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NMR IMAGING AND SPECTROSCOPY OF THE MAMMALIAN

CENTRAL NERVOUS SYSTEM AFTER HEAVY ION RADIATION

Todd Richards

ABSTRACT-

NMR imaging, NMR spectroscopic, and histopathologic techniques were
used to study the proton relaxation time and related biochemical changes
in the central nervous syﬁtem after helium beam in vivo irradiation of
the - rodent brain. In order to measure the NMR relaxation times, the
folloﬁing imaging techniques were used; spin—~echo imaging with
projection-reéonstruction; 2D Fourier transform spin-echo imaging; and
‘saturation recovefy with projection reconstruction. ‘The spectroscopic
observations reported 1in this dissertation were made possible bi
developement of methods for ﬁeasuring the NMR parameters of the rodent
brain in wvivo and in vitro. These technological developements were a
.major part of this work. The methods include (1) depth selective
spectroscopy wusing an optimization of rf pulse energy based on a priori
knowledge of N-acetyl aspartate and lipid spectra of the normal brain,
(2) phase—encoded proton spectroscopy of the 1living rodent using a
surface coil, and (3) dual aqueous and organic tissue e#traction
technique vfor spectroscopy. Radiation-induced increases were observed
in lipid and p-choline peaks of the proton spectrum, in vivo. Proton
NMR spectroscopv  measurements on brain extracts (aqueous and organic

solvents) were made to observe chemical changes that could not be seen
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in vivo. Radiation-induced changes were observed in lactate, GABA,
glutamate, and. p-choline peak areas of the aqueous fraction spectra. In
the organic fraction, decreases were observed in peak area ratios
(normalized to the methylene peak area) of the terminal-methyl peaks,
the N-methyl groups of choline, and at a peak at 2.84 ppm (phosphatidyl
ethanolamine and phosphatidyl serine resonances) relative to TMS. With
histology and Evans blue injections, blood~brain barrier alteratioﬁs

were seen as early as 4 days after irradiation.

The major findings from 3 independent non-invasive measuremént
techniques on relaxation and spin density are: 1)a decrease in spin
density and Tl relaxation on the irradiated sidej; 2) an increase in T2
on the 1irradiated side; and 3) an increase in Tl and spin density on.
the control side of irradiated brain relative to controls (4 - 14. days
post=irradiation). Using the saturation recovery experiment with the
surfac; coil,-an increase in Tl was measured on the irradiated side 81
days post-irradiation. The most 1likely explanation for ' the early
decrease 1in Tl of irradiated brain is that radiation causes
éhemical—bond breakage and protein conformational changes that would
expose a greater amount of Qater to relaxation centers of both proteins
and 1lipids. The time related changes in Tl correlated with lipid
changes measured in the organic fraction spectra at 4 and 8l days after
irradiation. The 1increase in Tl on the control side of irradiated
brains may be related to ventricular enlargement known to oécur from

examination of the histological sections.
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SYMBOLS AND DEFINITIONS

2DFT ’ - two dimensional Fourier transform

A image - a parametric image calculated from several spin-echo

intensity images by fitting the intensity values to

the following equation pixel by pixel:

I(t) = A * exp(-t/T2)

where I(t) = spin-echo intensity for a given image pixel
A = related to spin density if pulse interval

is much greater than Tl

t = echo time after 90 degree rf pulse.

The A fitted values are displayed in the gray level image.

Al image - a parametric image calculated from two or more intensity
images by varying the Tl dependent variable t and by fitting
the intensity vélues to ghe equation pixel by pixel:

I(t) = Al * (l-exp(-t/Tl))
where I(t) = intensity from Tl pulse experiment
Al = related to spin density if pulse interval
is much greater than Tl
t = time delay between the two pulses during whichr
the relaxation process occurs.

The Al fitted values are displayed in the gray level image.
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Bl field

- the x-y magnetic field component of the radio-frequency
wave which causes the net magnetization vector to tip
in the x-y plane.

CNS - central nervous system

Delay time = in the NMR pulse sequence, usually refers to the time
between two pulses during which the relaxation process

process can occure.

DNA deoxyribonucleic acid

Intensity image - an image constructed from the NMR free induction

~

decay signal.

MHz - mega hertz; 1,000,000 hertz

NMR ‘ - nuclear magnetic resonance

P~-choline = choline containing molecules such.as phosphorylcholiﬁe,
phosphocholine, phosphatidylcholine, etc.

PCR+CR - phosphocreatine + creatine
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- parts per million; in spectroscopy, the chemical shift

axis is expressed in ppm using the following equation:
w - w(ref.)

ppm = lOE-6 *

w(ref.)

- radio-frequency; used to describe the range of
electromagnetic radiation between 15,000 Hz to

100,000 MHz.

Saturation recovery - NMR pulse sequence used to measure Tl relaxation

Tl

Tl image

T2

T2 image -

vax

time.

- gpin-lattice relaxation time.

- a parametric image similar to the Al image except
the Tl fitted values are displayed in the gray-level

image.

- spin-spin relaxation time.

- a parametric image similar to the A image, except

the T2 fitted values are displayed in the gray-level

image.

- tetramethylsilane; a chemical used for chemical shift

reference.

- Digital Equipment Corporation computer.
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Chapter l. - INTRODUCTION

1.1 Purpose and scope

¥roton NMR otters a promising new non-invasive ‘method for
evaluating the anatomical and chemical changes 1in radiation brain
injury. Ionizing radiation disrupts chemical bonds and creates free
radicals which eventually lead to changes in tissue chemistry and
strdcturef The purpose of this research was to measure the proton
relaxation time and related bilochemical changes in CNS tissue after
helium beam 1irradiation using nuclear magnetic resonance. The
motivation for this reséarch comes from cancer radiotherapy where the
therapist needs to find a non-invasive way to quantitate the CNS tissue
response to the radiation. Heavy ions are of special interest in the
treatment of tumors because they have two important features: 1) the
“Bragg peak effect' which allows a high killing dose to be localized to
the tumor while sparing normal tissues lying in the treatment volume,
and 2) a 1low OER (oxygen enhancement ratio) relative to X-rays which
reduces the radioresistance of hypoxic cells (Blakely et al., 1984).

The following scientific questions are posed:

1) What are the effects of heavy ion radiation on proton relaxation

parameters (Tl, T2, and spin density) of'the CNS?

2) What are the molecular mechanisms that cause these parameters to

change in irradiated tissue?
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In order to answer these questions, techniquesv were studied and
developed to make NMR measurements on CNS tissue (in vitro and in vivo).
Once these techniques were understood, the NMR parameters were used in
the assessment of heavy 1ion radiation damage to the CNS. The NMR
pérameters of 1interests are Tl (spin-lattice relaxation time), T2
(spin-spin relaxation time), spin density, and the high resolution
chemical shift spectrum. Proton . spectroscopy was done 1in order to

understand some of the radiation-induced chemical changes (proton
resonances) that may be related to the proton Tl relaxation time of the

CNS.

This dissertation is divided into 9 chapters. Chaptes 2 through 4

describe three different NMR imaging techniques used to measure the

relaxation parameters in vivo:
SPIN-ECHO IMAGING WITH PROJECTION RECONSTRUCTION (Ch 2)

2D FOURIER TRANSFORM SPIN-ECHO IMAGING (ch 3)

SATURATION RECOVERY IMAGING WITH PROJECTION RECONSTRUCTION (Ch 4).

Chapters 5 through 7 describe different NMR spectroscopic techniques to

measure the high resolution proton spectrum:
SPIN-ECHO SPECTROSCOPY WITH RF ENERGY OPTIMIZATION (Ch 5)
2D FOURLIER TRANSFORM PROTON SPECTROSCOPY (Ch 6)

PROTON CHEMICAL SHIFTS OF AQUEOUS AND ORGANIC FRACTIONS

OF BRAIN EXTRACTS (Ch 7).



Page 3

In each of these chapters, the method and results are discussed,
however a discussion of the implications ofvthe results for radiation
injury is reserved until chapter 9 (Summary and Discussion). Chapter 8
describes the correlatibn of the QMR results with conventional

vhistological techniques.
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1.3 BACKGROUND

l.3.1 Radiation biophysics of the CNS

The sequence of events in ionizing radiation damage can be divided
into five categories 1) initial energy deposition; 2) primary chemical
events; 3) secondary chemical events; 4) early biological damage; and
5) delayed biological damage. The first three categories are app;icable'
to any biological tissue, but the last two sections are centered on the
effects on the brain. NMR relaxation and spectroscopic parameters.WOuld,
‘be influenced by the biophysical effects of 1ionizing radiation which
cause a change in the number of relaxation centers or a change in the
chemical concentration of visiBle NMR resonances. The relationship
between NMR relaxation parameters and the molecular environment is

described in section 1.3.2.

1.3.2.1 Initial energy deposition

-

As ionizing radiation passes through biologicai tissue, it causes
molecular 1ionization and excitation (Andrews, 1974). The pattérn of
energy deposition is different for heavy ion radiation than it 1is for
X-rays. As a beam of X-rays passes through the tissue, it 1is
exponentially attenuated because the photons are absorbed and deflected
by electrons (compton scattering, photoelectric effect, etc.) and more
energy is deposited at the beginning of the beam path than at the end
(Andrews, 1974). On the other hand, as a beam of heavy ion particles
passes through the tissue, most of the particles in the beam are not
deflected or aﬁsorbéd by the tissue until the beam reaches the end of

its path and the amount of ionization caused by each particles increases
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as it slows down (linear energy transfer is inversely proportional to

the particle velocity squared).

1.3.2.2 Primary chemical events

The absorbed energy from the radiation is initialiy" distributed
among the tissue molecules approximately in proportion to the electron
density of its constituents or with heavier atoms present, on the
photoelectric absorption coefficient. The maﬁmalian ﬁrain is composed
of about 80Z water and 20X organic molecules (Logan, 19613 Crowell,
1934). Therefore, most of the energy is deposited 1ﬁ the tissue water
and the reactive chemical species from the radiolysis of water would be
the most important. These species include ions, ion radicals, and free
radicals. The most important reactive species are the hydrated
electron, the hydroxyl radical, the hydrogen atom, and hydrogen
peroxide. These species are very short lived (l0E-3 seconds) and are
either deactivated or react with other water products or macrpmolecules
depending on proximity ;nd oxygen content (Singh and Singh, 1982). The
direct interaction of the radiation with the organic molecule results in
organic free radicals, organic molecules 1in ‘an exited state, free

electrons, hydrogen atoms and organic ions (Singh and Singh, 1982).

1.3.2.3 Secondary chemical events

The reactive species mentioned in the previous section can react
with oxygen, water, radicals, or macromolecules to form longer lived
damaged molecules. Since most of the tissue is comprised of water, most

of the damage 18 caused by the water derived reactive species which
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diffuse through the tissue and react with the biologicaily important
macromolecules. This secondary phenomendon 1is known as the indirect
effect of radiatioq and occurs between 10E-10 and 1OE-3 seconds. The
products formed from these _1ntéractions would be organic peroxides,
organic free radicals, organic hydroperoxides, and hydrogen peroxide
(Singh and Singh 1982). The consequences of.interaction with these
products includeﬁ 1) DNA and RNA damage (Okada, 1979); 2) enzyme
inactivation .and activation (Altman, 1970), 3) oxidation of sulfides;
4) lipid peroxidation (Pritchard and Singh; 1968); and conformational
changes 1in protein structure (Todo, 1982).

