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Abstract

Proton magnetic resonance spectroscopy (1-H MRS) has revealed changes of metabolites in acute
cerebral infarction. Although the drastic changes of lactate and N-acetyl-aspartate have been reported
to be useful indicators of the ischemic damage in both humans and experimental animals, lipid signals
are also detected by the short echo time sequence 1-5 days after ischemia. The objective of this study
was to find a novel technique to isolate lactate signals from lipid signals in the ischemic brain. First,
MRS was used to study the lipid and lactate components of a spherical phantom in vitro, and
parameters were established to separate these components in vitro. Then, MR measurements were
obtained from the brains of middle cerebral artery occlusion rats. All MR measurements were
performed using a 7-T (300 MHz), 18.3-cm-bore superconducting magnet (Oxford Magnet
Technologies) interfaced to a Unity INOVA Imaging System (Varian Technologies). To-weighted
images were obtained from a 1.0-mm-thick coronal section using a 3-cm field of view. It is well
known that lipid has a shorter and lactate a longer T, relaxation time. These distinct magnetic
characteristics allowed us to separate the lactate signal from the lipid signal. Thus, adjustment of the
echo time is essential to analyze the metabolites in acute cerebral infarction, which may be useful in
both the clinic and laboratory.
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1. Introduction

Proton MR spectroscopy is a noninvasive method that allows measurement of various
metabolites in vivo, such as choline-containing compounds (Cho), creatine and creatine
phosphate (Cr), N-acetyl aspartate (NAA), and pathologic levels of lactate (Bottomleym, 1987;
Frahm et al., 1989; Sappey-Marinier et al., 1992). Detection of lactate by in vivo proton
magnetic resonance spectroscopy may provide a means of identifying regions of metabolic
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stress in brain and other human tissue, potentially identifying regional ischemia in stroke
(Federico et al., 1994; Saunders, 2000; Schwarcz et al., 2003). Lactate is a redox partner of
pyruvate, which is a metabolic intermediate between glycolysis and the Krebs or tricarboxylic
acid (TCA) cycle (Kelley et al., 1999). When oxygen availability is low, due to a perfusion
deficiency or other metabolic stress, the TCA cycle rate drops, and pyruvate produced during
glycolysis accumulates and is converted to lactate (Bruhn etal., 1989; Duijn etal., 1992). Thus,
detection of lactate is useful for a marker of anaerobic metabolism in stroke (Abe et al.,
2004; Federico et al., 1998).

Moreover, MRS signals from lipids in brain have also been observed to increase after ischemic
brain injury (Gasparovic et al., 2001). There are numerous sources of lipid contamination in
the stroke patients, which impair resolution of the lactate part of the spectrum, because a large
part of lactate resonance overlaps with lipid in the usual MRS measurements (Serrai et al.,
2003). Thus, in order to directly measure the lactate methyl resonances, the large overlapping
lipid resonances must be eliminated, and lactate editing sequences are currently under
investigation to discern lactate from lipids, which would allow us to dissect the
pathophysiological mechanisms in stroke (Gujar et al., 2005).

The advantages of performing proton MRS at higher field strengths include better signal to
noise ratio (SNR) and increased spectral, spatial and temporal resolution, allowing the
acquisition of high quality, easily quantifiable spectra in acceptable scan times. Proton MRS
at 7 T can provide precise biochemical information from distinct regions of the rat brain
noninvasively that can be used for monitoring of disease progression (Gasparovic et al.,
2001; Zhang et al., 2001). Moreover, this technique enables lactate quantification in cases
where lipid peak is overlapped with the lactate peak at short echo times. In the present study,
we carried out a basic study to clarify the characteristics of signal change of lactate and lipid
that occurred in high field NMR. We report that lipid signals rapidly decrease in longer TE
thus allowing separation of these two components. It is well known that lipid has a shorter and
lactate a longer T, relaxation time. These distinct magnetic characteristics allowed us to
separate the lactate signal from the lipid signal. Thus, our findings demonstrate a simple method
for lactate and lipid quantification in the ischemic brain.

2.1. MRS in vitro

Signal intensities acquired from the fat component of the spherical phantom using a STEAM
sequence with different TE (ranging from 20 ms to 1000 ms) were plotted in Fig. 1A. Signals
gradually decreased in the longer TE interval and disappeared at and over 300 ms. Moreover,
signals from the lactate component of the spherical phantom showed sinusoidal diminution
with different TE (Fig. 1B). Fig. 1C showed the mixed signal intensities acquired from both
the fat and lactate.

