. The paired Student t test was performed to determine 

differences in metabolite concentrations between in vivo and post mortem conditions within 

the same mouse strain. Data are expressed as means ± standard deviation. 
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3. Water quantification in mouse brain by means of MRI 

 

3.1. Results 

 

3.1.1. Phantom study 

1/T1 values obtained from T1 maps of gel phantoms vs. 1/W values exhibited a linear 

correlation, with r = 0.99. M0 values from M0 maps of gel phantoms vs. W showed a similarly 

strong correlation (r = 0.99).  

For estimation of the accuracy of T1 values measured by MRI, they were compared with the 

bulk T1 values. The correlation coefficient between T1 estimated by MRI and bulk T1 in gels 

was 0.99. The data are shown in Table 1.  

 

 
Table 1 T1 measurement and M0 assessment of gel phantoms. Results, expressed as means ± 
standard deviation, are averages of 5 parallel measurements. 
 

 W (%)  T1 by MRI (s)  Bulk T1 (s)  M0 (arbitrary unit) 

90  2.177 ± 0.19  2.204 ± 0.01   0.2031 

84.6  1.729 ± 0.11  1.801 ± 0.03   0.1755 

79.6  1.375 ± 0.07  1.499 ± 0.02   0.1576 

74.5  1.145 ± 0.06  1.226 ± 0.02   0.1481 

69.5  0.988 ± 0.04  1.050 ± 0.01   0.1266 

 

 

3.1.2. Normal T1 values of mouse gray and white matter 

Imaging of both hemispheres in 5 intact mice gave average T1 values of 1.568 ± 0.061 s for 

the cortex and 1.322 ± 0.025 s for the corpus callosum. 
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3.1.3. Correlation between NMR-estimated parameters in mice and water content determined 

by wet/dry measurement 

 

The W in the edematous hemisphere of the brain ranged between 84.3% and 88.1%, as 

assessed by wet-dry measurement. There was no significant deviation in the contralateral gray 

matter as compared with the control group. The averages of the W were found to be 79.1 ± 

0.6% and 79.2 ± 0.5% respectively.  

A strong linear relationship, with r = 0.98, was obtained between the 1/T1 values and 1/W 

(Fig. 3). In the edematous hemisphere of the mouse brain, T1 values fell between 2.62 s and 

4.06 s. Under these experimental conditions, T1 for the water sample was found to be ~3.21 ± 

0.3 s by both imaging and spectroscopic T1 determination. 
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Figure 3. Correlation of 1/T1 and 1/W determined by wet/dry measurement in mouse 
brain.  
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The correlation between M0 and W, with r = 0.98, is shown in Fig. 4. Taking the M0 value for 

100% water into consideration increases the correlation coefficient to 0.99 (Fig. 4). 

 

Figure 4. M0 vs. W determined by wet/dry water quantification excluding (solid line) and 
including (dotted line) M0 for the water sample. 
 

 

3.2. Discussion 

 

Many recent reports have provided data on the measurement of W in brain edema (Barzo et 

al., 1997; Lin et al., 1997; Fatouros and Marmarou, 1999; Lin et al., 2000; Venkatesan et al., 

2000), utilizing M0 or T1 values generated from different modes of imaging. However, the 

vasogenic form of brain edema has not been widely investigated by MRI. 

The aim of our study was the quantification of W in vasogenic edema at high field, providing 

microscopic resolution (Fig. 5). 
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Figure 5. In vivo IRSE image of mouse brain 20 h after cold 
injury. The head of the caudate nucleus, the corpus callosum 
and the edematous area are easily recognizable. An example of 
ROI used for W quantification is also displayed. 

 

Published data drew our attention to specific methods based on the correlations existing 

between T1 or M0 and W. Since IRSE experiments with an arrayed inversion time offer a 

possibility to extract values of both T1 and M0, this seemed the method of choice for our 

purposes. However, in animal studies the T1 data provided by this method are distorted by 

time limitations, resulting in short TR, and a lower number of TI array elements then the 

optimum; this is a consequence of the difficulties in maintaining animals motionless and 

anesthetized for long periods. Further inherent distortions are signal losses due to the 

application of gradients and diffusion effects, mostly during the inversion time.  

The validity of the T1 values obtained from IRSE experiments was tested on gel phantoms of 

various compositions, since these objects could be studied with IRSE imaging 

experimentation as well as with classical „spectroscopic” two-pulse T1 determination (d1–π–

τ–π/2–acq sequence with d1 = 20s, hard pulses and an 8-element τ array). Thus, the T1 values 
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of the gels were determined by two different methods: from T1 maps recorded with 

parameters reasonable in animal experiments, and by using the conventional spectroscopic 

method. The two datasets displayed surprisingly good agreement (r = 0.99) over the 65-90% 

W range.  

In animal experiments, T1 values obtained from T1 maps were compared with W data 

obtained from wet-dry measurements and, similarly as for the gels, a very good correlation 

was found (r = 0.98). T1 values for the gray and white matter were determined at 9.4 Tesla, 

the latter (as far as we are aware) for the first time in the literature. It should be noted, that T1 

values obtained for the edematous regions (2.62 – 4.06 s) were quite high as compared with 

TR (3.0 s, to ensure that the whole experiment could be finished during the anesthesia), and 

these values therefore cannot be considered accurate. Furthermore, a large proportion of the 

T1 values were found to be higher than that obtained for water (3.21 s). A clear-cut 

explanation of this rather surprising finding would necessitate further investigations with 

particular respect to the composition (e.g. O2 content) of the fluid present in the edematous 

region. 