1.3.2.4 Early biological damage

The immediate biological effect of r;diation at the cellular level
is an alteration in the biochemical processes directing and controlling
RNA synthesis, and the synthesis of proteins and 1lipids necessary for
structure and metabolism -of the cell. These effects occur between 10
seconds and 10 hours (Singh and Singh 1982). Damage done to DNA is
particularly important because the same base-pair coded section is used
many times invdirecting the cellfs metaboiism. For example, 1if damage
was done to the section of DNA required to encode succinate
dehydrogenase, then every time this enzyme is made from‘this section; it
would be misfabricated and tﬁe effect would be amplified. The
maintenance of DNA is so important that the cell responds to damage by
inducing DNA repair mechanisms (Elkind,1971; Roberts,1975). Other
early biological effects would be caused by membrane disruption (Singh

and Singh, 1982).
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1.3.2.5 Radiation brain injury - techniques and results

Techniques used for the study of radiation injury to the central
nervous system can be divided into three categories: 1) histological -

chemical (invasive); 2) non-invasive; and 3) clinical methods.

Invasive methods include histochemistry (Haymaker, 1969), electron
microscopy (Maxwell and Kruger, 1964), injec:ion of radioactive tracers
(Zeman and Samorarjski, 1971) and florescent dies (Van Dyke et al.,
1962), and cheﬁical 1solation analysis (Egana, 1971). These techniques
can only be used once per animal and cannot give dynamic. information
about the biological processes involved. However, experiments by
invasive means have provided a wealth of information concerningv the
morphological and biochemical nature‘vof the damage in the static

condition.

Non~invasive techniques (in this case, non-invasive is defined as a
method that does not require animal sacrifice) of measuring radiation
damage include: 1) the penicillin-EEG method (Remler and Marcussen,
. 1981), 2) electroshock seizure induction (Rosenthal and Timiras, 1961),'
3) positron emission tomography (Sauhders and Budinger, 1984), 4) X-ray
CT (Fike et al., 1984), and 5) nuclear magnetic resonance (Richards et

al., 1983).

In addition to the invésiVe and non-invasive mefhods, observational
procédures of clinical signs and éymptoms have been used to divide
radiations effects into three cafegories: l)acute reactions which occur
during the course of irradiation treatment; 2)early delayed reactions

which occur from a few weeks to a few monthé after dirradiation; and
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3)late delayed reactions which occur several months to years after
irradiation (Sheline, 1982). Edema 1is believed to be the major
mechanism for the early acute reaction; demyelination is associated‘
with transient and nonlethal neurological symptoms in the early delayed
reaction; and radionecrosis and vascular abnormalities have been

associated with the late delayed reaction (Sheline, 1982).

The effects of radiation on the CNS vary greatly from one animal
species to . chel next and also are sensitive to irradiation parameters
such as dose, dose rate, volume of tissue irradiated, time after
irradiation, and the part of the brain irradiated. In the dose range
from 1000 to 6000 rads, there are several histological changes that have
been observed: edema (Miquel and Haymaker, 1967; Caveness, 1980),
endothelial cell reactions (Lierse and Frank, 1967), altered blood brain
barrier (Van Dyke et al, 1962; Remler and Marcussen, 198l), decreased
regional blood flow (Tanaka et a;., 1979), and glycogen accumulation
(Miquel et al.,1966). Ordy and associates have recorded a reduction in
alkaline phosphatase of endothelial cells of the mouse brain irradiated
at 5000 rads. Functional effects of radiation include an increase in
brain exitability'(measured by the electroconvulsive threshold) after
500 rads and a decrease after 5000 or 10,000 rads proton radiation
(Sherwood, Welch, and Timiras, 1967). Metabolic effects of radiation
havev been reported by Timiras et al., (1964) as measured by an increase
in oxygen ﬁptake and a decrease in carbon dioxide of the cortex after

early postnatal whole-body x-radiation. Other biochemical effects
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include changes 1in protein composition, a decrease in oxidative
phosphorylation, and a decrease in glucose oxidation (Gerber and Altman,

1970)

The delayed reactions of the brain to radiation have puzzled
scientists and clinicians for at least 30 years. Delayed radionecrosis
1s characterized by 1) an initial vdeVelopment of partial tissue
necrosis; 2) a preceeding pathological silent interval ranging from
months to years; 3) selective damage to certain central nervous system
structures; and 4) a lesion that grows in volume as initially scattered
foci enlarge and coalesce (Zeman and Samorajski, 1971). There are many
reports of delayed radionecrosis 1in man as well as in experimental
animals. The reaction iQ accompanied by: démyelination (Lampert ‘et
al., 1959, Caveness, 1980), degenerative changes in blood vessels (Zéﬁan
and Samorajski, 1971), functional changes in the vasculature (Moustafa
and Hopewell, 1980), and complete cavitation and necrosis (Caveness,
1980). There are two theories that attempt to explain the éhenomenon.
Zeman and associates believe that the radiation directly effects the
glial cells which then cause the progressive necrosis of the rest of the
tissue (Zeman and Samorajski, 1971). These changes may come about by
alteration in the proliferation of lysosomes and the release of
proteolytic enzymes. On the othe; hand, Haymaker and his associates
(1969) believe that the daﬁage is caused indiréctly by the effects on
the CNS vésculature, which is important in providing vital nutrients to
the cells and in inhibiting toxic chemicals from reaching the sensitive

neurons. Other mechanisms proposed for the delayed manifestation of

radiation damage are: 1) long 1lived peroxides; and 2) slow virus
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induction; and 3) immune response to altered macromolecular structure

(proteins and membranes).

1.3.2 Relationship between NMR relaxation parameters and CNS pathology

NMR relaxation parameters are sensitive to tissue pathology which
result in a change 1in the structural state of tissue water. In this
section, the molecular mechanisms and CNS pathology related to NMR

relaxation times will be discussed.

The state of water in biological tissue is very different from the
state of the molecules in pure water (Hazlewood, 1979; Mather-De Vre,
1979). Spin-lattice relaxation time (Tl) is related fo the structural
state of the water in the tissue and it 1is characterized by the rate at
which energy is exchanged between the magnetic nuclei (hydrogen) and the
1éttice. NMR relaxation is not spontaneous, but 1is induced by
‘intéractions of protons with the time-varying magnetic fields of
neighboring nuclei. The correlation time is related to the frequency of
these local fields, and 1is defined as the time between molecular
collisions. The collection of protons 1is exposed to a spectrum of
changing (vibrating) magnetic fields (Fullerton et al., 1982). 1In order
fof effective energy exchange to take place, the frequency of the
vibrations must be near the Larmor frequency. In this condition, the
relaxation process occurs and the magnetic moment of the spin can align
in the main magnetic field. As magnetic equilibrium is reached, the net
magnetic vector grows along the main magnetic field, and the rate at
which it grows is characterized by Tl. In order to determine Tl, the

sample is placed in a magnetic field, a radio-fréquency pulse is applied

.
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to tip the net magnetizatioh vector away'from alignment of the field,
and then the amount of sample magnetization that has re-aligned in the
main field 1s measured at several different delay times. Tl 1is

calculated by fitting the data points to an exponential equation.

Spin-spin relaxation time (TZ) is influenced by the rate at which
spins exchange energy with each other and is characterized by the rate
at which the nuclei dephase after an rf pulse is applied. In order to
determine T2, ‘a radio-frequency pulse 1s applied to tip the net
magnetization vector 90 degrees away from alignment of the field (called
a 90 degreé pulse), and then a 180 degree pulse is applied after a
variable delay time. This 180 degree pulse causes the dephasing  spins
to refocus and form an echo (spin—ecﬁs) with an amplitude dependent on
the inherent T2 relaxation time. T2 is calculated by fitting the echo
amplitudeé from seVeral different delay times to a decaying exponential

equation.

Molecular Environment

The reiaxation times, Tl and T2, are sensitive to dynamic processes
occurring at different frequencies (Ferrar and Becker, 1971). TI is
“sensitive to motions which occur near the Larmor frequency (the
characteristic NMR frequency of the main magnetic field) and T2 is
sensitive to those f;equencies which affect Tl1l and also the local
magnetic fluctuations at the lower frequencies (Ferrar and Becker,
1971). 1In pure liquid samples, the relaxation times are very long
because the water molecules tumble Around fast enough to average out the

magnetic interactions. However, water 1in macromolecular solutions
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divides 1into two compartments; free water and hydration (bound) water
(Berendsen, 1975). The freé water has tﬁe s;me characteristics of water
in pure solutions (i.e., mobile and unrestricted). However, the water
in the hydration layer of the macromolecules is more tthricted, and in
this state the magnetic 1interactions are not averaged out and energy
exchange processes can occur more readily (Mathur-De Vre, 1979).
Therefore,- the Tl relaxation rate is faster in the hydration layer than
it is in the free water. Energy is readily exchanged between spins of
the two compartments (bound and free) and this is described as rapid
exchange. This condition has been shown to exist in protein solutions
(Berendsen, 1975). The equation used to describe the relaxation time
under conditions of rapid exchange 1is
1/Tl = £ (1/T1f) + h (1/Tlh)

where Tl = observed Tl relaxation time

f = fraction of free water

Tlf = Tl relaxation time of free water

h = fraction of hydrated water

Tlh = Tl relaxation time of hydratgd water

(Fullerton et al., 1982)

This equation describes a two component system; one component in
which the water is freely rotating and one component in which the water
is rigidly bound in the hydration layer. The fraction of water in the
hydration layer affects the relaxation rates and is dependent on: 1)
total water concentration, 2) type of protein 1in solution and its
concentration (Kuntz, 1974), 3) the conformation of the protein (Dodson,

1984), and 4) the concentration of 1lipids (Gaggelli, 1982). The
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presence of paramagnetic substances also affects relaxation parameters.
Paramagnetic substances include iron complexes (Ashley et al., 1980),

oxygen, and free radicals (Brasch, 1983).

At the cellular 1level, Tl and T2 are affected by malignant
transformation, movement through the cell cycle, growth,
differentiation, and exposure to chemicals which damage DNA (Kennedy,

1984; Beall, 1979).

CNS Pathology

NMR imaging 1s proving to be very valuable in studying diseases of
the CNS (Byddér et al., 1982). However, little is known about the
effects of ionizing radiation on the NMR relaxation parameters 1in the
CNS. Several of the CNS reactions described in section 1l.3.l h;ve been
observed on NMR‘images although the reactions were not induced by
radiation. Edema causes an increased Tl relaxation time because the
percentage of free water 1s increased (Asato et al.; 1983; Go and
Edzes, 1975, Naruse et al., 1982; Bakay et al.,'1§75; Bartkowski,
1983; Bradley, 1983). Demyelination, which results in a decrease of
' lipids and an 1ncrease.in water content, causes Tl to increase (Byddér,
1982; Mills, 1982). The relationship between 1lipid content and TI
relaxation is not clear because the proton lipid resonance is very small
in CNS tissue ;nd does not contribute to the imaging signal. The origin
of the normal low Tl in white matter relative to gray matter is probably
due to the structural relation of water protons to membrane relaxation
centers (lipids and membrane proteins). vﬂemorrhaging results in a

greater amount of water exposed to paramagnetic iron (hemoglobin), and
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the hemorrhagic 1lesion 1is wusually characterized By a short Tl at the

edge of the region and a long Tl in the center (Pennock et al., 1983;
Sipponen, 1983). Infarction results in prolongation of T2 (Crooks,

1983; Bryan, 1983).
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CHAPTER 2. SPIN-ECHO IMAGING WITH PROJECTION RECONSTRUCTION

An experiment was performed in collaboration with Drse. Robert
Willcott and Nick Bryan in order to measure radiation induced changes in
spin echo intensity and T2 relaxation time. The rats were irradiated in
Berkeley and taken to the Baylor College of Medicine in Houston for the

NMR imaging experiment.

