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ABSTRACT

The goal of this research was to visualize the uptake of copper by plants to aid phyto
remediation research. The hypothesis was that regions of the plant with morevatipzare
an enhanced NMR signal using copper as a paramagnetic contrast agent.

As the name implies, Earth Field Magnetic Resonance Imaging (EFd&i)remetry
uses a magnetic field 300,000 times weaker than a 600 MHz Nuclear MagneticriResona
(NMR) spectrometer. Just like in conventional human MRI, this portable instrumepiisie
of recording one, two and three dimensional images though the sample size is miesh smal

The enhancement of signal was first demonstrated recording the 2D iaiafifésrent
concentrations of agueous copper sulfate solutions.

The last research focused on growing soybean and mesquite plants in hydragabaic m
containing 0.25 mM copper nitrate for four weeks and recording their EFMRéBragngside
plants grown without copper nitrate.

Results showed EFMRI to have the advantage of probing the plant absorption of copper
without having to dissect the specimen and therefore will take less sampleapoepand time
than current analysis techniques. This technique could be beneficial to aid phethatean
technology by using plants that are capable of absorbing copper as a hed\ppohuttant and

imaging the plants to assure copper accumulation in them.
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CHAPTER | (INTRODUCTION)

1.1 Basic Concepts of MRI and its Advantages

Magnetic Resonance Imaging (MRI) is one of the tomographic imagihgigues that
has the capability to produce an internal image of an object from extemedisured Nuclear
Magnetic Resonance (NMR) signals. MRI imaging works in the radio frequangg of the
electromagnetic radiations which is an advantage compared to Computed Tom¢GrBpsgan
or X-ray that use ionizing radiation. Consequently MRI does not have much harmdul ydte
is rich in information. Also, acquiring an image depends on three factors as follolgamapin
density, T, (a spin lattice relaxation time constant), and(d@ spin-spin relaxation time constant
These parameters could be suppressed or enhanced to cause a different lookilighi2e)
and L. 2000).

In an imaging process, magnetic moments are converted to bulk magnetigdtieruse
of a static magnetic field called,B The magnitude of this magnetization is proportional to the
strength of the magnetic field. Then by using a radio frequency (RF)texcitiae bulk
magnetization is switched to transverse magnetization which by retdongailibrium, and
based on Faraday’s law of induction, a signal is produced (Zhi-Pei and L. 2000). dquenine
of precession for every nucleus is different because its gyro-magniti(praportionality
constanty) for every nucleus is different. When the system reaches equilibrium, Yhe X-
magnetization, also called transverse magnetization, has decayed asstgpeday due to
some field in-homogeneity which causes some of the nuclei to precesshfastettters. This
means the magnetization has grown in the Z direction as thermal equilibriurbissbsid
(Fukushima and Roeder 1981). In NMR, slow relaxation is beneficial because it means

transverse magnetization survives and could be observed, and as a result free indisstion de



(FID) is persistent to obtain a high resolution spectrum which means a narrawdthas
achieved (Keeler 2005). Moreover, the core of MRI deals with the use of gradientede enc
spatial information upon RF excitations, and finally image construction is othtgthe Pei and
L. 2000). The magnetic field gradient is a non-uniform magnetic field becaaseaaker than
the static magnetic field. In the imaging phase the NMR signal is teagpand phase
instability is caused by temporal fluctuations of the Earth’s magnetetwithile field uniformity
allows the use of large samples (Mohoric, et al. 2004).
There are many advantages to MRI applications in comparison to other methods:
a) Beside the vast utilization of MRI in the medical field, there are nonmlegiplications of
NMR imaging relevant to material science such as plant imaging.
b) Chemical composition of a sample can be imaged by analyzing signalitieten
c) Unlike other methods that are destructive or sometimes inaccurate, NMRgns&ag
nondestructive yet more accurate.
d) MRI deals with non-ionizing radiation which is an advantage of employing #tisad.
e) MRI facilitates determining the distribution of chemical components of ptagell as
localizing them spatially such as localization of water, fat, and carbolgdrat
Further elaborations on the latter include experimental techniques, in vivenekamof

plant morphology and development, and noninvasive plant histo-chemistry (Blumich 2000)

1.2 Terranova Earth Field Nuclear Magnetic Resonarne (EFNMR) and Earth
Field Magnetic Resonance Imaging (EFMRI)

As the name implies, Earth Field Magnetic Resonance Imaging (EFd&i)remetry
uses the Earth Magnetic field which is aroundu%0 The Earth magnetic field varies in
direction as well as magnitude according to our location on Earth. For example sendhd

floor of the Physical Science Building at UTEP, the effective Earth niadiedd is 43uT
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where as on the third floor it is 33. Also, the Earth magnetic field is 300,000 times weaker
than a 600 MHz NMR spectrometer. For example, in the case of the hydrogenmadample

of water and in the absence of an external magnetic field (meaning in taeqares the Earth
magnetic field) the spins are spread in all directions. Therefore thenagaletic field of the

sample is zero. However, in the case of EFNMR/EFMRI and in the presence ofiargplar

field (375 times larger than the Earth magnetic field, 18.8 mT) the spinkatardr precession
around the field, meaning that each proton spins almost 2000 cycles per second (Hz). And for
comparison, in the presence of al4 T static magnetic field the spins staar pgecession

around the field at 600 MHz (Levitt 2008).

For the Terranova EFNMR/MRI purchased from Magritek Company in New Zealand, the
low detection field is the Earth’s magnetic field while the spins are pethat a high magnetic
field relative to detection, which is the act of acquiring signal. The highetzadlan field is
18.8 mT while the low detection field is p@. For a 600 MHz NMR, the polarization and
detection are both at a magnetic field strength of 14 T.

The Terranova EFNMR/MRI consists of a probe made of three concentric tebes ea
wound with a coil and a spectrometer. The coils are called;tb@lBused for exciting and
detecting of the precessing magnetization), Gradient coils (used for proaitivear magnetic
field across the sample), and the Polarization coil (used for providing polarinsdv&pi
applying a large current to establish a polarized nuclear magnetizatisampde) also called,B
(Figure 1.1). The spectrometer (Figure 1.2) consists of a digital sigr@dgzor (DSP), which is
controlled by a personal computer (PC), which runs the data processing sctiledd rospa.

In an experiment, Prospa sends a pulse to the spectrometer’'s DSP via a USB port.

Prospa also controls NMR experiments by sending pulses tg tiedslient, and, coils to



acquire data (Magritek, Terranova-MRI User Manual 2005). Although EFNMR is more
practical in outdoor locations where in-homogeneity is not present sinoadaipjects are
absent and low frequency noise sources are minimized, a Gradient coil in theesidns is
implemented to provide shimming in order to combat the effect of noise as well as in

homogeneities in indoor locations (Coy, et al. 2006).