Inversion time-arrayed IRSE experiments also allow the determination of the thermodynamic 

equilibrium magnetization, which in an ideal case is proportional to W. However, the method 

is known to be hampered by factors such as the RF inhomogeneity, temperature changes, T2 

signal loss, etc. Under our conditions, a strong linear relationship (r = 0.98) was found 

between the M0 values obtained from M0 maps and the W determined by wet-dry 

measurements in animal experiments and for gel phantoms. Additionally, the M0 value found 

for water falls on the extension of the trendline.  

These findings suggest a simple method for W determination in vasogenic edema. An animal 

and a small tube filled with water should be consecutively imaged and an M0 map should be 

obtained as described in 2.1.3. A calibration line should be laid over the M0 values for the 
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normal cortex (79.2%) and water (100%). W can be calculated with satisfactory accuracy 

from the equation of this line after reading M0 values from edematous regions.  
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4. Water quantification in rat brain by means of MRS and MRI 

 

4.1. Results 

 

4.1.1. Phantom studies 

To validate the T1 measurements, the T1 values of the gel phantoms, obtained from either a T1 

map or assessed via the saturation factor, were compared with the bulk T1 values measured by 

conventional spectroscopic T1 analysis (Table 2).  

 

Table 2. W and T1 values of gel phantoms.  

 

    W (%)  Bulk T1(s)  T1 by STEAM(s)  T1 by T1map(s) 

     96       2.87           2.688          2.779 

     90      2.204          2.211          2.177 

     84.6     1.801          1.762          1.725 

     79.6     1.499          1.552          1.37 

     74.5     1.226          1.268          1.145 

 

The reciprocals of the T1 values measured in gels by the conventional spectroscopic two-pulse 

method correlated strongly with the reciprocals of W (r = 0.99). Similarly strong relationships 

were observed between 1/W and 1/T1 assessed either via the saturation factor in a STEAM 

experiment or obtained from the T1 map. 

 

4.1.2. T1 values in rat brain 
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Mean T1 values determined by means of localized proton MRS were found to be 1.864 ± 

0.081 s for normal cortical regions and 2.617 ± 0.066 s for edematous areas of the rat brain, 

whereas the T1 maps (Fig. 6) gave 1.814 ± 0.063 s for the normal cortex and 2.590 ± 0.147 s 

for the edematous regions.  

 

 
Figure 6. T1 map of a slice of rat brain generated from 4 IRSE 
images. The white area in the cortex denotes elevated T1 
values corresponding to the vasogenic edema. 

 

 

4.1.3. Correlation between T1 values and water content determined by wet/dry measurement 

 

W in the edematous cortical areas of the brain ranged between 84.6% and 86.9% as 

determined by wet/dry measurement. The average W for the contralateral cortex was 81.0 ± 

0.7%.  

A comparison of the reciprocals of the T1 values obtained with different methods (T1 map or 

progressive saturation STEAM experiment) versus the reciprocals of W is shown in Fig. 7. 

Highly linear relationships were observed for both (r = 0.93 and r = 0.96, respectively).  
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Figure 7. Correlation of reciprocals of T1 (   ) in rat brain measured by STEAM (solid line) or 
T1 (   ) obtained from T1 map (dotted line) and the reciprocals of W obtained from wet/dry 
method. 
 
 

4.2. Discussion 

 

Brain edema is a major clinical problem in more than one-third of neurosurgical patients 

(Katzman et al., 1977; Klatzo, 1994).The in vivo determination of brain W is often critical for 

monitoring the effect of the therapy (Fishman, 1982). In our study, cold injury was chosen to 

mimic the pathological condition of vasogenic brain edema.  

Many papers in the last decade have pursued in vivo W quantification on the basis of T1 maps 

generated from MRI experiments (Fatouros et al., 1991; Barzo et al., 1997a; Barzo et al., 

1997b; Fatouros and Marmarou 1999; Schwarcz et al., 2001). In one case, it took 53 min. to 

record the water map of a slice of the human brain (Fatouros and Marmarou 1999). 
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Paradoxically, most of the time (often over 80 %) unaffected regions are being detected, 

spending the instrument time “in vain” in terms of relevance, but it is indispensable for image 

reconstruction. 

However, a fast T1 measurement focusing only on the affected area can be accomplished by 

localized proton MRS based on a progressive saturation experiment on a clinical scanner 

(Ernst et al., 1993; Kreis et al., 1993). 

The aim of our study was to find a simple, fast in vivo W quantification method which is easy 

to use in animal experiments and feasible on a clinical scanner. Additionally, the fast-

exchange two-state model described by Fatouros (Fatouros et al., 1991) was tested in vivo at 

high field.  

The T1 measuring methods were validated on gel phantoms, which underwent conventional T1 

analysis, using the standard two-pulse sequence, T1 mapping by IRSE and progressive 

saturation STEAM experiment. In the IRSE experiment, T1 maps were generated from an 

array of images with four different TI values. To reduce the time of the T1 determination, the 

STEAM sequence was optimized to give accurate T1 involving only two different TR values. 

Under our conditions, the STEAM experiment was found more accurate (i.e. it gave T1 values 

closer to bulk the T1 values) for T1 determination than T1 mapping over the range of 1.226-

2.87 s. The reciprocals of T1, obtained from both methods, plotted against the reciprocals of 

W showed a strong linear correlation in gel phantoms. 