2.1 Methods

The right hemisphere of the brain of 6 Sprague-Dawley rats (age -
40 days) was irradiated using the helium beam at the 184 inch cyclotron
(See Figure 2.l). The rats received 3000 rads in the plateau region of
the beam with a dose rate of approximately 500 rads/min. The beam
passed through the head in the posterior-anterior (PA) direction and a
D-shaped collimator (ll.5 X 16 mm) was used to limit the radiation to
one side of the brain. A diagnostic X-ray (AP) was taken of rat’s head
with a beam spot in order to accurately position the beam (See Figure
2.2). The beam range was l4.7 cm and therefore, the beam paséed
completely through the rat’s head, depositing energy fairly uniformly

along its path.

Two of the irradiated rats were imaged one week post-irradiation on
a 4.7 Tesla Bruker spectrometer modified for imaging. One of the rats
was anesthetized with nembutal and the brain was fixed 1in situ by

perfusing 10% formalin into the left ventricle of the heart. After the
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Figure 2.1 - Helium beam irradiation of rat brain.
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XBB 849-6803

Figure 2.2 - X-ray of rat head with beam spot. The beam was positioned
to pass through the right side cerebrum with sparing of the cerebellum.
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brain was thoroughly fixed, it was excised and kept in formalin solution
until the imaging was performed. The other rat was anesthetized and the
brain was excised without formalin fixation. The brain was then imaged
within one hour after excision. Imaging was done using the projection
reconstruction method with a modified Carr-Purcell-Meiboom=Gill pulse
sequence which produced 16 echos (Schneiders et al, 1983). Slice
selection was done with a carefully shaped rf pulse and selective
saturation. The slice thickness was l.5mm (Schneiders et al., 1983).
Groups of four echos were averaged before back projection in order to
improve signal to noise, and thus four images were produced for each
experiment (Figure 2.3). The four spin-echo images were used to

calculate T2 images according to the following equation:

I(t) = A * exp(-t/T2) (2.1)
where I = NMR intensity of spin echo
t = time of spin echo after 90 degree pulse
T2 = spin-spin relaxation time
A is proportional to spin density and is influenced

by rf strength and short T2 components.

2.2 Results - Non-fixed brain

The four spin-echo intensity images from the non-fixed irradiated
brain are shown at the top of Figure 2.4. From the intensity values of
these images, T2 and A images were calculated (bottom of Figure 2.4).
The first spin-echo 1image shows a decrease in intensity on the

irradiated side (Figure 2.5). However, this contrast between right and
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INTENSITY 3 INTENSITY 4

A IMAGE T2 IMAGE

XBB 849~-6804

1 = A<EXP(-t/T2)

Figure 2.4 - Intensity and parametric images from non-fixed irradiated
rat brain (3000 rads). I[rradiated side is on viewer's right.
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left sides of the brain is not seen in the other spin-echo images in
Figure 2.4. In order to understand the spin-echo intensity contrast in
these images, the average intensity from two regions of interests which
represented the right and 1left cortex were defined and this average
signal intensity was plotted as a function of spin-echo delay time

(Figure 2.6). The calculated T2 and A values are shown below.

A T2 (msec)
left side (control) cortex 437. 59.0
right side (irrad.) cortex 276. 69.7

The irradiated side region had a 1longer T2 than the control side;
however, the control side had a larger computed A value. This explains
why the radiation induced contrast was seen on the first spin-echo image
and not on the others. The larger A value (related to spin density) on
the control side of the brain is possibly due to an increase in total
free water. From these data, there are three main facts:

1) The A value was greater on the control side than on the irradiated
side cortex.

2) T2 relaxation time was greater on the irradiated side cortex (more
mobile protons).

3) The decrease in intensity on the irradiated side image is due to

lower spin density.
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Figure 2.6 - Plot of echo intensity vs. echo delay time from regions of
interest of the control (boxes) and irradiated side (pluses) cortex.
The solid line shows the computer fit through the data points wusing
equation 2.1.
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2.3 Results - Fixed brain

Two coronal sections from the formalin fixed brain were imaged.
The top of Figure 2.7 shows coronal spin-echo, T2, and A images at the
level of the reticular formation, and the images show an increase in
gray level intensity on the irradiated side. Although formalin fixation
causes a reduction in both Tl and T2 relaxation time (Richards et al.,
1982), the 1images still show contrast between irradiated and control
sides of the brain. The sub-cortical structures are very low in
intensity because the fixation process reduces the proton mobility. The
calculated T2 values for the irradiated and control cortex are 49.2 and
40.1 msec, respectively. The bottom of Figure 2.7 shows the spin-echo,
T2, and A images of the brain at the level of the anterior commissure,
which was a region near the edge of the beam path. The intensity and
the A image show a decrease on the irradiated side; however, the T2
image shows very 1little contrast between the two sides. The two main

results from these data are:
1) Image contrast between irradiated and control side was still seen on
the images of formalin-fixed brain.

2) T2 relaxation time was greater on the irradiated side (more mobile

protons).
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Figure 2.7 - Images of formalin-fixed irradiated brain (3000 rads) at
two different levels of the brain. Irradiated side is on viewer’s left.
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CHAPTER 3. 2D FOURIER TRANSFORM SPIN-ECHO IMAGING

In collaboration with Drs. George Wesbey and Barry Englestad, an
experiment was done to measure in vivo Tl and T2 proton NMR relaxation
times of helium beam irradiated rat brains as a function of dose and

time after irradiation.

3.1 Methods

The left hemisphere of the brain of 16 Sprague-Dawley rats (age -
60 days) was irradiated according to the procedure described in section
2.1l. Groups of rats received 1000, 2000, and 3000 rads, and a D-shaped
collimator (10 X 13 mm) was used to restrict the radiation to one side

of the brain. Four rats served as controls.

Two or three rats from each radiation group were imaged 14 and 52
days at the small animal imager designed by Larry Crooks (Kaufman et
al., 1982). The imager operated at 15 Mhz proton frequency and produced
four spin-echo images for 5 different anatomical sections (total of 20
images per experiment). The images were produced using the 2D-Fourier
transform method with phase-encoding and selective excitation (Kaufman
et al., 1982). Figure 3.1 shows an example of 5 sequential coronal
images which included the eyes, brain, and spinal cord. Spin-echos were
taken at 28 and 56 msec for both the .5 and 2. second repetition rates
(Figure 3.2). Figure 3.3 shows the four spin-echo intensity images for

one coronal section which included the brain.
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XBB 845-3978

Figure 2.1 - Five sequential spin-echo images wusing a 2 second
repetition rate and 28 msec echo time.



SPIN-ECHO PULSE SEQUENCE

90g pulse IBORe pulse

n

']ﬂﬂnm nﬂﬂﬂn

I8ORF pulse

90°

ik IIE

vyuuy

0, =28 msec >
a, = 56 msec
Repitition rate
b, =0.5 sec
b2=2.0 sec

Equation used to calculate T1 & T2 :
I=H f(u) [expl-0/Tp)] [1-exp(-b/T))]

H = hydrogen density
f(u)=flow factor
T, = Spin- spin relaxation

T, = Spin-lattice relaxation

XBL838-3906

Figure 3.2 - Spin-echo pulse sequence used for imaging. (Equation taken

from Kaufman et al., 1982).
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Figure 3.3 - Four intensity images (left) used to calculate the Tl image
(upper right) and the T2 imace (lower right).

XRB 845-3977
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Tl images were calculated by using the intensity values from the 28 msec
echo from both the .5 second and 2 second repetition rate and then

fitting the intensity values to the following equation:

I(tr) = Al * (1 - exp(-tr/Tl) (3.1)

where I = intensity

tr = repetition time

Tl = spin-lattice relaxation time

Al = amplitude factor related to spin-density and flow.
The T2 images were calculated by using the intensity values from the 28
and 56 msec echo from the 2 second repetition rate and the intensity

values were fit to equation 2.1.

Regions of interests which represented right and left sides of the
cerebral cortex were chosen by l)automatically contouring the brain with
a threshold detection routine (courtesy of Dr. Sam Pitluck) and 2)
extracting pixels which lie immediately inside the contour on both sides
of the brain. Figure 3.4 shows an image with the brain contour and
regions of interests. The intensity values from the regions of
interests were averaged and fit to the equation 2.l and 3.1 to calculate

Tl and T2.



Page 33

Figure 3.4 — Spin-echo image of irradiated brain with brain contour and
cortical regions of interest (boxes) chosen by automatic contouriag (See
text) .

XBR 837-6635
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3.2 Results

Imaging-

As shown in Figure 3.5, an increase in Tl of the control side of
the 3000 rad rats can be seen in the Tl image; however, this effect was
not seen on the Tl images of control rats. This increase was also seen
using the projection imaging technique of chapter 4. Little contrast
between the two sides was seen on the T2 images of irradiated and
control rats. However, the T2 values calculated from this technique
were probably not accurate because of spin diffusion (Wesbey, 1984).
'The Al and spin-echo images of 3000 rad irradiated rats displayed a
similar pattern: there was a decrease in intensity on the irradiated
side with respect to the control side. This effect was also seen using
the projection imaging technique (see section 4.3.3). In order to
understand the contrast seen in the spin-echo images, a plot was made of
repetition time versus intensity for regions of interest from both the
irradiated side and the confrol side of the brain. The bottom of Figure
3.6 shows an example of the relaxation curve for one of the 3000 rad
brains at 14 days after irradiation. The decrease in intensity on the
irradiated side is not due to a difference in Tl, but rather a decrease
in the Al value as shown in the relaxation curve. The relaxation curves
are similar for the left and right sides of the control spin-echo image

(top of Figure 3.6).
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different levels of the same rat brain.
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Figure 3.6 - Plots of spin-echo intensity vs. repetition time for
control brain (top) and irradiated brain (hottom). The solid line shows
the calculated fit through the two data points using equation 3.1.
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Regions of interest-

Using the regions of interest shown in Figure 3.4, Tl and T2 values
were calculated as a function of dose. At 14 days, Tl increased with
dose on the control side and decreased slightly with dose on the
irradiated side (Figure 3.7). At 52 days, an increase in Tl on the
control side was seen in 3 (Tl value greater than 1200 msec) of the
irradiated brain images. A decrease in Tl was seen on the irradiated
side in 7 of the irradiated animals (Tl value less than 700 msec, as
shown in Table 3.1). However, the spread of the Tl values was very

large compared with the data at 14 days.

Table 3.1 = Tl values at 52 days post irradiation.