PROBE
Gradient Cails ) SPECTROMETER

Bi Coil

Polarization Coil

Power eable
connecting to 24V DE
....... e

Figure 1.1 EFNMR/MRI coils Figure 1.2 EFNMR/MRI apparatus:
Spectrometer and Probe

The B, coil is used to produce a polarizing field by applying a 6 ampere current for four
seconds duration to provide a bulk polarized nuclear magnetization across the sample. The
Gradient coil is made of two coils: one for pulsed gradient and the other for X, Y, and Z
gradients for imaging and shimming. Its task is to produce linear mageédigifadients across
the sample. The Bcoil is used to excite and detect the NMR signal. A short pulse of
electromagnetic energy, called the RF or 90° pulse at the resonantrmr lfeequency of the
nuclei in the local Earth’s field (2 kHz-2.5 kHz), is applied to the coil which surrounds the
sample in order to tip the bulk magnetization from the Z direction, which is the £hetd’
direction, to the X-Y or transverse plane. The transverse magnetizallite wetected by the
B, coil as an induced electromotive force because the magnetization precessésedbarh’s

magnetic field ge) at the Larmor frequencw] according to Equation 1.1 (Larmor Equation).



Equation 1.1 (Larmor Equation):  =vy-Be

A 500 ml plastic bottle is used for any liquid sample and is placed in the center of the
cylindrical hole inside the probe. A large sample size should be used to compensattor the
detection field since smaller samples produce weaker signals (Mageteandva-MRI User
Manual 2005). Any solid sample should resemble the size and shape of the plastic bottle as
much as possible in order to acquire a strong NMR signal. Liquid samples witrstasity
(such as water) generate a high amplitude spectrum whereas santplaig/lvitiscosity (such as
honey) generate a low amplitude spect{&ukushima and Roeder 1981). In clinical MR,
although macromolecules contain protons, their spins cannot be seen by MRI because of thei
short relaxation times, so only the spins of water molecules are detdttatdetissues contain
60-80% water)Vlaardingerbroek and A. 2003).

EFNMR/MRI can be used to detect the NMR signal strength of many diffeaerles
using a pulse and collect macro as well as producing 1, 2, and 3 dimensional imageg by usin
Spin echo or Gradient echo imaging. Appendix A describes the details of how to work wit
EFNMR/MRI and how to acquire images in 1D, 2D, and 3D, which was the first step in

conducting the research described in this thesis.
1.3 Spin Lattice Relaxation ,) and Spin-spin Relaxation(T,)

At equilibrium a longitudinal magnetization is established, and no magnetizatihe
transverse plain exits. The longitudinal magnetization depends on the number dhssire
of the static field, and gyro-magnetic ratio. Each spin is a vector gyanégning that it has a
magnitude and a direction. The magnitude is determingbbgny nucleus, so each magnetic
moment has an X, Y, and Z component. The bulk magnetization is built up by adding the Z

components of the magnetic moment of all nuclei. In the case when an RF pulseedtaghe



equilibrium magnetization, the longitudinal magnetization rotates to the Xy¥¢ glausing a
decrease in the Z component of the magnetization. The transverse magnetizagesgd about
the Z axis, and this precession is what we detect in the form of an FID signgdro€thss in
which the longitudinal magnetization is reached to its equilibrium valueledahgitudinal
relaxation or spin lattice relaxation. The reason it is called lattizecause this relaxation
involves the flow of energy from the spins to the surroundings (Keeler 2005). Spin lattice
relaxation converts the excess energy to translational, rotational, andoviatramergy in the
surrounding atoms (lattice). The spin lattice relaxation timeisThe timed required for this
excess energy to drop to 37% of its original value. In other wogds,tfie time required for the
longitudinal magnetization to recover 63% of its longitudinal equilibrium value K2aeMRI,
T12003-2009). Moreover, in order for the longitudinal magnetization to recover to 99% of its
equilibrium value, it takes 5;Twhere as recovery to 95% takes;3 The closer the spins are to
the equilibrium, the slower the rate of change of longitudinal magnetizati@hefkz005).

The process in which transverse magnetization decays to an equilibrium vadue of
called spin-spin relaxation or transverse relaxation. “In the dipolar meahathie source of the
local field is the magnetic moment of other nuclear spins in the sample” (R@&B). T, is the
time required for the transverse magnetization to decay to 63% of its bvigina
(DatabaseMRI, 72003-2009).

T, is not related to energy exchange with the surrounding whergigasélated to
accepting energy from the spins so that the spins relax and thermal equildbreached. T
could be weak in the absence of molecular motion or paramagnetic agents or rigid saiids, but
could be strong in different solutions. In addition,>TT, in most solids while T=T, in

liquids. When molecular motions are fast as it is in non-viscous liquid, Tk (Fukushima and



Roeder 1981)The more mobile the molecules, the less intermolecular contact are present
between them. Therefore; @nd T, become longer. iTat lower temperature is less thanal
higher temperatures. For exampleat 280 K is less than;Tat 340 K.

Also, unpaired electrons could generate local fields in the same way as dkabole,
and are a source of relaxation because the magnetic moment of electroaterstiga@ protons.
Therefore, the local field created by electron is much higher compared dog(&ieeler 2005).

In summary: 1) Tis the time required for the excess energy to drop to 1/e (0.37) of its
original value. 2) Starting from zero magnetization in the Z directiory thagnetization will
grow after excitation from zero to a value of about 63% of its final valueimeadf T;.

3) T, characterizes the rate at which the X-Y component of the magnetization vextgs de
the transverse magnetic plane. Itis the time it takes for the transigaragto reach 37% (1/e)
of its initial value after flipping into the magnetic transverse plane. 4}raheverse

magnetization value drops from maximum to a value of 37% of its original valueme af T,.
1.4 Magnetism and Paramagnetic Relaxation Time Cordst Agents

Magnetism comes from: a) circulation of electric currents, b) niegmements of
electrons, c¢) magnetic moments of atomic nuclei, the first two being meategthan the third
one (Levitt 2008).

Materials could be classified into two main categories:

a) Diamagnetic materials with a non-permanent magnetic dipole moment
b) Paramagnetic, ferromagnetic, anti-ferromagnetic or ferrimagmetterials with a permanent
magnetic moment

Paramagnetic materials consist of atoms containing permanent dipole morniésats w

neighboring magnetic moments do not interact. The magnetic moments are incatedom



directions in the absence of a magnetic field. However, in the presence ofeimbgid a
small magnetization develops, so the susceptibility (the extent of a maidsetome
magnetized in the presence of a magnetic field) is small yet positiveinpaired electron is
required for paramagnetic substances. For example copper has an unpetireal wlach
enhances the local magnetic field (Jakubovics 1994).