In the animal study cold injury was applied to obtain a range of W. The T1 values determined 

by means of NMR experiments in the investigated areas, i.e. the edematous and the 

contralateral cortex, exhibited a strong linear correlation with W measured in the same region 

by the standard gravimetric method. A higher correlation coefficient (r = 0.96) was observed 

for the plot of the reciprocals of T1 determined in the localized proton MRS experiment and 
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the reciprocals of W measured by the wet/dry method. This result is consistent with the 

phantom study, where the STEAM experiment likewise furnished more accurate T1 values. 
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5. Water diffusion measurement in mouse brain and centrifuged erythrocytes 

 

5.1. Results 

 

5.1.1. Light- and electronmicroscopy of cold injury 

 

The freezing procedure seriously injured a large cortical area and also a small area in the 

subcortical white matter. In each affected area, the refractivity was markedly decreased, as 

revealed by phase-contrast microscopy (Fig. 8 a). Furthermore, a majority of the neurons were 

dramatically swollen and the neuropil was spongious (compare Figs 8 b and c). 

Electronmicroscopy clearly revealed that the ultrastructural equivalent of the light-

microscopic sponginess was a series of markedly expanded neuronal and astrocytic somata 

and processes, in which the ultrastructural elements were partially or completely dissolved 

(compare Figs 8 d, e and f). Varying extents of the plasma membrane were missing in almost 

every ultrastructural element, demonstrating that the extracellular spaces were incorporated 

into the intracellular spaces (Fig. 8 e). 

 

 

 

 

 

 

 

 

 



 43

Figure 8. Light- (a, b 
and c) and 
electronmicroscopic 

(d, e and f) pictures 
of the neocortex 
obtained from cold-
injured (a, b, d and 
e) and control (c and 
f) mice. b, d and e 
are enlargements of 
the areas boxed in a, 
b and d, 

respectively. 
Sections were 
stained with 
toluidine blue (b and 
c) or a lead citrate-
uranyl acetate 
sequence (d - f). In 
a, the cold-injured 
area is light, whereas 
the normal areas are 
dark (an unstained 
vibratome section 
was placed under the 
light-microscope the 
condenser lens of 
which was adjusted 
to its lowest position 
in order to create 
phase contrast). In b, 
the small black 
circles are red blood 
cells; arrowheads 
point to extremely 
swollen neurons; an 
arrow points to the 
dura mater. In c, the 
normal neurons and 
their main dendrites 

are somewhat lighter than the background. White profiles denote blood vessels. The arrows point to 
the dura mater. In d, an arrow points to the nucleus of a disintegrated neuron. In d and e, the asterisks 
indicate expanded astrocytic and/or neuronal processes with a completely disintegrated interior, but a 
partially preserved plasma membrane. In e, a small open circle denotes an expanded part of the 
extracellular space. In e and f, the arrows point to double membranes, with the normal extracellular 
space between them. Scale bars: a 2 mm, b and c 50 µm, d 5 µm, e and f 1 µm. 
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5.1.2. Animal study 

 

Figure 9 presents ADC maps of fast and slow components generated from normal (a), global-

ischemic (b) and cold-injured (c) mouse brains with the ROIs used for biexponential signal 

decay analysis.  

 

 
Figure 9. ADC maps of fast (left column) and slow (right column) 
component in the control (a), global-ischemic (b) and cold-injury (c) 
groups. In images a and b, the ROIs represent the cortex, whereas in image 
c, besides the contralateral cortex, the core of the injury is delineated. 

 

 

The diffusion constants and the respective volume fractions determined in the various mouse 

groups by fitting the intensities relating to the diffusion-weighted images are displayed in 

Table 3.  
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Table 3. Means and standard deviations of ADC and corresponding volume fractions (p) of 
slowly and rapidly diffusing components measured in the cortex of the brain in three different 
animal groups.   
 

Animals  ADCfast  ADCslow  pfast(%) pslow(%) 
 
Control mice 
cortex   7.72 ± 0.67  1.8 ± 0.41  79 ± 6  21 ± 6  
 
Ischemic mice 
cortex   5.77 ± 0.67*  1.31 ± 0.15*  57 ± 6* 43 ± 6∗  
 
Cold injured mice 
core   8.92 ± 1.2*  0.96 ± 0.1*  67 ± 4* 33 ± 4* 
 
Cold injured mice 
contralateral cortex  7.73 ± 0.59  1.8 ± 0.39  78 ± 5  22 ± 5  
 
 
ADC values are x10-4 mm2 s-1 
∗p<0.005 (unpaired t test vs. control values) 
 

The diffusion measurements in the brains of the control, global-ischemic and cold-injured 

mice revealed biexponential signal decay (Fig. 10). 
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Figure 10. Normalized water signal obtained from brain tissue vs. b value (ROIs shown in 
Fig. 9). The error bars indicate the standard deviations of the intensities within the groups, but 
in several cases the symbols are larger than the respective error bars. The data from the gray 
matter of the control and the global-ischemic mice are depicted with circles and squares, 
respectively. The data from the core of the lesion in the cold-injured mice are indicated by 
triangles. The biexponential fits obtained with the nonlinear regression method are shown 
through the data (r > 0.999 in all cases). 
 