The proton MR spectra was obtained from the fat layer (Figs. 2A, D), the lactate layer (Figs.
2B, E), and the boundary zone between the fat and lactate layers (Figs. 2C, F). As predicted
from the data in Fig. 1, fat and lactate signals overlapped at low (20 ms) TE (Fig. 2C). This
indicates that differential expression between fat and lactate would be difficult for conventional
MRS sequences, which normally utilizes low TE. However, when TE was lengthened beyond
300 ms (563 ms in Figs. 2D-F), the fat signal was not detected (Fig. 2D) and the lactate signal
(Fig. 2E) was isolated (Fig. 2F).
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2.2. MRl and MRS in vivo

Fig. 3 shows Tp-weighted images (top row) and diffusion-weighted images (bottom row) from
the brain of a rat at 6, 24, 48, 72 h, and 7 days after MCAO, respectively. MR spectra were
acquired from the high intensity area on the diffusion-weighted images (open boxes). Fig. 4A
shows a proton MR spectra acquired with short TE (20 ms) of the ischemic brain lesions
indicated in Fig. 3 (open box). Lipid signals overlapped with lactate signals at 6 h after MCAO,
but gradually increased over the time course of 7 days (Figs. 4A1-5). However, only the lactate
signal was obvious with longer TE (563 ms) (Fig. 4B). Lactate signals were obvious 6 and 24
h after MCAO (B1 and B2, respectively), but were not present at 48 h or longer after MCAO.
These data are summarized in Fig. 5.

2.3. Histological examination of lipid at 6 h and 7 days post-MCAO

Histological examination revealed the presence of lipid droplets in the ischemic lesions. Fig.
6 shows microphotographs of ischemic brain lesion tissue with oil red staining, which revealed
the presence of lipid. Lipid droplets were less in the ischemic lesion 6 h after MCAOQ (Fig. 6A),
and were mainly present in the cytoplasm of cells (Fig. 6B). However, a large number of lipid
droplets were present both in the cells and extracellular matrix in the lesions 7 days after MCAO
(Figs. 6C, D).

3. Discussion

In the present study, STEAM with longer TE using 7-T NMR allowed us to demonstrate that
MRS-detectable lactate increases rapidly in the infarcted rat brain 6 h after MCAO and
disappears within 48 h following MCAO. In addition, MRS-detectable lipid is also observed
6 h after MCAO and continues increasing over 1 week, which was confirmed by histological
examination.

Several methods for obtaining volume-localized proton MRS are currently in use. These
include stimulated echo acquisition mode (STEAM) (Frahm et al., 1989) and point resolved
spectroscopy (PRESS) (Bottomley, 1987) sequences, which generate a stimulated echo and
spin echo of magnetization inside the volume of interest, respectively. In the present study, we
used STEAM because PRESS is not preferred to measure the lactate signal (Isobe et al.,
2005), and STEAM is suitable to detect the lipid signal in shorter TE (Hwang et al., 1989).

Lactate signal using a STEAM sequence showed sinusoidal diminution with different TE by
J-coupling effect (Isobe et al., 2005), and signals can be detected in the prolonged TE (more

than 800 ms). Moreover, lipid signal exponentially decreased with longer TE and disappeared
at about 300 ms of TE. Thus, lactate signals can be separated from the lipid signal with longer
TE (544 ms).

Detection of lactate by in vivo proton MRS may provide useful information on metabolic stress
in brain, potentially identifying the degree of ischemia (Bruhn et al., 1989; Duijn et al., 1992;
Gideonetal., 1994; Mathews et al., 1995). Therefore, if lactate can be quantitatively evaluated,
it could have an important clinical impact. However, as we have discussed before, a large part
of the lactate signal overlapped with lipid signals in conventional MRS measurements (Kimura
etal., 2001; Shimizu et al., 1996). Thus, lactate has been thought to rise early after the insult
in the acute phase (<24 h) and may remain high over a long period into the chronic phase (>7
days) (Sappey-Marinier et al., 1992), which could lead us to an inappropriate understanding
of the pathophysiological status in the ischemic lesion. In the present study, we could measure
isolated lactate signals in the ischemic lesion, demonstrating that they rapidly rise after stroke
but disappear within several days.
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The present study also demonstrates that MRS-detectable lipids increase markedly in the
ischemic rat brain 6 h after MCAO. Histological examination revealed the presence of neutral
lipid droplets in ischemic legions. Although our results consist of the previous findings that
MRS lipid signals from brain 1 day after stroke arise from macrophage phagocytosis of cellular
membrane (Brierley and Brown, 1982; Gasparovic et al., 2001), the present results demonstrate
that cell digestion starts several hours after the ischemic insult.