Electrons in orbitals as pairs cancel the generated magnedi; foeit the direction of
magnetism in materials with an unpaired electron when placed in an extegmatiméield is
aligned with the magnetic field. Therefore, paramagnetic agents havapiduality of
augmenting the magnetic field strength (Bushberg, et al. 2002). Metaucnas Co, Fe, Gd,
Ni, Mg, Li, Cu, Cr, and Mn, diatomic gases such ag@ NO, and salts of transition metals are
paramagnetic. These substances with unpaired electrons have strongomagmeints and
could be used as paramagnetic contrast agents, meaning they could incredsaditg of a
signal and consequently an image. In the case of clinical MRI, parancagmétast agents are
gadolinium chelates, manganese, and iron compounds (Weishaupt, Kochli and Marincek 2006).

Therefore, paramagnetic contrast agents enhance magnetin@s{k&) image
contrast by changing, Bind T, relaxation times. Paramagnetic contrast agents in MR imaging
change the image intensity because of change andl T,. In clinical MRI these agents are
used to detect any malignancy and must have low toxicity while being ekegetidy from the
body (Kuperman 2000).

In other words, contrast in NMR provides distinguishable images between regions w
a sample. Positive contrast means that the signal intensity is highereégithe of interest,
while negative contrast means that the signal is weaker in the regiomagméude of data in

NMR imaging presents the number of spins in a region of a sample. TheNgi&enages



display contrast between regions with different spin densities. This is usehdging
applications; however, the regions of interest within a sample sometimes midar spin
densities. Therefore, contrast agents need to be used in imaging to diktingfween these
homogeneous regions.

Contrast in imaging is based on the existing differences in NMR propertiesaof@e
known as relaxation times. Relaxation times are used to achieve congnastriage by
highlighting the differences between the regions of interest. Also, if regf@@nple are
homogeneous, contrast agents are used to achieve contrast in these regiongivig ttiean
relaxation times.

A contrast agent is a substance capable of altering the spins relaxa@snvhen they
are in contact with the agent. Contrast agents can augment the sengianity R imaging
experiment while creating positive or negative contrast.

Paramagnetic contrast agents, which are a class of contrast agents, pogagsd
electrons and have a positive magnetic susceptibility. The magnktscdenerated by the
paramagnetic contrast agent decrease thend T, relaxation times of neighbor spins. A
decrease in Jcauses decrease in the signal whereas a decreaserasdlts in an increase in
the signal. Also, for low concentrations of the contrast agent,tb&écts dominate to produce
positive contrast. Larger concentrations of the contrast agent creatve@gntrast. The
extent of positive or negative contrast is controlled by adjusting MRI gaeasnMagritek,

Terranova-MRI Student Guide 2006).
1.5 Phyto-remediation

Soil, water, and air heavy metal contamination is one of the serious ecbjgidems

in the world (Sias 1998). Water contaminations are a result of the contamiresaistpin soil



and air which gradually reach living organisms (Gardea, et al. 2005). Withistieehtury,

great amounts of toxic metals and chemicals have been disposed into soil arfcbwatarious
sources including industry (Senthilkumar, et al. 2005). Therefore, cleaning cpntlaeninated
sites has become a major issue in this century. Fortunately, a methddgpbatie-remediation
recentlyhas been introduced to the society. Phyto-remediation is the use of plants to remove
contaminants from polluted water or soil. This technology can be used to clean up ké&dvy m
contaminated soil or water (Haque 200&)Jants for phyto-extraction have to be metal hyper-
accumulator meaning tolerant to the target metal (Gardea-Torresaky?2@®5). In addition,
phyto-extraction can be used for the recovery of precious metals such ashgaidplatinum,

and palladium (Gardea, et al. 2005).

1.6 Plants

Readily bio-available metals for plant uptake consist of cadmium, nickel, zieoj@rs
and copper; moderately bio-available metals are cobalt, manganese, and iedeadhil
chromium, and uranium are not very bio-available (Health 2003).

Some plants are capable of tolerating toxic metals through the use of sesenahisms
such as developing metal-tolerant enzymes or retaining metal in the rooteaectipg metal
translocation to the shoots (Fernandes and Henriques 1991).

1.6.1 Mesquite

One of the important exploited trees of deserts is mesquite (Haque 2008). Tiwaplant
uptake Cr, Ni, Cu, As, Au, and Se easily (Gardea, et al. 2005). Mesquite is tolerangtd drou
meaning it can draw water from the water table through its long root intcssielep as 190 ft
(Figure 1.3). On the other hand, it can use available water in the upper part ot &g well

(Haque 2008). Mesquite is the pioneer of several heavy metal hyper-acaugnpil@nts
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(Senthilkumar, et al. 2005). For example, velvet mesquite (Prosopis julifle@)able of

germinating in copper concentrations ranging from 10-1280 ppm (Victory Billd Al-Minj

Figure 1.3:-6\;r.n.esqui'.[“tr' UTEP o

Some common species of mesquite are honey megBuitsopis glandulosa), velvet
mesquite (Prosopis juliflora also called Prosopis velutina), creeping meefguosopis
strombulifera) and screwbean mesquite (Prosopis pubescens) (Haque 2008).

In a study in the state of Arizona, Prosopis juliflora was investigat@do#o-indicator of
industrial pollution. The results showed that Cu and Cd content were much higher in plant
components compared to the level in the soil. Therefore, the plant could be used to
decontaminate heavy metal polluted soils containing Cd, Cu, Ni, Cr and Al sevesahigher
than the existing level in the soil (Senthilkumar, et al. 2005).

In another study, seedling height decreased exponentially with increasepier
concentrations (seedlings grown in 10, 20, 40, 80, 160, 320, 640 and 1280 ppm of Cu
concentration while control seedlings were 2.4 ppm). Even though the seedlings showed
symptoms of toxicity, they accumulated high levels of copper. Therefore, teeseedlings as
well as the plant served as a sink for copper in contaminated soils (Victoy,aPidaAl-Minj

2007).
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1.6.2 Soybean (Glycine max)

Soybean, cultivated in East Asia for 5,000 years, has been consumed as cooking oils,
margarine, flour, soya milk, soy sauce, and tofu. The dried bean contains 18-22% fat, 35%
carbohydrate. One hectare of soybeans yields 162 kg of protein in comparisorkgvjilkero
hectare for beef which reveals that soybean is one of the richest andstiseapees of protein
(Research 2009).

Soybean provides a complete protein for vegetarian diets low in lipids. Bimsthiem
have isolated a component in soybean which prevents cancer (Jurgonski and Smart 1997)

According to an analysis on soybean seeds a concentration of 0.5 mM Cu induced a
significant reduction in carbohydrates and protein contents of the seeds (ddvEG03).

A study on the effect of excess Cu applied through leaves and roots inrspldoea was
done. The application of 50uM CuSO4 on leaves increased chlorophyll. In contrast, soybean
plants grown in hydroponic medium (plants growth via nutrient solution rather thawsbithe
same concentration of Cu showed lower chlorophyll (Bernal, Cases, et al. 2007).