 

In the global ischemic group, the ADC values in the gray matter decreased in nearly the same 

proportion: ADCfast from 7.72 ± 0.67 x10-4 to 5.77 ± 0.67 x10-4 mm2 s-1 and ADCslow from 1.8 

± 0.41 x10-4 to 1.31 ± 0.15 x10-4 mm2 s-1. The changes in the volume fractions reveal a shift 

from ffast to fslow. Within the lesion in the cold-injury group, where the membranes are 

disintegrated by freezing, ADCfast increased, whereas ADCslow markedly decreased. An 

apparent shift from ffast to fslow also occurred.  

Finally, the diffusion parameters of the contralateral gray matter did not differ from those 

observed for the cortex in the control group (Table 3).  
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5.1.3. Red blood cell study 

 

 

The relaxation time measurements in the centrifuged human blood samples gave 1.13±0.03 s 

for T1 and 15.8 ± 1.33 ms for T2; and the T2 relaxation curves were found to be clearly 

monoexponential (Fig. 11). The diffusion measurements revealed biexponential signal decay 

(Fig. 12), with the following parameters: ADCfast = 3.59 ± 0.22 x10-4 mm2 s-1, ADCslow = 

0.79± 0.04x10-4 mm2 s-1, pfast = 63 ± 2%, and pslow = 37 ± 2%. 

Figure 11. T2 relaxation curve of normalized water signal for centrifuged human erythrocytes, 
clearly revealing a monoexponential function (r > 0.9999). 
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Figure 12. Normalized water signal decay due to diffusion in centrifuged human erythrocyte 
samples demonstrating a biexponential function in the b value range up to 17 684 mm-2 s (r > 
0.999). 
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5.2. Discussion 

 

5.2.1. Diffusion properties of mouse brain  

 

The present study relates to the presumption that the biexponential signal decay in diffusion 

measurements in the nervous tissue represents the extra- and intracellular compartments 

(Buckley et al., 1999; Bui et al., 1999).  

Our results indicate a biexponential signal decay due to diffusion in the cortex of the intact 

mouse brain. The data from the intact cortex (see Table 3) are in good agreement with the 

ADC values (ADCfast = 8.24 ± 0.3 x10-4 mm2 s-1, ADCslow = 1.68 ± 0.1 x10-4 mm2 s-1)  and 

volume fractions (pfast = 80±2%, pslow = 17±2%) determined in vivo in the rat brain (Niendorf 

et al., 1996). It should be noted that the volume fractions obtained from NMR measurements 

do not correspond to the physiological volume fractions of the extra- and intracellular 

compartments (Niendorf et al., 1996; Schuier and Hossmann, 1980). 

This biexponential function can not result from the two compartments having different T2 or 

T1 values since the echo time changes had no effect on the diffusion constants measured in 

vivo (Niendorf et al., 1996; Clark and Le Bihan, 2000) or in vitro (Assaf and Cohen, 1998), 

and the T1 values for the two populations were found to be identical by means of a hybrid, 

diffusion weighted inversion recovery sequence (Mulkern et al., 2000). On the basis of studies 

performed on perfused rat hippocampal slices, where the administration of ouabain or N-

methyl-D-aspartate provoked a shift from pfast to pslow, while the ADCs remained constant 

(Buckley et al., 1999; Bui et al., 1999), ADCfast and ADCslow and the corresponding volume 

fractions are assigned to the extra- and intracellular spaces, respectively.  

During global ischemia, the changes in the volume fractions in the cortex indicate a shift from 

pfast to pslow (pfast decreases from 80% to 57%, while pslow increases from 20% to 43%), which 



 50

is consistent in magnitude with the water shift determined in cats under ischemic conditions 

(Schuier and Hossmann, 1980). Thus, if only the magnitude of the volume alteration is taken 

into account, these results support the water shift theory, and the differences between the real 

volumes of the compartments and those determined by MR could be explained by putative 

different relaxation rates of the extra- and intracellular spaces (Buckley et al., 1999).  

In cold injury, electronmicroscopy demonstrated that the disintegration of the membranes is 

so dramatic that intact ultrastructural elements are hardly to be seen, apart from some 

mitochondria. In consequence of the extremely extensive fragmentation of the membranes, 

the term compartmentalization loses its meaning. These results are in good agreement with 

those published concerning structural changes in a cold-injury model (Klatzo et al., 1958; 

Chan et al., 1983). Thus, if ADCfast and ADCslow represented the extra- and intracellular 

spaces, only one exponentially decaying component should remain in DWI, since the barrier 

between the compartments is eliminated.  

Our results contradict this assumption because, instead of increasing, ADCslow decreased to 

half the control value, with a paradoxically elevated volume fraction (Table 3). 

Overall, the animal study results suggest that ADCfast and ADCslow and the corresponding 

volume fractions do not reflect the extra- and intracellular spaces.  

 

 

5.2.2. Diffusion in human red blood cells 

 

In centrifuged human red blood cell samples, where the extracellular space is negligible and 

there are no intracellular compartments, the observation of biexponential signal decay due to 

diffusion was unexpected. If a mixture of the red blood cells containing hemoglobin and 

deoxyhemoglobin is present in the sample, T1 and T2 relaxation could give a biexponential 
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relaxation curve (Bryant et al., 1990), which could result in a false biexponential signal decay 

in the diffusion study. However, TR was 8 times more than T1 and the T2 relaxation curve 

clearly indicated a monoexponential function (Fig. 11). MRI was used for the relaxation time 

measurements to yield a SNR similar to that in the DWI in order to obtain information only 

on those protons that give a sufficient signal under the imaging conditions. Furthermore, use 

of an imaging sequence allows choice of an appropriate slice which is well distant from the 

air-adjacent surface of the blood sample.  