IRRADIATED SIDE CONTROL SIDE
RAT NO. DOSE Tl (MSEC) DOSE (rads) Tl (MSEC)

1 3000. 584. 3000. 1035.
2 3000. 577. 3000. 1034.
3 3000. 691. 3000. 1054.
4 3000. 928. 3000. 834.
5 2000. 972. 2000. 742.
6 2000. 679. 2000. 876.
7 2000. 622. 2000. 1153.
8 1000. 630. 1000. 928.
9 1000. 705. 1000. 1453.
10 1000. 680. 1000. 1260.
11 0. 817. 0. 1044.
12 0. 930. 0. 1145.
13 0. 796. 0. 733.

NOTE: The control side region of interest possibly included CSF fluid
which would explain why the Tl values of the left and right sides of
control animal brains are not the same.

Figure 3.8 shows the dose-response curve for the Tl right/left ratio for
both 14 and 52 days. The data at l4 days have much smaller error bars

than the data at 52 days. The ratio of right cortex T2 to left cortex
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T2 was slightly shorter for the irradiated brains than for the controls

(Figure 3. 9) .

In summary, the main results from these experiments are: 1) Tl and
Al values decreased on the irradiated side; and 2) Tl and Al values
increased on the control side of irradiated animals relative to control

animals early after irradiation (l4 days).
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Figure 3.7 - Plot of helium beam radiation dose vs. Tl and T2 of both
right ( control side) and left (irradiated side) cerebral cortex 14 days
post— irradiation. Insert: spin-echo image 14 days post—irradiation of
a rat that received 3000 rads to the left side of the brain (see arrow).
Contrast between cortical and sub-cortical areas is greater on the
control side of the brain.

XBB 841-164



(T1 right) 7 (T1 left) ratio

2.0
20 - T
A
~
1.9} -
1.0 |-
A |4 days post irradiation
0.5 - ® 52 days post irradiation
0 | | | l 1 | 1 |

0o 1000 2000 3000

Radiation dose (rads)
XBL838- 3904
Figure 3.8 - Plot of dose vs. Tl right/T1 left ratio for both 14 days
(dashed line) and 52 days (solid line) post-irradiation.

o =8eg



(T2 right) /7 (T2 left) ratio

Figure
(solid

R I | | | l | l I
(o2 = -
|.O 1 Wc\.’ll
~ —
0.8 - \I
0.6 |-
A 14 days post irradiation

o4 e 52days post irradiation
0.2

0 | | | | | | | 1

o) 1000 2000 3000

Radiation dose (rads)

3.9 - Plot of dose vs. T2 right/T2 left ratio for both
line) and 52 days (dashed line) post-irradiation.

14 days

XBL838-3905

1% @38eg



Page 42

CHAPTER 4. SATURATION RECOVERY WITH PROJECTION RECONSTRUCTION

4.1 Modifications of the UCB-180 spectrometer for imaging.

The 180 MHz FT NMR spectrometer built by the UCB chemistry
department (Bruker 4.3 Tesla wide bore magnet and Nicolet 1180 data
system) was modified to perform projection-reconstruction imaging. The
goal of this conversion was to obtain accurate Tl relaxation time
measurements of selected regions of the rat brain in a non-invasive
mannere. In order to convert the spectrometer to perform the imaging
experiment, modifications were made in three aspects of the
spectrometer: 1) gradient power supply; 2) probe body and electronics;

and 3) computer software.

4.1.1 Gradient power supply.

The spectrometer shim coils were used for the X, Y, and Z magnetic
field gradients required for imaging, but the spectrometer shim coil
power supply did not supply sufficient bipolar current. A new power
supply was built by Frank Upham et al. with the following
characteristics: 1) current output of +/- 3 amps (used to achieve a
magnetic field gradient strength of 3000 Hz/cm, see appendix for
gradient calculation); 2) bipolar current source; and 3) current
output controllable by computer DAC (digital to analog converter).
During the imaging experiment, the power supply receives an analog
signal from the computer and then supplies current to the gradient
coils. The current magnitude is controlled by input analog signal level

(see Figure 4.1).
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Figure 4.1 - Hardware for 2D-projection reconstruction.
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4.1.2 Rat body holder and manual adjustments

A cylindrical lucite holder was fabricated to house the rat while
inside the magnet (Figure 4.2). The lucite holder sits on top of 3
aluminum poles which are free to slide along the base aluminum plate
(which 1is attached to the bottom of the magnet). One of the poles had
alignment marks (spaced at 1 mm intervals) engraved on it to allow
reproducible and flexible positioning of the rat brain in the Z
direction of the magnet. With these adjustments, the section of brain
of 1interest can be positioned in the most homogeneous part of the main
magnetic field. A rotational adjustment is also possible by releasing
the three screws on the bottom of the base plate. This makes it
possible to position the sagittal axis of the rat brain along the X or Y
magnetic field gradient. The entire assembly down to the base aluminum
plate fits inside a cylindrical aluminum shell in order to shield from

outside rf leakage.

4. 1- 3 Head Holder

A small lucite holder was designed for the rat head in order to
immobilize the rat and reproducibly position the 1left and right
hemispheres of the rat brain in the center of the magnetic field. The
inside of the holder was cone shaped so that the head fits tightly
against the holder. Figure 4.3 is an X-ray picture of the rat in the
holder. A wire was placed around the front two incisors of the rat and
attached to screws on the top of the holder which held the head firmly

against the cone. The head holder was attached to the top plate by two

adustable screws.



?1gure 4.2 - NMR probe used for imaging and spectroscopy of the rat head
in vivo.

CBB 833-2659
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Figure 4.3 - X-ray of rat in NMR probe.

XBB 834-3487
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4.1.4 RF electronic circuitry

The electronic circuitry consists of 1) the RF coil, 2) the tuning
and matching capacitors, and 3) high frequency SMA connector for rigid
coax cable (Figure 4.4). The surface coil (Ackerman et al.,1980) was
chosen because of its high sensitivity and ease of implementation. A
two-turn elliptical shaped surface coil (2.5 cm X 1.5 cm) was tuned to
the proton frequency (180 MHz) using a sweep wave generator,
oscilloscope, and RF detector connected to the probe. The tuning and
matching capacitors (Johansen variable capacitors) were adjusted while
observing the resonant frequency on the oscilloscope. The SMA
connection made it possible to easily change from the measurement of one

nucleus to another by simply replacing the tuned coil.

4.1.5 Computer software

4.1.5.1 Data acquisition

In order to perform imaging by the projection reconstruction
technique, the magnetic field gradients were controlled outside of the
pulse programmer (Figure 4.l). The value of the X and Y DACs were
controlled by software which changed the values after each projection.
Subroutines written by Jean Delayre for the Nicolet 1280 computer were
adapted for the 1180 computer. The subroutine basically sweeps the

gradient angle through 180 degrees by incrementing the angle in the
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Figure 4.4 — Radio-frequency electronics of the surface coil.
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following equations:
XDAC = Cosine(angle)

YDAC = Sine(angle)

The Nicolet program NTCFIB.180 was used to do the saturation
recovery experiment. In this pulse sequence, the spins are saturated
(i.e., no net magnetization left along the Z axis) first by giving
several closely spaced "180' degree pulses at different phases and then
a "90" degree rf pulse is applied after a variable delay time. The FID
is acquired immediately after the 90 degree pulse and the amplitude of
the signal is a measure of the magnetization that has re-aligned along
the Z direction. The 1imaging gradient 1is left on during the pulse
sequence. The steps in the computer program to perform the imaging
experiment are listed below:

l. The magnetic field gradient is reset and the angle increment 1is
chosen (the number of projections 1is calculated from the angle
increment).

2. The magnetic field gradient is turned on and incremented by an
amount chosen in step 1.

3. The saturation recovery experiment is performed while the gradient
is left on.

4. The free induction decay is digitized and stored in memory.

5. Steps 2 through 4 are re-executed until the gradient angle has swept

through 180 degrees.
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No Z gradient was used in these experiments. Slice selection and
thickness were defined by the surface coil sensitive region as described

in the phantom studies of section 4.2.

4.1.5.2 Data transmission and image reconstruction.

The raw image data was transmitted over a phone line to the VAX
computer where the 1image reconstruction was performed and displayed.
New software was written on the VAX (program READNTC listed in the
appendix) to interact with program IOTRAN (already existing) on the
Nicolet computer. The data transfer occurs like this: program IOTRAN
sends an SOS character to the VAX and then program READNTC returns an
acknowledgement character. IOTRAN, then, proceeds to transmit the data,
block by block, to the VAX. Software was also written to convert
Nicolet 20-bit words to VAX words and put the data in the correct format
for the reconstruction program (routine READ, see appendix). Image
reconstruction was done by Fourier transforming the FIDs to get the
gradient projections and then by performing the standard filtered back
projection algorithm. The flow of NMR information from the rat brain to

the image display hardware is shown in Figure 4.5.

4.2 Phantom studies

Two different phantoms were imaged to test the imaging process for
accuracy in gradient projections, image reconstruction, and Tl
relaxation time measurement. The phantom shown at the top of Figure 4.6
consisted of three 5mm NMR tubes filled with water. The phantom was

placed next to the elliptical-shaped surface coil and imaging was done
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Figure 4.6 — Three test-tube phantom (top) and corresponding image
(bottom).
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at three different delay times (section 4.2.2). The bottom of Figure
4.6 shows the 3 second image of the phantom. There were some
distortions in the image due to rf and main magnetic field
inhomogeneities; however, the image still showed the three test-tubes

very distinctly.

Another cylindrical water phantom was used to measure the image
intensity uniformity and also the ‘'slice thickness" defined by the
two-turn elliptical shaped surface coil. Imaging was done 1in three
orthogonal planes using projection gradients in the X-Y plane, Z-X
plane, and the Z-Y plane. The approximate slice thickness in the most
sensitive region of the coil was calculated from the ZX image and was

found to be 1.0 +/- .2 cm.

4.3 Methods

4.3.1 Helium beam irradiation of the CNS

The right hemisphere of the brain of 10 Sprague-Dawley rats (age-
71 days, weight- 200 grams) was irradiated wusing the helium beam
produced at the 184 inch cyclotron (see section 2.1). Groups of rats
received 3000 and 5000 rads in the plateau region of the beam. Five
rats served as controls. A second group of 5 rats (age - 84 days) was
irradiated with 5000 rads so that imaging, histology, and brain extracts
could be done at 4 days post-irradiation (time period of greatest

decrease in Tl relaxation time of the irradiated side cortexs.)
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4.3.2 The NMR experiment.

The rats were imaged 4.5, 11, 25 and 81 days after irradiation.
The rats were anesthetized with 5mg of pentobarbital and the elliptical
shaped surface coil (section 4.l.4) was placed on the rat’s head over
the brain. The rats were placed in the probe and the magnetic field was
shimmed to give a proton water line-width of 40-60 Hz. Imaging was then
performed using the projection-reconstruction method with the saturation
recovery procedure (see previous section for details). Saturation of
the spins was achieved by giving several closely spaced 180" degree
pulses at different phases. An image was produced at three different
delay times; 1, 2, and 3 seconds (time between the saturation pulses

and the 90" pulse). Figure 4.10 shows an example of the three

different delay time images from one of the control rats.