Finally, in another study, copper content in soybean seed exhibited higher amaouits t
shoot. Shoot and seed phosphorus content and their uptake significantly increased with 2.5 kg
Cu/hectare application (Barik and Chandel 2001).

1.7 Copper

Copper sulfate is known as a herbicide and its effect on seed germinatiotyislixe
more severe when compared to copper nitrate (Victor, Pillay and Al-Minj 2007).

Copper is present in | and Il oxidation states in plant tissues (Sias 1998). Cu gets
absorbed and transported through mesquite as Cu (llI). However, in the leaves Ciserdspre

the (1) and (I) oxidation states (Gardea, et al. 2005).
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Cu concentration in non-contaminated soils is 20-30 ppm and in natural waters is less
than 2 ppb while more than 2000 ppm of Cu level in soils has been recorded in mining areas and
in the vicinity of Cu smelters (Fernandes and Henriques 1991). On the other hand, the normal
Cu concentration in plant biomass is 12 ppm where as in marine plants it is 3.5 ppm while Cu
concentrations in hyper-accumulating plants vary from 6.6 to 2117.4 ppm (Haque 2008). Due to
its strong binding by soil components, only a limited fraction of the total amount of €enpre
the soil is available for plant uptake (Fernandes and Henriques 1991).

Copper (Cu) is a nutrient essential for organisms that utilize photosynthesis (i.e.
cyanobacteria, algae and plants). Also, copper plays an important role in megiedm@Eses.

For example, Cu is a cofactor of enzymes and metalo-proteins that ca&lgzaeactions in
chloroplasts (Bernal, Ramiroa, et al. 2006).

Cu in Elodea is an example of active transport mechanisms while a studhphaistsat
Cu entered soybean through passive flux. In fact, when Cu concentrations in the ezmironm
are low, active absorption dominates. Passive uptake takes place when Cu hevelédium
increases because of damage to the membrane, so the plant loses its uptakey selec
(Fernandes and Henrigues 1991).

1.8 Literature Review

Based on a literature review [ (Planinsic, Stepisink and Kos 1994), (Coy, et al. 2006),
(Mohoric, et al. 2004), (Melton and Poliak 1971), (Callaghan, Eccles and Seymoura 1997),
(Halse and Callaghan 2008), (Xu, et al. 2008), (Robinson, et al. 2006), (Thiele 2007), (Qui, et al.
2007), ... ] no work is reported investigating the presence or absence of copper in plants using

MRI.
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CHAPTER Il (MATERIALS, EQUIPMETS, AND EXPERIMENTAL)

2.1 Materials

A 500 ml plastic bottle and 2 plastic phantom tubes (or centrifuge tubes presented in
figures 2.33-2.34) were provided within the EFNMR/MRI package.
The following items were purchased from the corresponding companies:
a) Velvet mesquiteProsopisjuliflora velutina, seeds from Granite Seed Company
b) Soybean seeds from Howe Seeds Inc.
c) Mason jars from Sam’s Club
d) Plastic tubing, connectors, and air pumps from VWR International Company
e) Germination paper from Nasco Fort Atkinson Company
f) Antibiotic antimycotic solutions, glass pipettes, disposable transfer @pattd copper salts
from Sigma Aldrich Chemical Company

2.2 Equipments

a) Pulse and collect, 1D, 2D, and 3D MRI images were recorded on a Terranova EFNMR/MRI
purchased from the Magritek Company in New Zealand, http://www.magritek.com.
b) The pH meter (model 420 A) was used to adjust the pH of nutrient solutions.

2.3 Experimental

2.3.1 Doped Water

Water doped with cupric sulfate of concentrations 0.25, 0.5, 1, 2, 3, and 4 mM in 500 ml
bottles was prepared. For each sampjeaid T, relaxation times were measured. Fethe
measurement was performed in both polarizing and Earth fields. AppendixaAdTr,
sections, provides instructions of these procedures. The relaxation timedfeasgide were

recorded. The concentration of CuS@rsus the three measured relaxation times was plotted
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separately. Also, various prepared samples were used to acquire 1, 2 and 3Dalyisl for
demonstrating image contrast by adjusting the polarization time. Instrsicth how to acquire
an image are given in Appendix A.

2.3.2 Plant Preparation (Hydroponic Media)

Hydroponic media was prepared as described by the reference (Pdédekd;\ét al.
2002). In this method germination papers and de-ionized water were sterilizedrusing a
autoclave. Soybean and mesquite seeds were stirred in a 1 liter beaker gpataiiorox
solution for 30 minutes to avoid fungal contamination, then washed with sterilized &l3vat
times. Soybean seeds were ready for rolling after eight hours whaesgsite seeds were kept
in DI water for one day to soak before rolling. The seeds were arranged stemized
germination papers under a laminar air flow hood and sterile conditions (Figure 2.1hpd@fr
antibiotic- antimycotic solution was added on top of the seeds. The paper was rolleacadd pl
upright in a glass jar filled with 2 centimeters in height of sterilized/&tker. Each roll
contained 20 seeds of mesquite or 15 seeds of soybean. A plastic bag was used to cover the
rolls, and the jar was placed in the germination chamber (Figure 2.2 presents 80 oylleeahns
the last two bottom rows, and 100 rolls of mesquite, the last two top rows) at room teneperat

to exclude light.

Figure 2.1 Soybean (yellow) and mesquite FigurGermnation Figure 2.3 Germi'ated seeds
(red) seeds chamber
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The seeds germinated after 5 days (Figure 2.3) and were removed from the dark and
placed under fluorescent light (two 34-W) for one day in order for photosynthedie folaae
(Figures 2.4 and 2.5). The next day, when the color of the leaves changed fromyejteant
(Figures 2.6 and 2.7), the seedlings of the same height were arranged in groups of 8se tie c
soybean and in groups of 5 in the case of mesquite on a piece of a plastic disposatie transf
pipette to hold the plants in place in order to be transferred to 400 ml mason jars or othler suita
containers by using a polystyrene base fitting on top of the containers (RRgigesd 2.9).

Glass pipettes, plastic tubing, connectors, and air pumps were used to oxyge roates the r

Figure 2.4 Soybean germinated seeds after removal Figure 2.5 Mesquite germinated seeds after removal
from dark from dark

Figure 2.6 Soybean after one day being kept under  Figure 2.7 Mesquite after one day being kept under
fluorescent light fluorescent light
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e i rae s
Figure 2.8 Arrangement of mesquite seedlings Figur2.9 Mason jars, pipettes, and polystyrene
base fitting

As described by (De La Rosa, Peralta-Videa and L. 2005), for 180 rolls of the plant
nutrient solution was prepared by mixing 200 ml of each salt plus 18 liters of DI waier. T
solution was pH balanced to 4.8 using a pH meter to provide nutrients for the seedlings. A lower
pH diminishes precipitation of Cu in the solution. Containers that were considerectiads
only contained nutrient solution where as containers considered as treated conféiments
amounts of copper salts. Three growth experiments were conducted.