It could be argued that the second component of the biexponential signal decay obtained from 

the red blood cell sample corresponds to the first diffraction peak (i.e. slower diffusion due to 

the pore-hopping phenomenon) seen in similar preparations in the q-space approach (Kuchel 

et al., 1997). However, in our sample there is no extracellular space, which renders pore-

hopping virtually impossible, and our DWI parameters do not satisfy the obligatory criteria of 

the q-space technique that ∆ should be much longer than δ. 

Thus, our results strongly suggest that both ADCfast and ADCslow reflect intracellular water 

protons; additionally, pfast is larger than pslow, as for the volume fractions determined in the 

intact mouse brain (see Table 3).  

If this biexponential signal decay in the diffusion experiment indeed originates from 

intracellular components, it should be present in other studies on cell cultures. Work on glial 

cell cultures (Pfeuffer et al., 1998) revealed that, when both the cell culture medium and glial 

cells are present, the signal decay due to diffusion does not, as expected, fit a biexponential 

two-compartment model and a new theory was put forward to interpret the experimental data. 

Pilatus et al. (Pilatus et al., 1997) performed experiments on cancer cells and explained the 

large decrease in the ADC (from 3.0 x10-3 to 2.1 x10-3 mm2 s-1) of the extracellular culture 

medium in the presence of the cells in terms of the inappropriate model used to describe the 

diffusion. A recent paper (Sehy et al., 2002) points out that straightforward assignment of the 
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fast-diffusing component to the extracellular protons can be wrong even in cell cultures. This 

approach, e.g. as concerns oocyte cultures in the study by Pfeuffer et al., regarded 99.6% of 

the intracellular protons as protons belonging to the medium since they had a fast ADC (Sehy 

et al., 2002).  

In light of the results on centrifuged human red blood cells, the explanation of the 

aforementioned decrease in extracellular ADC in the experiment of Pilatus et. al. could be that 

that there are two main intracellular water populations from the aspect of diffusion (b value up 

to 10 000 mm-2 s) and the relatively freely diffusing water protons in the extracellular medium 

are superimposed in the measurement.  

Two main intracellular diffusion components were recently detected in single-cell studies 

(Grant et al., 2001; Sehy et al., 2002), and in these cell types the second component could 

arise from microcompartmentalization within the cell. In our study, however, the red blood 

cells have no intracellular organelles, and consequently the biexponential decay must result 

from the intrinsic properties of the cytoplasm.  

Accordingly, it could be concluded from our results on centrifuged human red blood cells that 

the slow and fast-diffusing components are the water molecules bound to macromolecules and 

the free or less strongly bound water molecules, as already speculated in other papers 

(Branco, 2000; Inglis et al., 2001). In this case, these two water populations can be both extra- 

and intracellular, and the extracellular ADCfast would not differ from the intracellular ADCfast 

because both relate to the non-bound water molecules. This theory is supported by studies in 

which the extra- and intracellular diffusion were measured separately via compartment-

specific markers: no difference was found between the extra- and intracellular ADCs (Duong 

et al., 1998; Duong et al., 2001). Since these marker molecules are dissolved in the bulk water 

fraction, this result is not surprising. In fact, the diffusion of the fast component may be 
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restricted by the cell membranes, but the biexponential decay itself arises from water 

molecules in different binding states. 

However, the speculation concerning bound and non-bound water populations is not 

supported by the monoexponential T2 decay observed for centrifuged erythrocyte samples, 

where biexponential decay would also be expected. Thus, the bound water population could 

be water molecules in the outer layers of the hydration shell of the macromolecules, where 

they are far enough to lose magnetization with shorter T2 (i.e. as in a gel), but still prevented 

from "free" intracellular motion.  
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6. Localized proton MRS of cerebral metabolites in mice 

 

6.1. Results 

 

6.1.1. CSF fraction assessment 

In the pilot study, the biexponential analysis of the T2-weighted water spectra yielded slow T2 

components of 302 ± 109 ms, 282 ± 62 ms and 575 ± 17 ms, and fast T2 components of 62 ± 

4 ms, 62 ± 2 ms and 59 ± 2 ms in NMRI, BALB/c and C57BL/6 mice, respectively. The fCSFs 

determined from the slow component were 0.027 ± 0.015, 0.013 ± 0.005 and 0.095 ± 0.019, 

respectively. These values are in very good agreement with those determined by means of 

MRI volumetry (Fig. 13).  