4.3.3 Tl relaxation time calculation.

Four regions of the brain were contoured using computer software
(program RAM, Sam Pitluck). First, the image was displayed on the
Ramtek and the brain was identified by the dark band of surrounding
skull (See figure 4.7). Then, regions of cortex and subcortical
structures were contoured as shown in figure 4.8. The intensity values
inside the regions were averaged and fit to the equation:

I(t) =A (1 - exp(-t/Tl) (4.1)
where I(t) - image intensity
A - amplitude at infinite delay time

t = delay time between the saturation pulse and the 90"
Tl - Tl relaxation time.
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Figure 4.7 - Surface coil image and anatomical diagram with surface coil
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XBB 849-6807

Figure 4.8 - Surface coil image with regions of interest contours drawn
on cortical and sub-cortical regions of the brain.
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4.4 Results

At 4.5 days post-irradiation, 4 of the 5000 rad irradiated rats had
a decreased Tl value on the irradiated side cortex and an elevated Tl on
the control cortex relative to controls. The top of Figure 4.9 shows
the three intensity images from an irradiated rat &4 days after
irradiation. As seen in the relaxation curve from the bottom of Figure
4.9, the 1irradiated side cortex has a shorter Tl and Al value than the
opposite side of the brain. Figure 4.10 shows the result for one of the
control animals where both sides of the brain had similar Tl and Al
values. In Figure 4.l1, the calculated Tl images for the irradiated and
control animals are displayed side by side, and a bright Tl region can
be seen on the control side of the irradiated animal. The bottom of
Figure 4.12 shows the time progression results for the irradiated side
cortex. Tl decreased with dose on the irradiated side at 4.5 days, and
then as time progressed, the Tl from the irradiated animals seemed to
oscillate about the controls. At 81 days post=-irradiation, the last
time point measured, two of the rats had an 1increased Tl on the
irradiated side cortex relative to controls. Each point on the plot is
an average Tl value from 3 to 5 rats. The top of Figure 4.12 shows the
results for the control side (left) cortex. The Tl values from the
irradiated brains (bottom of Figure 4.12) were higher than controls at
4.5 days, dropped to the level of controls at 11 and 25 days
post-irradiation, then climbed back up higher than controls at 81 days.
For the irradiated side subcortex, there was a definite decrease in Tl

as a function of dose at 8l days (Figure 4.13).
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Intensity Images from Irradiated Animal
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Figure 4.9 - Intensity images from dirradiated animal (top) and

relaxation curve (bottom). The solid line shows the computer fit to the
data using equation 4.1.
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Intensity Images from Control Animal
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Figure 4.10 - Same as 4.9, for control animal.
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Figure 4.11 - Intensity image (left) and Tl images (right) for control
and irradiated side cortex.
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Figure 4.12 - Plots of time after irradiation vs. Tl for the control
side cortex (top plot) and irradiated side cortex (bottom plot).
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Figure 4.13 - Plot of dose vs. Tl relaxation for the irradiated side
subcortical region. Each point is the average of 3 - 5 points +/- SEM.
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The most important facts from these experiments are: 1) Tl and Al
values decreased on the irradiated side cortex early after irradiation;
2) Tl increased on the control side; and 3) Tl values of irradiated
animals changed with time after irradiation on both sides of the brain.
These data are in conformity with the results of chapters 2 and 3 where

different techniques were used to measure Tl, T2, and spin density.
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CHAPTER 5. SPIN-ECHO SPECTROSCOPY WITH RF ENERGY OPTIMIZATION

High resolution NMR spectroscopy has been used by chemists for
years to study chemical structure, bonding, and molecular interactions.
The nuclei (protons) within a molecule resonate at different frequencies
because the electron cloud shields them by different amounts from the
main magnetic field depending on the chemical structure (James, 1977).
Proton spectroscopy has recently been applied to study the biochemistry
of intact tissues. For example, lactate metabolism has been studied in
the brain (Behar et al., 1983; Behar et al. 1984) and muscle (Arus et
al., 1984; Ugurbil et al., 1984). Histidine, lipids, phosphocreatine,

and creatine have been studied in muscle (Yoshizaki, 1981, Arus et al.,

1984).

This chapter discusses techniques and results from the in vivo
spectroscopic measurement of the rat brain. Proton spectroscopy was
done in order to observe changes 1in proton resonances which may be
associated with the changes seen 1in proton Tl relaxation time.
Techniques were developed to make spectroscopic measurements of the rat
brain in a non-invasive manner. Measurements were made on the same rats

that were studied for proton relaxation by imaging methods.
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5.1 Localization in surface coil spectroscopy

There are major problems in using the surface coil to measure NMR
resonances of a structure that is a few layers deep within the sample.
As shown in Figure 5.1, when the surface coil 1s placed next to the
rat’s head over the cerebrum, the brain lies 3-4 mm away from coil and
the scalp and skull lie l-3mm away from the coil. Since the Bl field
drops off rapidly with distance away from the coil (Evelhock et al.,
1984), the scalp tissue experiences a much greater radio-frequency field
(Bl) than does the brain. Therefore, in order to measure the spectrum
of the brain with the surface coil non-invasively, a technique is needed
which suppresses the strong signals from the scalpe. Mapping the
chemical shifts as a function of position can be achieved by performing
the 2D- Fourier transform of the FIDs as a function of acquisition time
and pulse duration (Garwood et al., 1984; Pekar et al., 1983; Hoult
1979; Cox and Styles, 1980; Haase et al., 1983). This would result in
a set of spectra which represent chemicals from constant Bl field shells
which surround the surface coil. In this chapter, we will show how if
is possible to find the appropriate pulse duration for a given rf power
and coil configuration to minimize the scalp tissue signal and augment

the brain signal.

5.1.1 Computer simulation

The free induction decay signal from a pulsed Fourier transform

spectrometer can be described by the following equation:
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SKULL AND SCALP
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Figure 5.1 - ¥-ray of rat head in NMR probe (lateral view).
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(Equation 5.1)
S1(t,tp) =) Bl * sin(wl*tp) * sin(wt + &) * exp(-t/T2* - tp/T2p) * TIf *V
S2(t,tp) =E:Bl * sin(wl*tp) * cos(wt + @) * exp(-t/T2* - tp/T2p) * TIf *V
TIf = (1 - exp(-7/Tl) / (1 - cos(wl*tp) exp(-7/Tl) )
where:

Sl, S2 = signal of the quadrature phase components
Bl = radio-frequency field component in the xy plane

wl * tp = flip angle

wl = Bl * factor

tp = pulse duration

w = resonant offset from carrier frequency
t = acquisition time

¢ = phase

T2* = dephasing time constant during FID

T2p = dephasing time constant during the rf pulse

Tl = spin-lattice time constant

7 = time between pulses

V = volume element which has the same Bl

(this equation was modified from Garwood et al., 1984)

The Fourier transform of the FIDs gives a set of frequency spectra

with spectral intensity described by the following equation:

S(tp) = Bli * sin(wl*tp) * TIf

(Chaillot et al, 1983)

Given a theoretical phantom of three different chemically shifted
solutions placed at varying distances away from the surface coil, a
pulse duration can be found which minimizes the signal from the first
solution closest to the coil and maximizes the signal from the second
solution. A computer simulation was done using equation 5.l in order to
see the relationship between the signal strength of the three different

solutions and pulse duration. The NMR experiment was simulated in which
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the FIDs were collected for several different pulse durations. The
program (2DFT, see appendix) was written on the VAX (fortran) to perform
the following: l)calculate an FID matrix (64 X 64) for a phantom of
three solutions described above where each solution has its own Bl field
and frequency offset (w); 2)Fourier transform the matrix along the
acquisition time axis; 3)transpose the matrix; 4)Fourier transform the
matrix along the pulse duration axis; and 5)output all three matrices
for 3D-display. Another program was written (ACMBl, see appendix) to
display the matrices in 3D on the Versatek plotter which used a 3D plot
package (Watkins, 1974). Figure 5.2 shows the FID matrix, the first FT
matrix, and the second FT matrix. In the first FT matrix, it can been
seen that the chemical shifted peaks from the different solutions
oscillate at different rates as a function of pulse duration because
they do not experience the same Bl fielde A pulse duration can be found
where the ratio of second solution signal to first solution signal is

maximized.

An experiment was done with a real phantom (Figure 5.3) in order to
verify the computer simulation. The phantom consisted of three
capillary tubes filled with water, acetic acid, and tetramethylsilane
(TMS) placed at 2, 4, and 6 mm away from the surface coil. The surface
coil had two turns of copper wire with a diameter of 8 mm. Each of the
chemicals resonates at different frequencies (4.8, 2.2, 0. ppm) so that
the peak heights could be plotted separately as a function of pulse
duration. The experiment was performed using 32 different pulse
durations between 5 and 200 usec. Figure 5.4 shows the result after the

FIDs are Fourier transformed. Notice that the water peak intensity
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Figure 5.2 - Computer simulation of pulse duration vs. acquisition time

using the Bl field of a surface coil.
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DEPTH PENETRATION WITH SURFACE COIL
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Figure 5.3 - Three test-tube phantom used to test depth penetration with
the surface coil.
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Figure 5.4 - Phantom proton spectrum as a function of pulse duration.
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starts out with much higher peaks and goes through more cycles than the
other peaks in the spectrum. As the water peak begins to go through a

180 degrees, the acetic acid peak approaches a maximum.

Another experiment was done with the help of Rudi Nunlist to
determine the spatial selectivity of the surface coil wusing the
following technique. A large homogeneous water phantom was placed 1in
front of the surface coil and the static magnetic field gradient was
positioned along the axis of the coil so that signal profile could be
viewed as a function of distance away from the coil. The pulse duration
was again varied 32 times and the FIDs were Fourier transformed to give
the result shown in Figure 5.5. At very short pulse durations, the
Fourier transform of the FID gives a profile close to the Bl field
profile (as a function of distance away from the coil) because the flip
angle is close to 0 degrees. However, as the pulse duration 1is
increased, the water nearest the surface coil experiences a greater flip
angle than the water further out and the maximum signal moves away from
the coil. Along this same line of experiments, a 2D image of the rat
brain was measured using the same 8 mm coil. The result shown in Figure
5.6 shows a dark band at the surface of the head which represents the

region of tissue that received a 180 degree pulse. This dark bank

covers most of the scalp.

From the experiments described in section 5.1, we see that the
surface coil with the appropriate diameter and pulse duration can be

used to minimize the NMR signal from the scalp.
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SURFACE COIL IMAGE OF RAT BRAIN

REGION OF ”180” DEGREE
RF PULSE

Figure 5.6 - Surface coil image of the rat brain with pulse duration
adjusted to give a 180 degree at the scalp.
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5.2 Proton spectroscopy of irradiated rat brain

5.2.1 The NMR experiment

Proton spectroscopy was measured in vivo on 9 rats (5- 3000 rads,
4= controls, same group measured in chapter 3) at 7.3 months after
irradiation using the 180 MHz spectrometer (described in section 4.1).
The rats were anesthetized with nembutal and placed into the rat probe
described in section 4.l. A two-turn'surface coil (8 mm diameter) was
placed on the head over the cerebrum. The field was shimmed using all
off-axis and on-axis shims with the one-pulse sequence. The receiver
gain was then reset for the spin-echo experiment to insure adequate ADC
dynamic range to detect brain chemicals other than water. A spin-echo
pulse sequence was used with a delay time of 100 mseconds between the
90" and the "180'" degree pulses with a 2.2 second repetition time. The
spin-echo was used to suppress the water and remove the broad-line
components of the tissue (Brown et al., 1977, Behar et al. 1984).
Quadrature phase detection, phase cycling and 4K data size collection
were used while the signal was averaged 40-100 times. In a few
instances, presaturation was used with the spin-echo experiment. The
lipid and n-acetyl aspartate peaks were used to localize the signal to
the brain because the proton spectrum of the brain has a small lipid
peak (Pykett and Rosen, 1983) and a large n-acetyl aspartate peak (Behar
et al., 1983). However, the opposite is true for the scalp and muscle
proton spectrum. In fact, no n- acetyl aspartate peak 1s seen in muscle

(Arus et al., 1984). The pulse duration was varied until the 1lipid peak
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was at a minimum, which indicated that the signal was primarily coming

from the brain.