2.3.3 First Experiments

The purpose of the first growth experiments was to find out the amount of Cu each plant
could tolerate. Therefore, 300 mesquite and 150 soybean seeds were plantedresienpla
section 2.3.b. The plants were divided into control and treated with 4 mM (0.49/400ml) cupric
sulfate (Figures 2.10 to 2.12). After one day, all the treated plants died due tdhtheveigf
copper concentration poisoning the plants (Figure 2.13). A layer of bluish precipsate w

observed at the bottom of the treated plants (Figure 2.13).
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Figure 2.10 Transfer of seedlings to hydroponic

Figure 2.12 Plants before adding 4mM Cu Figure 2.1Blants after adding 4 mM Cu

The control plants were divided into different solutions containing 0.25, 0.5, 0.75, 1, and
2 mM cupric sulfate (Figures 2.14 and 2.15). Plants containing a 0.25 and 0.5 mM concentration
of cupric sulfate survived up to two weeks, but plants with 0.75, 1, and 2 mM started to die after
5 days (Figures 2.16 and 2.17). However, a few mesquite plants containing 0.75 and 1 mM

copper did survive up to two weeks.
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Figure 2.16 Dead soybeans Figure 2.17 Dead mesasit

2.3.4 Second Experiments
The purpose of the second experiments was to determine how many plantsadeck ne
to fit packed into phantom tubes in order to acquire 2D MRI imafegbean and mesquite
seeds were planted (Figures 2.18 and 2.19) and the seedlings were transferrezhto nut
solution. In the case of mesquite, 4 days after transferring, the plants wene && mM and
0.6 mM of cupric nitrate solution for 3days. In the case of soybean, 4 days aftrtnagsthe
plants were kept in 0.25 and 0.5 mM of cupric nitrate solution for 6 days. Then the images were
acquired. Also in the case of soybean, 10 days after transferring, the pamtsept in 2 and 4
mM of cupric nitrate solution for 42 hours. And finally, in the case of mesquite, 11 dewys af

transferring, the plants were kept in 2, 4, and 6 mM of cupric nitrate solution for 52 hours. Then
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the images were acquired. The purpose of the last two experiments was to obs=fifeettbé

copper in the plants in a short period of time. Approximately, in the case of mesquitear##80 pl
(equal to 40 grams) were needed to fit packed in a phantom tube, so 400 plants were needed to
pack the treated and control tubes in order to acquire a 2D MRI image. And isé¢hef ca

soybean, 80 plants (equal to 40 grams) were needed to fit packed in a phantom tube, so 160

plants were needed to pack the treated and control tubes in an experiment.

Figure 2.18 Mesqite, second run Figure 2.19 Soybeasecond run

2.3.5 Third Experiments

Based on the established experiences, in the third run 600 mesquite and 250 soybean
seeds were planted. The plants were divided into control and treated ones witt soligons
containing a concentration of 0.25 mM cupric nitrate for three weeks in the cagbedsa@and
four weeks in the case of mesquite. Then the 2D MRI images were acquireouldtlse noted
that due to change in seasons there was some difficulty to germinaterssgbds. Therefore, it
took three more runs of soybean germination in order to get sufficient amount ofrthe pla
Figures 2.20-2.27 demonstrate the sixth run of the soybean germination and gieb¥itfuiees

2.28-2.32 demonstrate the third run of the mesquite growth.
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Figure 2.21 Soybean transfer

Figure 2.22 Soybean transfer Figure 2.23 Soybeagmnowth

Figure 2.24 Sybean seedlis right after transféo  Figure 2.25 ‘Soybean plants after 3 weeks (middle
hydroponic (left treated, right control) treated, left and right control)
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Figure 2.27 Soyhe roots, stems, and leaves ready
for MRI imaging

=

Figure 2.28 Mesquite seedlings right after Figure 2.2'l9'7Mesquite 3 days after  Figure 2.30 Comparing
transfer transfer treated and control

Figure 2.31 Mesquite 3 weeks after transfer Figur@.32 Mesquite 4 weeks after transfer
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2.3.6 Parsley, Cilantro, and Celery
Parsley and cilantro were separated from the leaves since acquiringganoitiae
leaves was impossible. A bunch of the arranged stems were packed into two phargaams tube

control and treated samples (Figure 2.34). Then the 2D MRI images weredcquir

! | 3
Figure 2.33 Soybean stems, soybean leaves and Figure 2.34 Parsley, cilantro, and celery in phantm
doped water in phantom tubes tubes

. =
- gt

30 grams of cilantro stems were completely immersed in a 4mM cupric sdfat®n
inside a phantom tube for 20 hours. In another tube 30 grams of cilantro stems weredmmers
in a phantom tube half filled with a 4 mM cupric sulfate solution for 20 hours. 2D MRI images
were recorded of both samples along with 30 grams of cilantro stems in theulmasta
control.

50 grams of parsley stems immersed in a full amount of 3 mM cupric sulfat@soluti
were kept for 6 hours inside a phantom tube. 2D MRI images were acquired of theaanple
with 50 grams of parsley stems in a separate tube as a control.

In another series of trials, three samples of 35 grams of parsley séesmsmnersed in
0.5, 2, and 4 mM cupric sulfate solutions, respectively, inside phantom tubes for 20 hours. 2D
MRI images were acquired of the samples along with 35 grams of psisiey in a separate

tube as a control.
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Three samples of 50 grams of celery stems were immersed in 4mM suifaie
solution in three separate phantom tubes for 17 hours, 1 day, and 3 days, respectively. 2D MR
images were acquired of the samples along with 50 grams of celeryistarsgparate tube as a
control.

In another series of trials, two samples of 38 grams of celery sterasmmaersed in 4
mM cupric sulfate solution inside phantom tubes for 3 and 6 hours, respectively. 2D MRI
images were acquired of the samples along with 38 grams of celeryistarsgparate tube as a

control.
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CHAPTER lll (RESULTS AND DISCUSSION)

3.1 Relaxation Time Contrast

The objective of these experiments was to understand the impact of, Cu8fst agent
on NMR of HO. Three 500 ml samples of water and water doped with 3000 ang¥DOD
CuSQ were prepared. NMR experiments were run on the samples using all the optimized
parameters chosen during the instrument setup. An FID and spectrum from tisanoées
were acquired, and the sample peaks in the spectrum were integrated. Bhef lihe
integration and the results were recorded. The same experiment for theathpdes with a
short polarization time of 500 ms was repeated. The spectrum over the indicatedcfrequen

range was integrated, and the results were recorded in Table 3.1.