Thus, MRS may provide a technique of quantification of lactate and lipid in various
pathological conditions of the brain that may be clinically useful by evaluating the severity of
cerebral ischemia and the status of the patient in response to the therapy.

4. Experimental procedure

4.1. Cerebral ischemic model

4.2. MRI

The use of animals in this study was approved by the animal care and use committee of Sapporo
Medical University and all procedures were carried out in accordance with institutional
guidelines. The rat middle cerebral artery occlusion (MCAQO) model was used as a stroke
model. We induced transient middle cerebral artery occlusion for 45 min by using a previously
described method of intraluminal vascular occlusion (Honma et al., 2006; lihoshi et al.,
2004; Longaet al., 1989). Adult female Sprague—Dawley rats (n=5) weighing 250-300 g were
initially anesthetized with 5% isoflurane and maintained under anesthesia with 1.5% isoflurane
in a mixture of 70% N,O and 30% O, with mechanical ventilation. Rectal temperature was
maintained at 37 °C with an infrared heat lamp. The left femoral artery was cannulated for
measuring blood pH, pO,, and pCO5 every 30 min throughout the surgery, which remained
normal throughout the procedure. A length of 20.0-22.0 mm 4-0 surgical Dermalon suture
with the tip rounded by heating near a flame was advanced from the external carotid artery into
the lumen of the internal carotid artery until it blocked the origin of the MCA.

Rats were anesthetized with ketamine (75 mg/kg) and xylazine (10 mg/kg) i.p. Each rat was
placed in an animal holder/MRI probe apparatus and positioned inside the magnet (Liu et al.,
2006; Nomura et al., 2005). The animal’s head was held in place inside the RF coil. All MRI
measurements were performed using a 7-T, 18-cm-bore superconducting magnet (Oxford
Magnet Technologies) interfaced to a Unity INOVA console (Oxford Instruments, UK and
Varian, Inc., Palo Alto, CA). T,-weighted images were obtained from a 1.0-mm-thick coronal
section using a 3-cm field of view, TR=3000 ms, TE=30 ms, and reconstructed using a 512x512
image matrix. Diffusion-weighted images were obtained from a 1.0-mm-thick coronal section
using a 3-cm field of view, TR=3000 ms, TE=37 ms, and reconstructed using a 256x256 image
matrix.

4.3. MR spectroscopy

Magnetic resonance spectroscopy was carried out using a stimulated echo acquisition mode
sequence (STEAM) (Frahm et al., 1989). Volume selection was achieved with 3 sinc-shaped
RF pulses (1.2-ms duration, 5-kHz bandwidth). Crusher gradients (2-ms duration, 58 mT/m
strength) were applied before and after each 90 pulse to destroy undesirable coherences. No
outer volume saturation (OVS) was performed. After adjustment of the magnetic field
homogeneity, the full-width at half-maximum of the water peak was typically less than 20 Hz
in the VOI. Spectral bandwidth was 8.33 kHz, described by 4096 data points. The echo was
centered in the acquisition window. Data were filtered by a Gaussian function centered at the
top of the echo, with an LB of 7 Hz. Data visualization was improved using a Fourier
interpolation (zero-filling) to 8192 points before Fourier transformation. The conventional
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“Internal Reference Method” cannot be used to quantify the lactate because of its “J-coupling
effect”.

4.4. MRS in vitro

Magnetic resonance spectroscopy was carried out using a STEAM sequence, (TR=3000 ms,
TE=20-1000 ms, TM=30 ms, Average=64, and the voxel size of 5.0x5.0x5.0 mm3). Water
suppression was performed using CHESS pulses (sinc RF pulses, 8-ms duration, 500-Hz
bandwidth), followed by crusher gradients (3-ms duration, 58 mT/m strength). A 4-cm
diameter spherical phantom containing 100 mM lactate (Sigma-Aldrich, St. Louis, MO) and
fat (olive oil, Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) (Menon et al., 1993) was used.
A transverse image using a T1-weighted spin-echo sequence (TR=500 ms, TE=10 ms) was
used for placing the volume of interest (VOI) on lactate and/or fat in the phantom.