 

Figure 13. Linear regression of CSF partial volume fractions of NMRI (n = 4, circles), 
BALB/c (n = 3, squares) and C57BL/6 mice (n = 3, triangles), as determined by MRI 
volumetry and MRS T2 measurements of the unsuppressed water signal within the VOI 
selected for MRS. 
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Linear regression between the two data sets revealed a correlation coefficient of r = 0.98 for 

the regression line, with a slope of 1.02 and an intercept close to zero. This pilot study 

suggested that fCSF obtained from MRI volumetry is accurate. To keep the duration of the 

experiment short, the fCSF necessary for correction of the metabolite concentrations for the 

CSF fraction was determined by MRI volumetry, since sets of MR images were obtained in 

all cases to guide the VOI positioning. As indicated in Table 4, C57BL/6 mice exhibit 

statistically significantly larger CSF partial volumes, than those of either NMRI mice or 

BALB/c mice. 
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Table 4. Cerebral metabolite concentrations of mouse strains without CSF partial volume 
correction 
 

NMRI (n = 8)          BALB/c (n = 7)          C57BL/6 (n = 8) 

             In vivo       Post mortem         In vivo        Post mortem  In vivo           Post mortem 

NAA  6.9 ± 1.7  7.2 ± 0.6  6.3 ± 0.6  5.8 ± 0.7  7.0 ± 1.3  4.9 ± 1.0** 

tCr  7.5 ± 1.5  6.7 ± 1.4  7.0 ± 0.6  6.4 ± 1.4  8.3 ± 1.4  6.1 ±1.3** 

Cho  2.2 ± 0.5  2.0 ± 0.3  1.8 ± 0.2#  1.7 ± 0.2  2.4 ± 0.6  1.6 ±0.4* 

Ins  5.7 ± 1.1  5.7 ± 1.6  5.0 ± 1.4  6.2 ± 1.2  5.9 ± 1.3  5.3 ± 1.4 

Glc  6.0 ± 2.2  0.8 ± 1.1***  5.3 ± 2.6#  1.1 ± 0.7∗∗  8.8 ± 3.4  1.5 ± 1.2*** 

Lac  1.8 ± 1.3  13.4 ± 3.8***  1.1 ± 1.0##  15.1 ± 2.0***  2.5 ± 0.7  13.2 ± 2.8*** 

 
CSF  1.5 ± 0.6###       n.d.      1.1 ± 0.6###        n.d.   4.0 ± 1.2        n.d. 

∆υ1/2 7.6 ± 0.8##  9.4 ± 1.6*  6.9 ± 0.6###  7.8 ± 0.8  9.3 ± 1.0  8.6 ± 0.8 

SNR  7.1 ± 2.0  6.5 ± 1.4  7.6 ± 0.8  7.3 ± 1.3  7.0 ± 1.6  7.1 ± 1.1 

The data represent mean values ± SD averaged across animals. Metabolite concentrations are 
given in mM per liter of VOI. CSF is the partial volume (mm3) of the cerebral spinal fluid 
within the VOI as determined by MRI volumetry, ∆υ1/2 is the linewidth (Hz), and SNR is the 
signal-to-noise ratio, n.d. not determined, 
#p < 0.05, ##p < 0.01, and ###p < 0.001 (unpaired t test vs. C57BL/6 in vivo), 
*p < 0.05, **p < 0.01, and ***p < 0.001 (paired t test of in vivo and post mortem data within 
the same mouse strain). 
 

 

6.1.2. Localized in vivo MRS in mice 

The SNRs and spectral linewidths of the MR spectra determined by LCModel range from 6.5 

to 7.6 and 6.9 Hz to 9.4 Hz, respectively, for the different mouse strains. It may be noted that 

the linewidth achieved for the C57BL/6 mice in vivo was significantly larger than those for 

the two other groups (Table 4). Localized proton MRS was applied in situ to quantify the 

cerebral metabolite concentrations of the examined mouse strains in vivo and in response to 
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irreversible global ischemia post mortem. Spectral linewidths and the corresponding SNR data 

determined by LCModel are listed in Table 4. As demonstrated in Fig. 14, the spectral quality 

achieved was sufficient to yield pairs of proton NMR spectra in vivo and post mortem.  

Figure 14. (Left) In vivo and (right) 1-hour post mortem proton NMR spectra of the same 
animal for different mouse strains. Metabolite resonances include N-acetylaspartate (tNAA), 
creatine and phosphocreatine (tCr), choline-containing compounds (Cho), myo-inositol (Ins), 
glucose (Glc) and lactate (Lac). Apart from decreased Glc and increased Lac post mortem, the 
specific vulnerability of the C57BL/6 strain to ischemia is demonstrated by the reductions in 
tNAA, tCr and Cho, in contrast with the NMRI and BALB/c mice. 
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The major metabolite resonances of NAA, tCr, Cho, and Ins are clearly visible. The presence 

of a normal Glc resonance and the absence of larger amounts of Lac demonstrate a balanced 

energy metabolism of the anesthetized mice in vivo.  

 

6.1.3. Localized post mortem MRS in mice 

As expected, the post mortem NMR spectra obtained during global ischemia exhibit a 

depleted resonance of Glc and a prominent doublet resonance of Lac. The quantitation of 

metabolite concentrations without a CSF correction as indicated in Table 4 confirmed the 

dramatic alterations in Glc and Lac in all mouse strains after irreversible global ischemia. 

More interestingly, the major metabolite concentrations of NAA, tCr, Cho and Ins remained 

normal at 1 hour post mortem in the mice of the NMRI and BALB/c strains, whereas 

significant decreases in NAA, tCr and Cho were observed in the C57BL/6 mice post mortem. 

The C57BL/6 mice differ significantly from the BALB/c mice in their cerebral Cho, Glc and 

Lac concentrations in vivo. After the CSF partial volume correction, these metabolic strain 

differences were further emphasized (Table 5). Thus, the C57BL/6 mice exhibited higher 

cerebral concentrations of NAA, tCr, Cho, Glc and Lac as compared with the BALB/c mice. 