Table 3.1 Copper (ll) Concentration and Polarization Duration versus Signal Parameters

Sample type L : FID Signal Signal .
Cupsqyp Polarization duration amplitude He%ght W?dth Slgna_l
(M) (ms) (Lv) (LV/HZ) (H2) Integration
pure water 4000 97 132 2 97
pure water 500 30 28 2 30
4000 4000 80 17.5 2 25
4000 500 80 17.5 2 25
3000 4000 90 28 6 90
3000 500 85 26 6 86

Based on Table 3.1, in the case of the pure water sample decreasing thetipolginza
from 4000 to 500 ms decreased the signal intensity both in the FID and spectrum. tHoweve
the case of doped waters with 3 and 4 mM Cy$t@ FID and spectrum signals did not decrease
deeply from the long and the short polarizing time. Interestingly, &Qfbens polarization time
the FID signals from the doped samples are greater than that of the perreamaple. This is
because the contrast agent (CySshortens Tin the doped water sample. As a result, the

doped water sample becomes polarized more quickly, so it requires a shwater iecome
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polarized. This phenomenon is due to the existing unpaired electron in the d orbital of copper
which helps the sample to gain its longitudinal magnetization (polarized statb)faster.

There is also a,Ichange between the pure water and the doped water samples. In case of pure
water, the FID signal persists for much longer than the FID from the dopedsaatple. This

was an indication that Cug@ecreased,las well as decreasing.TAlso, despite the decrease

in T,, the decrease in, Tesulted in an increase in the signal intensity.

In order to understand the impact of Cu®06ntrast agent on the' MR signal better,
guantitative measurements of relaxation times were obtained. Six;Gob@ons with
concentrations of 250, 500, 1000, 2000, 3000, and gdD@ere prepared in 500 ml plastic
bottles. For each sample-8,, T:-B., and T, relaxation times were measured and recorded in

Table 3.2 (for instruction on how to acquireahd T, refer to Appendix A).

Table 3.2 Relaxation times of water samples dopedtiv CuSO,

Sample [CuSQ) (LM) T+-Bp (MS) T-Be (MS) T, (Ms)
1 4000 (171 + 8) (189  5) (182 + 10)
2 3000 (210 + 30) (210 + 30) (210 + 40)
3 2000 (320 + 30) (290 + 20) (370 + 20)
4 1000 (560 + 10) (530 + 20) (590 + 30)
5 500 (860 + 30) (840 + 40) (870 + 30)
6 250 (1360 + 30) (1320 + 30) (1270 + 30)

Based on Table 3.2, values forB), T:-Be, and T decreased as the concentration of
CuSQ solutions increased in the samples. The relationship between the concentr@u@Qpf
and the relaxation times was plotted and depicted in Figures 3.1 to 3.3. These plotérdeamons
an exponential decrease iRBp, T:-Be, and T as the concentration of the contrast agent
increases. The results were consistent with the results in the firsinesupier Therefore,

paramagnetic contrast agents decrease hahd T, time constants.
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3.2 Relaxation Contrast Imaging

The objective of the following experiments was acquiringid T, weighted 2D images
of two compartment phantom tubes to display relaxation contrast. So, two types daftcontra
based on Tand T, relaxation time constants were investigated.
3.2.1 T; Weighted Imaging

An EFMRI sample made of two phantom tubes in which one tube filled with just distilled
water and the other with water doped with 3 mM Cp®@s used for Tweighted imaging. So,
the samples contained a shor{doped water) and a long {plain water). Prior to imaging,; T
and T, of both the pure water and the doped water were measured by using a 500 ml volume of
the samples, meaning thatand T, should not be measured with phantom tubes as the applied
sample. The two-compartment sample was inserted in the center oflieeapba 2D-Gradient
Echo image (2D GE) in the YZ orientation along with parameters depictedureldgl was
chosen. A repetition time of more than twice the polarization was chosen to insureuycoi
cycle of less than 50%. An echo time as short as possible was chosen in ordentpenainy
T, contrast effects, and images at several encoding times were acquiradgy $eour 2D GE
in the YZ planes of 2 tubes of 3 mM doped water and plain waternasihted images were
acquired by choosing polarizing times equal to 600 (three times greateh¢hshrottest sTof the
sample), 1200, 2000, and 4000 ms (twice as much as the long@éshd@ sample) as depicted on

the top part of Figure 3.5.

28



F T TITT S |
€2 111 Graididni-Eeily IMEaS e d

Image parameters

Dimension Image onientation 7 - Run
1D

oD b atrix zize |64 G4
o Field of “iew [mm] (100 (100 Stop

Pulze zequence parameters

Paolarizing duration [ms) W B andwidth [Hz) |54— Load
BE1 frequency [Hz] W Repetition Time (=) |2—

Phaze gradient duration [rz] W Murmber of zcanz |4— Shims
E chio time [z IW Filter [»  Average |v

Help

Output location

“working directony |E: S\Documents and Settingz\MMMA\D eskioph J

) Cloze
E xperiment name |2DI3EY22tuI:-esSmM CulhwaterT 1 pole00m:
Figure 3.4 2D GE parameters for T weighted imaging (' trial)
T, weighted imaging
[2DGEYZ2besICuDlwaleTTpos s |2DGEYZ2ubes3nMCuDlwaterT ool 200ms [2DGEYZ2tubesmMCuDlmaterT Tpo2000ms | DGE22tubes N CuDlwatr 1po00ms

£ 6 0 10
¥ ()
T, weighted imaging
J0GEVZ2ubes MCOH TlechalShns  [2DGEVZ2ubesBaMCLDIHZOT ZechodSlng [?DGEYZ2tbe:nMCDIHZOT echodD0ns | 2DGEYZ2ubes 3oHCLOHZD T 2echofllns

Doped
water
Short T ,

Water
Long T,

0 20 4 & 3 10 0 0 4 @

0 2 4 & % 10

N 4 60 80 100
¥ (i) ¥ (1) Y () ¥ (rom)

Figure 3.5 First trial of T, and T, weighted contrast imaging for doped and plain wate

29



T, plays its role on the signal to noise ratio (SNR) of an image via the polarizatsen pul
parameter of the imaging experiment. The correlation between tie@Bample, its polarizing
time, and the SNR of the corresponding image is expressed by Equation 3.1.

Equation 3.1:  SNR« [1 — exp (=Tpe;/T1)]

According to the equation, in order to increase the SNR of an image either piolarizat
time must increase or the af the sample must be low. So, if two regions of the sample have
different T, values, the polarization time can be chosen such that the SNR of the two regions
show a difference as depicted on the top part of Figure 3.5. It is worth mentioningitat pl
water has Tand T, values of 2 seconds while the doped water (with 3 mM GuB& T and T,
values of almost 200 ms.