4.5. MRS in vivo

Accurate positioning of the brain was performed to center the image slice 5 mm posterior to
the rhinal fissure with the head of the rat held in a flat skull position. MRS measurements were
obtained 6 h, 24 h, 48 h, 72 h and 1 week after MCAO. VOI was selected from basal ganglia
lesion which showed high intensity area in both DWI and T2WI (Honma et al., 2006). Water
suppression was performed using CHESS pulses (sinc RF pulses, 8-ms duration, 500-Hz
bandwidth), followed by crusher gradients (3-ms duration, 58 mT/m strength). Stimulated echo
signals (TR = 3000 ms, TE = 20 and 563 ms, TM=30 ms, Average=256 and 1024, and the
voxel size of 2.0x2.0x2.0 mm?3) were acquired from each VOI, which required 12 min 48 s
and 51 min 12 s, respectively. On 7-T MRS, the following metabolite peaks were found: lipids
(Lip) at 0.9 ppm (CH3) and 1.3 ppm (CH,); lactate(Lac) at 1.3 ppm; N-acetyl Aspartate(NAA)
at 2.02 ppm; choline-containing compounds(Cho) at 3.26 ppm and the total creatine(Cr) at 3.0

ppm.

4.5.1. Estimation of lactate—The semiquantitative approach with an external reference
method was used for lactate spectral analysis (Shimizu et al., 1996). For the external reference,
we prepared 10 mmol/l of lactic acid (Sigma, St. Louis, MO) solution in a small plastic sphere
(diameter, 1 cm). These concentrations of chemicals were determined through preliminary
experiments so that effective signal-to noise ratio (SNR>100) was achieved (Duc et al.,
1998).

The external reference was set to the RF coil so that its position was not altered throughout the
study. A spectrum was first obtained from the brain of the rat and then from the reference
without moving the rat.

4.5.2. Estimation of lipid—On the basis of creatine (Cr), lipid peak areas were quantitated
as arelative ratio (Parsons et al., 2000). The creatine peak integrated area from the voxel within
the ischemic region was used as the internal reference for each rat. This allowed comparison
of metabolite levels over time and between different rats.

4.6. Histological examination

The rats were deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and perfused
through the heart, first with PBS, and then with a fixative solution containing 10% paraformal-
dehyde in 0.14 M Sorensen’s phosphate buffer, pH 7.4. Brains were removed and cut into 10-
um sections with a cryostat. Oil Red (Sigma St. Louis, MO) and hematoxylin staining solution
was placed on the sections for 10 min and rinsed in phosphate-buffered saline (PBS). Coronal
images were obtained using a Olympus microscope.
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Change of signal intensities of lipid (A), lactate (B), and both (C) in the spherical phantom
using a STEAM sequence with different TE. Although lipid signals gradually decreased in the
longer TE (A), lactate signal showed sign-curve diminution with different TE (B).
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Fig. 2.

Proton MR spectra from the fat (A, D), the lactate (B, E), and border zone (C, F) in the spherical
phantom. Frequency of signal acquired from fat is overlapped with lactate when TE is set as
short (20 ms) (C). However, signal of fat disappeared and only lactate signal became obvious
when TE was set as longer (563 ms) (F).
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Fig. 3.

To-weighted images (A1-5) and diffusion-weighted images (B1-5) from the brain of a rat from
the ischemic lesion at 6, 24, 48, 72 h, and 7 days after MCAO, respectively. MRS spectra were
acquired from the high intensity area on the diffusion-weighted images (open box). Scale bar=5
mm.
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Fig. 4.

In vivo proton MR spectra with short TE (20 ms) of ischemic brain lesions at 6 (A1), 24 (A2),
48 (A3), 72 h (A4), and 7 days (A5) after MCAO. Lactate signal was overlapped with lipid,
which was detected 6 h after MCAO, and gradually increased over the time course of 7 days.
Lactate signals were isolated with longer TE (563 ms) (B1-5), and were obvious only 6 and

24 h after MCAO (B1 and B2, respectively).
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Fig. 5.

Summary of lactate signal (open squire) and lipid/creatine ratio (black round) over the time
course (n=5).
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Fig. 6.

Microphotographs of ischemic brain lesion tissue with oil red staining. Lipid droplets were
less in the ischemic lesion 6 h after MCAO (A), and were mainly present in the cytoplasm of
cells (B). However, a large number of lipid droplets were present both in the cells and
extracellular matrix in the lesions 7 days after MCAO (C, D). Photos of higher magnification
6 h and 7 days after MCAO were shown in panels C and D, respectively. Scale bar=20 um (A,
C), 5 um (B, D).
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