5.2.2 Computer software

Software was written on the VAX to quantitate the areas under the
peaks. Program NTCFT2 (appendix) performed the following functions: 1)
apodization of the FID; 2) Fourier transformation of the FID; 3) zero
and first order phase correction; 4) expansion of a selected region of
the spectrum; 5) user-defined PPM offset using the bitpad; 6)peak area
evaluation with automatic expansion of spectral regions near the peak of
interest; and 7) integration over the curve defined in step 6 and disk
output. The n-acetyl aspartate peak was set to 2.0 ppm and the
following peak areas were analyzed: water (4.67 ppm); p-choline (3.2
ppm); total creatine (PCR+CR) (3.0 ppm) ; n—-acetyl aspartate (2.0

ppm); and lipids (l.-=l.7 ppm).

5.3 Results

5.3.1 Lipid and n-acetyl aspartate peak characteristics of the normal

brain

The spin-echo spectrum from a short pulse duration has a large
dominating 1lipid peak which originates from the scalp (bottom of Figure
5.7). As the pulse duration is 1increased, the 1lipid peak decreases
while the n-acetyl aspartate peak increases. The top spectrum shows the
result when a pulse duration is found which gives approximately a 180

degree pulse to the scalp and a 90 degree pulse to the brain. Figure
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Figure 5.7 - Spin-echo proton spectrum of rat head as a function

of pulse duration.
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5.8 is the proton spectrum of the rat head when the pulse duration is
optimized to give the smallest lipid peak with a relative peak height

similar to the lipid peak in the excised brain spectrum.

5.3.2 Results with irradiated animals

Figure 5.9 shows an example of the in vivo proton spectra of
control and irradiated animals. A decrease in p-choline (relative to
PCR+CR) can be seen in the irradiated brain spectrum (middle spectrum)
compared to the control (bottom spectrum). The sSpectrum was measured on
one of the irradiated animals after the scalp was removed (top spectrum,
Figure 5.9) to check the scalp signal-suppresion technique. The results

of the computer analyzed peak areas are shown in Table 5.1l.

Table 5.1 - PEAK AREA RATIOS RELATIVE TO WATER

CONTROL IRRADIATED
N-ACETYL ASP 4.97 +/- 2.13  4.48 +/- 1.;— * 10E-3
TOTAL CREATINE .808 +/- .138 .980 +/- .186 * 10E-3
P-CHOLINE .868 +/- .069 .660 +/- .076 * LOE-3

NOTE: All ratios were calculated by dividing the peak area of interest
by the water peak area. The values shown are the average of 4 animals
for the controls and 5 animals for the irradiated (7.3 months post-irr.)
+/- standard error of the mean.

For n-acetyl aspartate, quantitation of the area under the curve
was difficult because the peak sat on top of the tail of the lipid and
glutamate peaks. The standard error of the mean for the n-acetyl

aspartate peak ratio and lipid peak ratio are very large. As seen in
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Proton Spectrum of /7-vivo Rat Brain (normal)
Peak assignments from Behar et al., 1983
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Figure 5.8 - Proton spectrum of rat head after rf pulse optimization to
minimize the 1ipid peak from the scalp.



Page 80

A :
E— N\N Vv \

A

N\"‘vv\.

N—ACETYL ASP

- v
_ LIPIDS
'
\'\q,.ﬁ,w\‘
- N

WA

IRRADIATED

— PCR+CR

CONTROL /\/KW/

J

PPM

XBL 848-3316

Figure 5.9 - Proton spectra of irradiated rat brain (middle) compared to
control (bottom) and to spectra of rat with scalp removed (top).



Page 81

Table 5.1, a decrease was observed in the p-choline peak area ratio in
the irradiated animals compared to controls. Since a decrease in spin
density was noted in chapters 2 - 4 on irradiated brain, normalization
of the peak areas to water may give misleading results. Therefore,
p-choline peak area ratios were also calculated relative to total
creatine and a decrease in the p-choline was still seen in irradiated
animals as shown below.

Control Irradiated

P-choline peak area 1.23 +/- .15 879 +/- .14
ratio relative to
total creatine

The main results of this chapter are: l1)the 1lipid peak and
N-acetyl aspartate peak heights differ greatly between the brain and
surrounding soft tissues of the head; 2)the surface coil with the
appropriate diameter and pulse power and duration can be used to
minimize the NMR signal arising from the scalp; and 3) a decrease in
the p-choline resonance was found in 3000 rad animals 7.3 months
post-irradiation relative to controls. In chapters 6 and 7, an increase
was seen 1in the p-choline peak in 3000 and 5000 rad animals at earlier
times after irradiation (4 days and 81 days). Therefore, the p=-choline
peak of the 4irradiated animals changed as a function of time after
irradiation. A possible explanation of these results concerning brain

lipids is given in chapter 9.
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CHAPTER 6. 2D FOURIER TRANSFORM PROTON SPECTROSCOPY

6.1 Introduction

Chemical shift imaging is a new technique which allows the chemical
shift information to be viewed as a function of position in the body
(Brown et al, 1980; Maudsley et al., 1983; Pykett and Rosen, 1983).
The 2D Fourier transform (phase-encoded) chemical shift technique gives
the highest resolution in chemical shift information. However, data
acquisition takes many times longer than the non-chemical shift
phase—-encoding experiment where a read-out gradient is on during signal
acquisition. A compromise was made in our experiments so that the data
could be acquired in a reasonable amount of time (20 minutes): the
chemical shift information was acquired as a function of one spatial
dimension only and localization was done in the other dimensions using

surface coil techniques described in chapter 5.

6.2 Instrumentation and computer software

The instrumentation for phase encoded proton spectroscopy used the
same probe body and electronics described in section 4.1. However,
additional modifications were made in the power supply and the computer
software. The response times of the X, Y, and Z gradients were measured
to access the practicality of implementing the phase encoding
experiment. The details of the experiment are listed in the appendix

(gradient field response time).
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6.2.1 Power supply

Gates were added to the X and Y channels of the power supply
(Figure 6.1) in order to do the phase encoding chemical shiff experiment
(Haselgrove et al., 1983) shown in Figure 6.2. The gates were required
to pulse the gradient during the spin-echo experiment because the
current level of the power supply is controlled outside of the pulse
programmer. In other words, the computer controls the gradient strength
through the DACs and the pulse programmer controls the time and duration
of gradient pulse through the gates of the power supply. During the
experiment, the spectrometer computer sends an analog signal to the
power supply which is used to control the level of current that goes out
to the gradient coils. However, the power supply only responds to the

analog signal unless a second TTL gate signal is received.
6.2.2 Computer software

6.2.2.1 Data acquisition

The experiment shown 1in Figure 6.2 was implemented on the
spectrometer by 1) writing a subroutine on the Nicolet computer which
increments the X DAC value outside of the pulse programmer (See Figure
6.1); 2)connecting a TTL gate line from the computer to the power
supply; and 3)writing a pulse sequence which turns the TTL gate on

between the 90 degree and the 180 degree pulse of the spin echo.
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Figure 6.1 - Hardware for the phase encoding experiment.
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Figure 6.2 - RF Pulse and gradient sequence for phase encoded
spectroscopy. (From Haselgrove et al., 1983)
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6.2.2.2 Data processing

The data are transmitted over the phone line to the VAX computer.
The same software described in section 4.1.3.2 was used to convert the
Nicolet words to VAX words and new software was written to perform the
two-dimensional Fourier transformation (program NTCFIV). The program
steps are: l)apodization of the FID; 2)Fourier transformation of the
FID; 3) phase correction of the spectra; 4)transposing of the matrix;
5)Fourier transformation in the second dimension; and 6)plotting of the

spectra on the Versatek with the ppm scale.

6.3 Methods

6.3.1 Magnetic field gradient orientation

The direction of the X gradient was determined by placing two
capillary tubes next the the surface coil. The probe was placed in the
magnet and the field was shimmed. The X gradient was turned on and a
one-pulse sequence was used to collect the FID. When the FID was
Fourier transformed, two peaks were seen which represented the
projection of the two capillary tubes relative to the X gradient. The
probe assembly was rotated until the distance between the two capillary
peaks was maximized. At this point, the plane of the surface coil was

parallel to the X gradient direction.
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6.3.2 The NMR experiment

Three to five rats from each radiation group (controls, 3000 rads,
and 5000 rads) were measured with phase-encoded proton spectroscopy at
4, 25, and 81 days post-irradiation. The animals were anesthetized with
pentobarbital and an elliptical-shaped surface coil (2.5 cm X 1.5 cm)
was placed over the rats head in order to receive signals form both
hemispheres of the brain. Since each spectrum comes from a plane of
tissue orthogonal to the direction of the gradient, the rat was oriented
in the probe so that the phase-encoding gradient traversed the head from
left ear to right ear (see Figure 6.4). With the gradient in this
orientation, spectra from right and left sides of the brain could be
studied separately. Using the pulse sequence described in section 6.1,
the phase-encoding (X) gradient was incremented 32 times and the
spin-echos were processed by the two =-dimensional Fourier transform

method.

Imaging was then performed using the projection-reconstruction
technique described in chapter 4. The intensity image was used to: (l)
determine which spectral planes contained the brain; and (2) determine

the signal contribution of the extra-neural tissues for the selected

plane.
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6.4 Results

6.4.1 Phantom studies

Phantom studies were performed in order to test the 2D Fourier
transform procedure both 1in data acquisition and data processing. A
phantoﬁ consisting of three test-tubes were placed next to the surface
coil as shown at the top of Figure 6.3. Chloroform, water, and acetic
acid were chosen to fill the test-tubes because each chemical has a
proton line at a unique chemical shift frequency. The phase-encoding
experiment was then performed as described in section 6.2.3, and the
FIDs were processed by the 2D Fourier transform program NTCFTIV. The
bottom of Figure 6.3 shows the result of the 2D Fourier transform of the
FIDs. The water and acetic acid peaks were well- resolved peaks both
along the spatial axis and along the chemical shift axis. The
chloroform peak was hard to see, possibly because of rf field and main
field inhomogeneity. However, this broad peak was also seen after

magnification of the 2D matrix shown in Figure 6.3.