Based on Figure 3.5, a short polarization time (600 ms) made the shegioh (doped
water tube) to appear brighter than the longegion (plain water tube). And a long polarization
times ideally should result in no contrast between the regions. As iiagsbg Equation 3.1, the
short T species (doped water tube) requires a short polarization time to beconpofatized,
whereas the long,Bpecies (plain water tube) requires a long polarization time to become fully
polarized. Therefore, the shortfEgion got polarized in a shorter time creating a stronger signal
and so appeared brighter (top far left of Figure 3.5), whereas the {oagidn got partially
polarized within the same time period creating a weaker signal and soeapgaeker as
depicted on top far left of Figure 3.4. As the polarization time increased (toqnsafcEigure
3.4), the long Tregion (plain water tube) became more polarized creating a strongerasignal
so appeared brighter and brighter. Finally on the top far right of Figure 3.5, whicitésdic
polarization time (4s) of twice the long Jample (2 s), the contrast between the long and short

T, regions ideally should become less until there should be conirast in the image.
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However, due to the effect of Tontrast the top image on the far right of Figure 3.5 shows this
type of contrast. Note there is a noise streak along the Z dimension at 16 nimiswapeated
in every single image.
3.2.2 T, Weighted Imaging

The same sample and procedure used for section 3.2.1 was applied for these esperiment
So, four 2D GE in the YZ plane of 2 tubes of 3 mM doped water and plain watewagyhted
images were acquired by choosing the parameters depicted in Figure 3.6 antheslegual to
150, 250, 400, and 600 ms (from the shortest possible echo time to the longest) as depicted on
the bottom part of Figure 3.5. The polarization time was set to twice the joafué& of the

sample (4s) so that there would be minimunedntrast in the image.

&
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Figure 3.6 2D GE parameters for § weighted imaging (' trial)

The other type of contrast is Gontrast where the relationship betwegrmafd the SNR

of an image is given by Equation 3.2. By choosing an appropriate echo time, the SNR of two

31



regions with different Tvalues will be different.
Equation 3.2:  SNR exp (—Tecno/T2)

T, contrast is the opposite of Gontrast in which at short echo times compared to the
short T, value (doped water tube), there should be little contrast between regions sinee neit
the signal from the short, Tegion (doped water tube) nor the longr@gion (plain water tube)
has had sufficient time to decay significantly between the RF eraitand the center of the
echo. However, at long echo times the signal from the shoegion has decayed more
between the excitation pulse and the center of the echo than the, l@gyoh, so the short,T
region appeared darker than the longegion (the bottom part of Figure 3.5). Therefore, the
longer the echo time, the more pronouncedodntrast is.

Figures 3.7 illustrates the parameters for the 2D Spin Echo imagingqR&xperiment
in the YZ orientation for the same sample with a polarization time of 600 rhe asdond trial
of the T, weighted imaging experiment. Similarly, Figure 3.8 presents the pararf@t@D SE
in the YZ direction for the same sample with the minimum echo time of 100 ms asdinel s
trial of the T, weighted imaging experiment. Note that there is a difference betweersthadi
parameters versus the second trial parameters in #redTL weighted contrast imaging. Figure
3.9 illustrates the corresponding images of the second traaldl', weighted contrast imaging
for doped and plain water tubes. The top images from left to right correspond to Rofariza
durations of 600, 2300, and 4000 ms within thev@&ighted imaging experiments while the
bottom images from left to right correspond to echo times of 100, 200, 300, and 500 ms within

the T, weighted imaging.
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Figure 3.9 T, and T, weighted contrast imaging of doped and plain wate¢2" trial)

As depicted on part a) of Figure 3.9, at the lowest polarization time (600 ms) only one
sample is strongly visible in the image, and that was the sheaniple. At a longer polarizing
time (2300 ms, part b of Figure 3.9) both samples are visible, but the skarhple should be
brighter in the image to illustrate the positive contrast. However, in both trialndrtevo this
is not the case, meaning that the longeRion is brighter. This means that the longegion at
polarization duration of 2300 ms got polarized almost fully and appeared brighter thlabthe
T, region and the short; Tegion appeared darker due to thedntrast effect. Also, in the final
image (part c) the short, $ample is not as bright as the longdgion again due to, tontrast,
meaning that the minimum echo time (100 ms) did not completely remamanirast.

Also, Figure 3.9 presents four 2D SE images at four different echo tinteébe shortest
echo time (100 ms, part d) both samples are visible in the image but the l@gioh is quite
brighter; because of the limits on the minimum echo time, it was not possibleitoabtmage
with no T, contrast. At longer echo times (parts e and f) both samples are visible but tfie long

region is much brighter (positive contrast). In the final image (part g), theTshsrinvisible
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while the long T region is fully bright. Figure 3.10 demonstrates the second trajlaid T,
weighted contrast imaging for doped water and plain water demonstratingfabesplot

feature available in the 2D plot menu under the view submenu. By selecting this option, the
surface plot in the 3D plot window appears which represents the surface of thgedisplage

(Magritek, Prospa Software Manual 2004-2006).

Figure 3.10 2D surface plot of Figure 3.9

There is anotherIcontrast method which is using a long polarization time and
introducing a delay between the polarizing pulse and the excitation pulse. Tlisirethe
opposite type of contrast to that demonstrated above because the enhancedqolair it
short T region will decay faster than that of the longdgion and so the short fiegion appears
darker for long delay times. At short delay times there is no contrast.

In addition, in most liquidslis almost equal to,I So, if a liquid has a short, Tit is

more likely to have a short, as well.
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Furthermore, for target liquids that have sharaid T, values, T contrast imaging is
used to obtain positive contrast. And if the target liquid has leagd T, values, T contrast
imaging is used to obtain positive contrast.
3.3 Contrast Imaging of various Concentrations of Dped Water

A sample made of two phantom tubes in which one tube filled with distilled water and
the other with water doped with Cug@f various concentrations as 250, 500, 1000, 2000, 3000,
and 400QuM was prepared. NMR experiments were run on all the samples using the optimized
parameters. Figure 3.11 illustrates the Pulse and Collect macro for the tad0t@semM
doped water and the plain water. The rest of the macros are all the same pgteé awcro.

FID and spectrum from all the samples were acquired and displayed in Figura83.2&
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Figure 3.11 Pulse and collect of different concerditions of doped water
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a) 0.25 mM aq CuSO4 FID Magnitude spectrum b) 0.5 mM aq CuSO4 FID Magnitude spectrum
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Figure 3.12 Plots of Pulse and collect of differertoncentrations of doped water
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Table 3.3 demonstrates the obtained results from Figures 3.12 as well a} qradtb pof

Figure 3.13 within an acquisition time of 2 seconds.