The cerebral Glc concentration for the C57BL/6 mice was also higher than that for the NMRI 

mice.  
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Table 5. Cerebral metabolite concentrations of mouse strains after CSF partial volume 
correction 
 

NMRI (n = 8)          BALB/c (n = 7)          C57BL/6 (n = 8) 

             In vivo       Post mortem         In vivo        Post mortem  In vivo           Post mortem 

NAA  7.1 ± 1.7  7.4 ± 0.5  6.5 ± 0.5#  6.0 ± 0.7  7.9 ± 1.5  5.4 ± 1.1** 

tCr  7.8 ± 1.6  6.9 ± 1.6  7.2 ± 0.6##  6.6 ± 1.4  9.2 ± 1.6  6.8 ±1.6** 

Cho  2.2 ± 0.5  2.0 ± 0.3  1.8 ± 0.2##  1.8 ± 0.2  2.6 ± 0.7  1.8 ±0.5* 

Ins  6.0 ± 1.2  6.0 ± 1.7  5.2 ± 1.4  6.4 ± 1.3  6.6 ± 1.4  6.0 ± 1.6 

Glc  6.2 ± 2.3#  0.8 ± 1.2***  5.4 ± 2.7#  1.1 ± 0.7∗∗  9.8 ± 3.9  1.7 ± 1.3*** 

Lac  1.9 ± 1.4  13.9 ± 4.0***  1.1 ± 1.0##  15.6 ± 1.9***  2.8 ± 0.8  14.8 ± 3.4*** 

The metabolite concentrations represent mean values ± SD (mM) averaged across animals,  
#p < 0.05, ##p < 0.01 (unpaired t test vs. C57BL/6 in vivo), 
*p < 0.05, **p < 0.01, and ***p < 0.001 (paired t test of in vivo and post mortem data within 
the same mouse strain). 
 

 

6.2. Discussion 

 

6.2.1. CSF partial volume in mouse strains 

 

The linewidth achieved in the mouse brain was about 1.5-fold larger than that observed in 

comparable proton MRS studies of rats at 2.35 Tesla. Similar observations of relatively 

increased linewidths have been reported (Jenkins et al., 2000). However, the SNR achieved 

was sufficient for the spectral evaluation by LCModel and comparable to that in other proton 

MRS studies of the mouse brain (Hesselbarth et al., 1998). The ventricular size seems to 

influence the spectral quality in terms of linewidth and SNR. The larger the fraction of the 

CSF partial volume within the VOI (C57BL/6 > NMRI > BALB/c) (Table 4), the worse the 

linewidth and consequently the SNR. Since the CSF partial volume within the VOI was 
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significantly larger for the C57BL/6 mice, a partial volume correction is essential to allow a 

comparison of cerebral metabolite concentrations in different mouse strains. In fact, the 

metabolic strain differences in vivo proved to be further pronounced after the partial volume 

correction, as demonstrated by additional significantly different metabolite concentrations, 

e.g. those of NAA and tCr (Table 5). 

 

6.2.2. Cerebral metabolite concentrations of mouse strains in vivo 

 

The cerebral metabolite concentrations observed for the investigated mouse strains are within 

the range of values reported for other species in vivo (Michaelis et al., 1993; Pouwels and 

Frahm, 1998; Michaelis et al., 1999; Michaelis et al., 2001), mice in vivo (in `t Zandt et al., 

2000), and mice in vitro (Agrawal et al., 1968; Tsao et al., 1999; Jenkins et al., 2000). 

However, a direct comparison of the results obtained in the mouse brain with values reported 

in the literature is restricted by, for instance, the different MRS techniques, the different 

mouse strains, and preparation artefacts post mortem. In fact, the presented quantitative proton 

MRS study revealed strain-dependent differences in the basal concentrations of the major 

cerebral metabolites in vivo. Since the C57BL/6 mice displayed significantly higher 

concentrations of NAA, tCr, and Cho, a higher cell density may be speculated, for example, 

due to the enlarged ventricles, but the metabolic background and/or consequences of this 

finding remain open and necessitate further investigations. A low Glc/Lac ratio may indicate a 

metabolism shifted toward a more anaerobic status. However, Glc/Lac ratios of 3.23 ± 2.81, 

3.34 ± 1.38 and 3.62 ± 1.54 for the NMRI, BALB/c and C57BL/6 mice, respectively, are 

within the range found in proton MRS studies of the rat brain in vivo (Michaelis et al., 1999; 

Pfeuffer et al., 1999) and can not explain the increased sensitivity of C57BL/6 mice to 

ischemia. 
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6.2.3. Cerebral metabolite concentrations of mouse strains post mortem 

 

Apart from the expected changes in concentration of Lac and Glc, the concentrations of NAA, 

tCr, and Cho decreased significantly in the C57BL/6 mice. In contrast, the cerebral 

metabolites remained unaltered after 1 hour of global ischemia in both the NMRI and the 

BALB/c mice. The decreases in NAA, tCr, and Cho are unlikely to reflect dilution of the 

brain metabolites resulting from vasogenic edema (Gyngell et al., 1995), since the water 

content within the VOI can not increase significantly without circulation. While a proton 

MRS study of rabbit brain did not reveal alterations in the NAA and tCr concentrations 