6.4.2 Radiation results

Figure 6.4 shows the phase-encoded proton spectra and the
corresponding proton image from a control rat. Each spectrum comes from
a plane of tissue perpendicular to the direction of the phase encoding
gradient. The proton spectra A and D show large lipid peaks which come
from the soft tissues next to the brain. The spectra B and C show a
prominent N-acetyl aspartate peak and no lipid peak characteristic of

normal brain. In Figure 6.5, an increase in the lipid signal (1l = 1.5
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Figure 6.5 - Phase encoded proton spectrum of irradiated brain compared
'to scalp and control spectrum.
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ppm) is seen in the spectra from the irradiated side of the 5000 rad
rats 25 days post-irradiation. The phase-encoded spectra were also
processed using the program NTCFT2 (section 5.2.2) to quantitate the
areas under the following peaks: water, p-choline (81 days only),
PCR+CR (81 days only), n—acetyl aspartate, and lipid peaks. Peak area
ratios were calculated relative to water (Table 6.l1). At 25 days, there
was a large increase in the lipid peak area ratio on the right side of
the 5000 rad brains. This radiation- induced change was also noticed
qualitatively by viewing the spectra (Figure 6.5). At 81 days, a
decrease 1in n-acetyl aspartate and total creatine peak area ratios was

seen on the left side and a slight increase in p-choline was seen on the
right side of irradiated brains (See table 6.1). These results assume
that the area under the water peak remains constant. However, it has
been shown in chapters 2-4, that the spin density is not constant in
irradiated brains; therefore, peak area ratios were also calculated
relative to N-acetyl aspartate (Table 6.2). At 25 days an increase in

the lipid peak area ratio was still seen on the right side of the brain.
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TABLE 6.1
PEAK AREA RATIOS RELATIVE TO WATER
FROM PHASE-ENCODED PROTON SPECTRA
DOSE CHEMICAL

LEFT SIDE (CONTROL) RIGHT SIDE (IRRAD.)

4 DAYS POST-IRRADIATION

5000. LIPIDS 4.35 +/- 1.78 1.68 +/- .54
0. N-ACETYL ASP 1.61 +/- .936 2.38 +/- .41
5000. N-ACETYL ASP 2.61 +/- .69 3.00 +/- 2.4l
25 DAYS POST-IRRADIATION
3000. LIPIDS 4.82 +/- 2.86 «253 +/- .261
5000. LIPIDS 2.58 +/- 1.0 14,9 +/- .71
0. N-ACETYL ASP 5.30 +/- 1.8 15.2 +/- 12.1
3000. N-ACETYL ASP 4.63 +/- .98 7.26 +/= 4.66
81 DAYS POST-IRRADIATION
0. LIPIDS .968 +/- .324 2.38 +/- .79
3000. LIPIDS 3.00 +/- .531 .813 +/- .23
5000. LIPIDS 2.33 +/=- .49 2.83 +/- 1.8
0. N-ACETYL ASP 5.93 +/= 2.11 9.92 +/- 1.15
3000. N-ACETYL ASP 2.48 +/- .636 5.22 +/- 1.35
5000. N-ACETYL ASP 3.15 +/- .79 5.46 +/- 3.0
3000. PCR + CR 779 +/- .24 .438 +/- .119
5000. PCR + CR 490 +/- .0098 «522 +/- .092
0. P-CHO .835 +/- .51 «933 +/- .087

NOTE: All values were calculated by dividing the peak area of interest
by the peak area of water and multiplying by 1000 +/- S.E.M.
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PEAK AREA RATIOS RELATIVE TO N-ACETYL ASPARTATE

FROM PHASE-ENCODED PROTON SPECTRA

DOSE CHEMICAL LEFT SIDE (CONTROL) RIGHT SIDE (IRRAD.)
4 DAYS POST-IRRADIATION
5000. LIPIDS 1.47 +/- .38 l.4 +/- .54
25 DAYS POST-IRRADIATION
0. LIPIDS .41 +/- .010 .069 +/- .051
3000. LIPIDS 1.34 +/- .81 .059 +/- .079
5000. LIPIDS .99 +/- .63 3.77 +/- 3.611
81 DAYS POST-IRRADIATION
3000. LIPIDS 1.61 +/- .804 <154 +/- .017
3000. PCR+CR .341 +/- .085 .11 +/- .053
0. P-CHO <197 +/- .16 .096 +/- .0l11
3000. P-CHO 401 +/- .14 <21 +/- .054
5000. P-CHO . «261 +/- .075 .33 +/- .10

NOTE:

by the peak area of N-acetyl aspartate +/- S.E.M.

All values were calculated by

dividing the peak area of interest
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CHAPTER 7. PROTON CHEMICAL SHIFTS OF AQUEOUS AND

ORGANIC FRACTIONS OF BRAIN EXTRACTS

Proton spectroscopy was performed on brain extracts in order to
measure radiation-induced changes in concentrations of several different
brain chemicals that could not be seen in vivo. Using a new extraction
method we developed (Jones et al., 1984), both aqueous and organic
brains extracts were prepared for high resolution proton spectroscopy.
Tissues were used from rats which were imaged and measured with

phase-encoding spectroscopy in vivo (chapters 4 and 6).

7.1 Methods

Proton spectroscopy was performed on brain extracts from five rats
of the 4 day group and from six rats of the 3 month post- irradiatiom

group. The irradiation procedure was-described in section 4.3.

7.1.1 Brain preparation

Brain tissue was frozen in situ by pouring liquid nitrogen through
a funnel directly onto the exposed skull of the anesthetized rat (Poten
et al., 1973). Pieces of frozen brain were chiseled from the right and
left sides of the cerebrum and the two sides were processed separately.
The frozen brain samples were weighed and then homogenized in cold 1:2
chloroform - methanol (3 ml/gm brain tissue). 100 micro-liters (.6
ng/ml) of 3 - (trimethylsilyl)- 1 - propane - sulfonic acid; sodium

salt (DSS) was added to the homogenate to act as a chemical shift
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reference as well as a peak area standard for the aqueous phase. The
single phase homogenate was vortexed with l:1 chloroform - water (2
ml/gm brain tissue). The added solvents forced the mixture to separate
into 3 phases after centrifugation at 2900 rpm for 5 minutes. The
organic and aqueous fractions were separated and frozen for storage.
The fractions were lyophilized and reconstituted in 1 ml deuterium oxide
for the aqueous phase and in 1 ml deuterated chloroform for the organic

phase.

7.1.2 The NMR experiment

The reconstituted samples were placed in 5 mm NMR test-tubes and
proton spectroscopy was performed on the 200 or 180 MHz spectrometer.
Shimming was done automatically with the 2Z1, 22, and Z3 shims and
manually with the X and Y shims. A one-pulse sequence was used with the
following parameters: 70 degree flip angle; 16k data points - aqueous,
8k data points - organic; quadrature phase cycling; quadrature phase
detection; 2.05 second aquisition time; 5 second delay time; 60
transients - aqueous, 40 transients - organic; +/- 2000 hertz spectral

width; sample spinning; and deuterium lock.

Data processing-

The FIDs were sent to the VAX computer by phone line (section 4.3)
and program NTCFT2 (section 4.3) was used to quantitate the area under
the peaks. For the aqueous fractions, the FIDs were apodized with 2
hertz line-broadening and the following peaks were analyzed: p-choline

(3.22 ppm); total creatine (3.02 ppm); sarcosine (2.72 ppm);
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glutamate (2.34 ppm); n-acetyl aspartate (2.00 ppm); GABA, acetate
(1.90 ppm); alanine (l.48 ppm); and lactate (1.33 ppm). The chemical
shifts were referenced to DSS (0.00 ppm). The peak area ratios in Table

7.4 were calculated relative to n—acetyl aspartate.

For the organic fraction, the FIDS were apodized with 4 hertz
line-broadening and the following were analyzed: 5.37 ppm; 3.29 ppm;
2.84 ppm; 2.28 ppm; methylene 1.25 ppm; terminal methyls 1.0l ppm;
882 ppm; .848 ppm; and .679 ppm. The chemical shifts were referenced
to chloroform at 7.27 ppm. Peak area ratios 1in Table 7.6 were

calculated relative to the methylene peak area.

7.1.3 Calibration of NMR peak areas with chemical concentration

In order to test the 1linearity of NMR peak areas with
concentration, a calibration curve was measured for sarcosine and
methionine at 6 different concentrations. Bovine brain (l.2 grams) was
homogenized and the extra amounts of sarcosine and methionine were added
to the homogenate before the extraction procedure continued (section
7.1.1). The peak area ratios to DSS were calculated (section 7.l.2) and
the following equation was to used to calculate the peak area

responsible for the exogenous chemicals:

NMR conc. = [peak area (met.)/ peak area (DSS)] - Xo * brain weight

where Xo = [peak area (endogenous met.)/peak area (DSS)] / brain weight

The calibration curves, shown in Figure 7.1, are fairly 1linear with

concentration except for the points near the origin. This curve could
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Figure 7.1 - Plot of added chemical weight vs.
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peak area ratio to DSS

for sarcosine (2.72 ppm) and methionine (2.13 ppm).
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then be used to calculate the actual concentration of sarcosine and
methionine in the sample. To check the reproducibility of the peak area
ratio measurement, the N-acetyl aspartate and PCR+CR peaks were analyzed
in all six spectra and the result is shown in Figure 7.2. These two
curves should be flat because each test-tube contained similar pieces of

homogenized brain.

7.1l.4 Chemical shifts of isolated brain chemicals

Peak assignment of resonances observed in the proton spectrum of
brain extracts was done using previous peak assignments found in the
literature (Behar et al., 1983) and by measuring the proton spectrum on
several chemicals known to be at relatively high concentrations in the
brain (Biochemist’s handbook, 1968). Table 7.1 shows the concentrations
of several brain chemicals. Proton spectroscopy was measured separately
for each of the following chemicals in aqueous solution: lactate,
alanine, GABA, acetyl-l-glutamate, n-acetyl aspartate, glutamate,
glutathione, glutamine, methionine, deanol, pyruvate, aspartate,
sarcosine, creatine, phosphocreatine, creatinine, dimethyl glycine,
choline, taurine, and betaine. Aqueous solutions were prepared for
spectroscopy by placing the dry chemical in D20 (low solubility) or H20
(high solubility) and the pH was measured. Table 7.2 shows the chemical
shifts (in ppm with reference to DSS = 0.) of all 22 chemicals. Proton
spectroscopy was also done on phosphatidyl ethanolamine, phosphatidyl
serine, lysolecithin, and sphingomyelin dissolved in deuterated

chloroform. The results of the chemical shifts and peak heights are
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TABLE 7.1 = CONCENTRATIONS OF BRAIN CHEMICALS (LOW MOLECULAR WEIGHT)
(From Biochemist’s handbook, 1968; and Reichelt et al., 1969)

lecithin 15.7 +/- .9 g/kg
glutamic acid 1300 - 1700 mg/kg
glutamine 480 - 780 mg/kg
aspartic acid 360 - 480 mg/kg
GABA 210 - 630 mg/kg
alanine 50 = 94 mg/kg
taurine 450 - 810 mg/kg
acetyl-choline 2.7 mg/kg
total creatine 1300 mg/kg
glutathione 705 mg/kg
methionine 10 - 14 mg/kg
ATP 1080 - 1325 mg/kg
phosphocreatine 560 - 760 mg/kg
phosphorylcholine 66 - 81 mg/kg
lactic acid 134 = 244 mg/kg
pyruvic acid 17.2 mg/kg
serine 87 - 115 mg/kg
histamine 4.3 mg/kg
n-acetyl aspartate 5.18 umoles/g
n-acetyl aspartyl-glu .44 umoles/g
n-acetyl glutamate .06 umoles/g
glutathione 1.10 umoles/g
aspartate 3.40 umoles/g

glutamate 9.85 umoles/g
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TABLE 7.2 - CHEMICAL SHIFTS OF ISOLATED BRAIN CHEMICALS (AQUEOUS)

PPM CHEMICAL PPM CHEMICAL

4.66 water 3.248 taurine

4,597 glutathione (pd 7.0) 3.214 taurine

4.566 glutathione 3.206 choline

4.536  glutathione 3.038 creatinine (pd 7.5)
4.414 n-acetyl asp (pd ~ 7.0) 3.022 GABA

4.395 n-acetyl asp 3.029 phosphocreatine (pd 7.32)
4.366 n-acetyl asp 32.023 creatine (pd 7.3)
4.246 n-acetyl asp 2.996 CGABA

4.175 lactate (ph 7.0) 2.988 dimethyl glycine
4.127 lactate 2.958 GABA

4.128 acetyl-l-glu (pd 7.0) 2.957 glutathione (pd 7.0)
4.105 acetyl-l-glu 2.932 glutathione

4.099 lactate 2.921 glutathione

4.087 dimethyl glycine 2.777  aspartate

4.083 acetyl-l-glu 2.759 aspartate

4.064 choline 2.737 n-acetyl asp

4.062 acetyl-l-glu 2.723 sarcosine

4.060 lactate 2.718 n-acetyl asp

4.044 choline 2.717 aspartate

4.038 creatinine 2.677 aspartate

4.032 choline 2.659 n-acetyl asp

3.937 phosphocreatine 2.665 methionine

3.920 aspartate (ph 6.3) 2.640 n-acetyl asp

3.917 creatine 2.627 methionine

3.900 asp 2.591 methionine

3.880 asp 2.544 n-acetyl asp

3.878 methionine (pd 7.2) 2.522 deanol

3.862 asp 2.496 n-acetyl asp

3.846 methionine 2.490 deanol

2.816 methionine 2.481 glutamine

2.805 glutathione (pd 7.0) 2.467 n-acetyl asp

3.770 glutamate (ph 7.9) 2.460 deanol

3.769 glutathione 2.450 glutamine

3.745 glutamate 2.441 glutamine

3.742 glutathione 2.418 n-acetyl asp

2.737 glutamate 2.407 glutamine

2.712 glutamate 2.374 glutamate (ph 7.9)
3.693 deanol 2.372 pyruvate

3.661 deanol 2.219 GABA

3.630 deanol 2.339 glutamate

3.601 sarcosine (pd 7.5) 2.302 glutamate

2.550 choline 2.282 GABA

3.530 choline 2.264  acetyl-l-glutamate
3.510 choline 2.247  GABA

3.438 taurine (ph 7.2) 2.224  acetyl-l-glutamate
3.401 taurine 2.215 methionine

3.376 taurine 2.209 glutathione

2.338 betaine 2.208 deanol

2.279 taurine 2.187 acetyl-l-glutamate
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TABLE 7.2 - CHEMICAL SHIFTS OF ISOLATED BRAIN CHEMICALS (AQUEOUS)

PPM CHEMICAL

2.185 methionine

2.180 glutamine

2.177 methionine

2.173 glutathione

2.15 methionine

2.149 glutamine

2.139 glutamate

2.138 glutathione

2.127 acetyl-l-glutamate
2.118 methionine

2.115 glutamate

2.108 glutamine

2.105 glutamate

2.103 glutathione

2.08 glutamate

2.071 glutamine

2.04 glutamate

2.02 acetyl-l-glutamate
2.007 n-acetyl asp

1.921 GABA

1.906 acetyl-l-glutamate
1.885 GABA

1.87 acetyl-l-glutamate
1.847 GABA

1.483 alanine

1.477 alanine

1.331 lactate

1.297 lactate

0.0 DSS (reference)

(continued)
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shown in Table 7.3. The spectrum of sphingomyelin had very broad peaks

at 3.5 and 1.7 ppm with a sharp peak at 1.26 ppm.

7.2 Results

Aqueous fraction:

The aqueous fraction spectra had much sharper 1lines than the
organic because the aqueous fraction molecules were smaller and-
therefore they could tumble more freely. The spectrum shown in Figure
7.3 demonstrates the .005 ppm resolution and the chemical information
‘available from proton spectroscopy of brain extracts. In the region
between 4.5 to O. ppm, the chemicals identified were DSS, lactate,
alanine, GABA, n-acetyl aspartate, glutamate, aspartate, creatine,
phosphocreatine, and p-choline. In the region between 10. to 6. ppm,
the peaks have not been clearly identified but they may be the ring

protons of histidine and ATP.

As shown in Tables 7.4 and 7.5, at 4 days post-irradiation, on the
controls side, an 1increase was seen in lactate, GABA+acetate, and
PCR+CR. On the irradiated side, an increase was seen 1in GABA+acetate,
PCR+CR, and P-choline relative to controls. At 3 months
post-irradiation, on the controls side, an increase was seen in lactate,
alanine (3000 rad), glutamate, and p- choline; and a decrease was seen
in the GABA+acetate and alanine (5000 rad). On the irradiated side, an
increase was seen in lactate, glutamate, PCR+CR, and p-choline; and a

decrease was seen in alanine (3000 rad) and GABA+acetate.



PHOSPHATIDYL ETHANOLAMINE

PPM

5.370
4.164
4.137
4.105
3.987
3.959
3.929
3.174
3.165
2.841

2.814 .

2.784
2.2388
2.323
2.295
2.257
2.035
1.848
1.592
1.259
1.172
-886

<854

- 006

NOTE:
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Table 7.3 - CHEMICAL SHIFTS OF ISOLATED CHEMICALS (ORGANIC)

PEAK HEIGHT
263.82
57.03
73.79
86.25
66.71
92.97
59.38
66.02
65.24
119.2
123.07
68.74
53.68
123.27
124.01
171.23
145.21
1006.21
121.49
4241.42
151.235
473.16
186.08
734.30

PHOSPHATIDYL SERINE

PPM

5.360
2.841
2.324
2.288
2.006
1.814
1.648
1.591
1.258
1.171
- 886

«855

-008

LYSOLECITHIN
PEAK HEIGHT PPM PEAK HEIGHT
149.46 4.074  59.72
84.13 3.807 62.16
68.19 2.343  463.10
71.06 2.310 74.56
113.52 2.241 457.67
943.09 1.348 57.83
71.38 1.263 1524.8
95.61 1.177  55.48
1851.8 «912 65.48
97.52 - 888 127.71
232.5 - 856 57.62
107.22 .008 266.38
437.04

The chloroform peak was used as a
7.27 ppme.

chemical shift

reference

at
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TABLE 7.4
AQUEOUS FRACTION PEAK AREA RATIOS TO N-ACETYL ASPARTATE

| & DAYS POST | 3 MONTHS POST
| I
CHEMICAL | CONTROL | 5000C 5000I | 3000C 30001 5000C 5000I
| | I
LACTATE |.l115 +/- .025 | .37 .14 | .28 .26 .082 .113
1.33 PPM | | 071 .099 | .125 <21 117
| | .066 |
I . | | :
ALANINE |.032 +/- .004 | .023 .042 | .045 .030 .030 .035
1.48 PPM | | .032 .022 | .036 .023 .027
| | .023 |
| I |
GABA+ACET|.033 +/- .004 | .042 .053 | .017 .019 .018 .045
1.88 PPM | | .035 .035 | .019 .030 .026
' | | 042 |
| | |
GLUTAMATE | . 384 +/- .055 | .37 YA | .45 «52 46 .39
2.34 PPM | | .40 .38 | .48 .4l .35
| | 42 |
| | |
PCR+CR  |1.25 +/- .101 | 1.57 1.28 | 1.21 1.57 1.6 1.19
3.02 PPM | | 1.28 1.58 | 1.35 1.30 sl
| | 1.38 |
| | I
P-CHO | .51 +/- .038 | .53 .92 | <55 .65 1.05 .63
3.21 PPM | | .59 .61 | .67 .80 .62
| I

NUTE: 5000C refers to 5000 rads control side of the brain and 5000I
refers to 5000 rads irradiated side of the brain. Control value is
shown as the average of 8 +/- SEM. All values were calculated by
dividing the peak area of interest by the peak area of n-acetyl
aspartate. Values from each individual animal are shown in columns 3 -
8. For example, 1in the 5000I column, the peak area ratios for three
different animals are shown for each chemical. These same data are
displayed in Table 7.5 normalized to controls.
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TABLE 7.5
AQUEOUS FRACTION PEAK AREA RATIOS TO N-ACETYL ASP
NORMALIZED TO CONTROLS

4 DAYS POST | 3 MONTHS POST

I "

CHEMICAL 5000C 5000 | 3000C 30001 5000C 50001
|

LACTATE I

1.30 PPM 1.93 .89 | 1.74 2.01 .86 .98
I .

ALANINE I

1.48 PPM .87 .92 | 1.29 .83 .75 1.12
|

GABA+ACET |

1-90PPM 1018 1-33 I 055 07“ -68 1-37
|

GLUTAMATE I

2.34 PPM 1.00 1.07 | 1.22 1.22 1.06 1.02
|

PCR+CR I

3.03 PPM 1.14 1.13 | 1.02 1.15 1.08 .95
|

P-CHO |

3.22 PPM 1.09 1.50 | 1.18 l.41 1.62 1.23

NOTE: Same as Table 7.4 except that the peak area ratios relative to
n-acetyl aspartate are averaged and divided by the control peak area
ratios in order to compare the irradiated values to controls.
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Organic fraction:

The spectrum shown in Figure 7.4 1s an example of the proton
spectruﬁ of the organic fraction of irradiated brain extract. The peaks
in this spectrum represent the 1lipids of the brain. However, the
heights of the peaks do not represent what would be seen in vivo because
the lipid protons are more mobile in an organic solvent than aé lipid
bilayers 1in the myelin sheaths (Joffe et al, 1972). As shown in Tables
7.6 and 7.7, a decrease in the peaks at 2.84 and 3.29 ppm and an
increase 15 the peak at 2.28 ppm were seen at 4 days post-irradiation.
At 3 months post- irradiation decreases were seen in terminal methyl
peaks (.68, .85, .88 1.0l) and at peaks 2.28, 2.84, and choline methyls

(3.29 ppm).

The main results frpm this investigation are: 1) 1increases were
noted early after irradiation in lactate, GABA, PCR+CR, and p=-choline
peak area ratios relative to n=—acetyl aspartate; 2) 1increases were
noted late after irradiation in lactate, glutamate, and p-choline; 3)
from the organic fraction spectra, decreases were noted on both sides of
the brain at peaks 2.84 ppm (phosphatidyl ethanolamine, phosphatidyl
serine), 3.29 ppm (lecithin) and the terminal methyls (5000 rads, 3
months post). These results show that radiation induces changes in

brain energy metabolites and in lipid chemistry.
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TABLE 7.6
ORGANIC FRACTION PEAK AREA RATIOS RELATIVE TO METHYLENE
4 DAYS POST 3 MONTHS POST
CHEMICAL | CONTROL | 5000C 5000I | 3000C 3000 5000C 50001
I | |
.68 PPM |.041 +/-.0015 | .039 .042 | .037 .038 .037 .038
(not | | .04l .037 | .045 .043 .041 .032
ideno) ' l 041 037 I
| | |<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>