(Petroff et al., 1988) other authors did observe changes in NAA (Higuchi et al., 1993; Sager et 

al., 1995; Brulatout et al., 1996) and/or tCr (Higuchi et al., 1993) 30-60 min. following global 

ischemia induction in rats. However, the mechanism of the NAA decrease remains unknown 

because it is unlikely that significant neuronal disintegration and NAA washout, which could 

be the underlying factors in focal ischemia (Sager et al., 1995), occur 60 min. post mortem. A 

plausible explanation could be that the reported early loss in NAA during ischemia rather 

reflects a reversible state of neuronal dysfunction preceding cell degeneration (Brulatout et 

al., 1996; Dautry et al., 2000). Thus, the early loss in NAA observed post mortem in the 

C57BL/6 mice may indicate an enhanced hydrolysis and a catabolism speeded up towards cell 

death. Since decreased concentrations of Cho were found only several days after global 

ischemia (Kuhmonen et al., 1994) and since tCr is present in both neuronal and glial cells, the 

observed rapid decreases in Cho and tCr require more investigation. 
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7. Conclusions 

 

7.1. Water quantification in mice by means of MRI 

 

T1 was determined in the cold-injured and the intact mouse brain cortex by IRSE imaging. 

The reciprocal of T1 gave a strong linear correlation with the reciprocal of the respective brain 

W value determined by a standard gravimetric method. The M0 values extracted from the 

same measurements were also found to correlate strongly with W and M0 for the water lay on 

the extension of the regression line. Thus, W can be quantified in vasogenic brain edema in 

mice by using the calibration line between M0 and W. 

 

  

7.2. Water quantification in rats by means of MRI and MRS 

 

In vasogenic edema, a strong linear correlation was found between the reciprocal of T1 and 

the reciprocal of W in the rat brain on the use of either T1 maps obtained from IRSE imaging 

or T1 values assessed by localized proton MRS. These findings support the validity of the 

fast-exchange two-state model at 9.4 Tesla established for brain water relaxation at lower 

magnetic fields.  

The localized spectroscopic experiment with optimized parameters proved to be a powerful 

tool for fast T1 and consequently W determination. Despite fitting to only two points, this 

method provided more accurate T1 values in an order of magnitude shorter time (under our 

conditions 2 min vs. 31 min) than that for T1 mapping with a reasonable, but non-optimized 

four-element array of inversion time. Since the 1/T1 vs. 1/W calibration line is also available 
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for humans at 1 Tesla, in vivo W quantification can possibly be performed within a few 

minutes in the clinical routine. 

 

7.3. Diffusion properties of water molecules   

 

Our studies have provided evidence that biexponential signal decay due to diffusion is also 

observed in the cold-injured mouse brain, where the membranes are disintegrated. Thus, the 

general assumption that the biexponential signal decay due to diffusion represents the extra- 

and intracellular compartments is strongly questionable.  

Furthermore, in centrifuged human red blood cell samples, where the extracellular space is 

negligible and there are no intracellular organelles, a biexponential signal was likewise 

observed, with volume fractions similar to those found in the intact mouse brain. These results 

suggest that the biexponential signal decay in diffusion studies could well reflect water 

populations in different binding states rather than distinct extra- and intracellular water 

populations. 

 

7.4. Quantitative localized in vivo MRS in mice 

 

The investigated mouse strains differ in their basal cerebral metabolite concentrations in vivo 

and additionally in their metabolic response to irreversible global ischemia. While the NMRI 

and BALB/c mice exhibited similar results in the basal and challenged states, the C57BL/6 

mice differed from the BALB/c mice in their higher cerebral metabolite concentrations in 

vivo, and from both of the other strains in their metabolic alterations post mortem. The results 

suggest that besides anatomical variations, intrinsic metabolic factors too are involved in the 

higher susceptibility of the C57BL/6 mouse strain to ischemic insults.  
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The cerebral metabolite concentrations obtained can provide normal control levels for in vivo 

metabolite investigations on transgenic mice originating from one of the investigated strains. 
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8. Clinical application of in vivo brain water quantification 

 

On the basis of the NMR know-how acquired during the animal experiments, in vivo brain W 

quantification can also be achieved in human subjects. Thus, brain edema-reducing therapy 

can be routinely followed in patients.  

MR images were acquired on a Siemens scanner operating at 1 Telsa in the Diagnostic Center 

in Pécs. Different T1 weighting was performed by inversion recovery turbo-FLASH (fast low 

angle shot) sequence, using an optimized inversion time array. The technical parameters were 

as follows: TR = 10s, TE = 1.4ms, TI = 200, 300, 450, 600, 1000 and 3000 ms, flip angle = 

3°, number of acquisitions = 2, slice thickness = 10 mm, matrix size = 128 x 128 and total 

measuring time = 2 min.  

The T1 map was generated from images with different Tis, using the standard equation 

describing the magnetization changes in an inversion recovery experiment. The W map was 

calculated pixelwise via the following equation (Fatouros and Marmarou, 1999): 

 

1/W = 0.935 + 0.283/T1 

 

The T1 and W values obtained for the examined brain regions are in good agreement with the 

literature data (Fatouros and Marmarou, 1999). 
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Figure 15. T1 (on the left) and W map obtained from a virtual brain slice of a healthy 
volunteer. The T1 and W values are shown in the respective boxes relating to different brain 
regions.  
 
 
T1 and W mapping (Fig. 15) allows quantitative investigation of the T1 and W changes 

occurring in several brain pathologies, such as multiple sclerosis, brain edema, stroke, etc. 

Efforts will be made to incorporate these new NMR methods into the daily clinical practice; 

thus, patients at the Neurosurgery Department will definitely benefit from the use of these 

state-of-the-art diagnostic tools.  
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