Table 3.3 Signal strength of various cupric sulfatsolutions
FID (uV) | Spectrum (uV/Hz

Figure 3.12, part a 30 40

Figure 3.12, part b 32 30

Figure 3.12, part c 36 25

Figure 3.12, part d 28 23

Figure 3.13, part a 28 18

Figure 3.13, part b 28 18

This means that as the concentration of doped water increases in one of the phantom
tubes the spectrum amplitude decreases whereas the FID does not change muclreddeidec

the spectrum amplitude is evidence of a decreasg in T
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a) 3 mM aq CuSO4 FID Magnitude spectrum b) 4 mM aq CuSO4 4s Magnitude spectrum
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Figure 3.13 Plots of pulse and collect of differentoncentration of doped water

In part ¢) and d) of Figure 3.13, the polarization time was decreased from4 s to 1 s and
600 ms, respectively, so the FID signals show a slight reduction in amplitude from 2@\o 20
and lower, due to the presence of plain water tube and not the doped water tube. The
corresponding spectrums show a peak at 2220 Hz which is a noise peak and the other peak at
2240 Hz being the sample peak of height 8 apf/z. The two spectrum amplitudes are
reduced from 18 to 8 andu//Hz due to the presence of the plain water tube.

In the next set of experiments 2D SE imaging of different concentrations af daper
was done (same samples as above) agighted imaging, and plots were obtained as shown in
Figure 3.15. Figure 3.14 illustrates the macro for the 0.25 mM tube along with the @larmn w
tube. Other macros of this set of experiments contained different polarizate@adcording to

the sample type.
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Figure 3.14 2D SE imaging macro of different concerations of doped water
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Figure 3.15 2D SE imaging plots of different concerations of doped water
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According to part a), b), and c) of Figure 3.15 as the concentration of the doped water
tube increases, the corresponding images which are the bottom ones having avslhoes T
confirm an increase in signal intensity while contrast with the plain wastgamis visible. In
parts d), e), and f) the concentration is kept the same while the polarizationrdbhestichanged
from 800 to 900 and 1000 ms. Again the contrast is visible in each image while the 900 ms
polarization duration is the appropriate duration to illustrate an obvious contrast iraties iin
part d), the image is missing sufficient polarization duration while in part fjagiritas become
less visible. In parts g) and h), contrast between the images is visible and 600 nsestsuff
polarization duration. Part f also indicates a visible contrast between the 4 mihtuties
plain water. A noise streak along the Z dimension at 20 mm in all the imagesastpre

Figure 3.16 demonstrates 2D SE and 3D SE acquired images of 2 phantom tubes, one

filled with 3 mM doped water and the other with plain water.
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As depicted in Figure 3.16, a minimum echo time was applied to diminish,any T
contrast. Clearly in the 2D as well as the 3hv@ighted imaging, the contrast is obvious for the
doped water tube leading to a brighter image in the 2D case and a thicker awlithée8D
image. The polarization duration was neither 600 being twice the shatielnor 4000 ms
being twice the longTtube. Figure 3.17 illustrates the same sample, the same type of

experiment, and the same parameters as above. The difference was in jpolahization

being 600 ms and no filter was applied.

v /

Figure 3.17 3D image of two phantom tubes: plain ah3mM

As depicted in Figure 3.17, another example of contrast,faeifghted imaging has been
done. Since the polarization duration was short (600 ms), the nuclei in the koihg Tplain
water) did not get polarized enough, and so the image has appeared weak while for the short
tube (3 mM doped water) the image appeared much stronger. Also, due to the absenes,of a filt
the image contains noise.
3.4 Contrast Imaging of Vegetables

Parsley stems and leaves were packed into a 500 ml plastic bottle. A P@was
followed by 2D SE imaging of the sample. Figures 3.18 and 3.19 demonstrate the macro and the

acquired image for this sample.
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Figure 3.19 Plot of 2D SE image of 500 ml parsley

Figure 3.19 illustrates a noise streak and a brighter image in the regidentisersere
accumulated whereas in the region the leaves were accumulated the imakerisTas
confirms the presence of more water (hydrogen nuclei) in the stems vertes/gge Also, the
obtained spectrum amplitude for this sample was very low in the rang&H2 which proves

the lack of hydrogen nuclei in this sample.
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In the next experiment, imaging of two phantom tubes, one filled with parsley and the
other with 3 mM doped water, was performed. The macro for this experiment is detedristra
Figure 3.20 and the plots are presented in Figure 3.21 as an interpolated plot and iB.Exgure

as a contour plot (available in “view” submenu of 2D plot).
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Figure 3.20 2D imaging of parsley tube versus ano#h tube filled with doped water
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Figure 3.21 Interpolated 2D plot of parsley tube Figure 3.22 Same plot display as figure 3.21 in
versus another tube filled with doped water contour mode

As depicted on both Figures 3.21 and 3.22, the doped water tube shows a much stronger

SNR and a brighter image versus the parsley tube to confirm the absencefichsigamount
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of water in the parsley tube. Although, the polarization duration in this experirasrG@ ms,
greater polarization duration of 4000 ms would not have created a stronger impaesiiey.

The next experiment was a comparison between parsley stems versus cigtamber
Therefore, a 2D SE was run with a sample of two tubes, one filled with parsteyate the
other with cucumber stems along with polarization duration of 4 s. Figures 3.23 and 3.24
illustrate the macro and the acquired image for this experiment. In orclemftom the accuracy
of this set of experiments, a second run was done. So, two magnitude images of thengdene sa

were acquired while the orientation of the tubes has changéd 180
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Figure 3.23 2D imaging of parsley stems versus cunber stems
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Figure 3.24 Plot of 2D imaging of parsley stems veus cucumber stems
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In Figure 3.24 a) the cucumber plant is on top of the window whereas in part b) the
cucumber is at the bottom. As illustrated in this figure, the region that betoagsitumber is
brighter and has a stronger SNR. This means that cucumber plants contaicesigyiinore
water compared to parsley stems.

The last experiment of this set was a comparison between cucumber plants as a whol
and parsley leaves. So, a 2D SE was run with a sample of two tubes, one filled with parsle
leaves and the other with whole cucumber plants along with a polarization duration of 4 s.

Figures 3.25 and 3.26 illustrate the macro and the acquired image for this experiment.
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Figure 3.25 Macro for 2D imaging of two tubes: cucmber plants versus parsley leaves
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Figure 3.26 Plots of 2D imaging of cucumber plantgersus parsley leaves
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In this experiment the important lines of k-space were scanned, and the obteigeds
equivalent to the final image. According to Figure 3.26 the only visible region belongs to the
cucumber plant whereas the image of parsley leaves did not appear in the window. This
experiment confirmed the accuracy of the previous experiments in which due toeheeabfs

water in parsley leaves no image could be observed.
3.5 Contrast Imaging of plants grown in Paramagnet Contrast Agents

This set of imaging experiments demonstrates the contrast between plamtt®igrown
in nutrient solutions versus treated plants grown in nutrient solutions doped with cupte astr
a paramagnetic contrast agent. As depicted in Figure 3.27, the average lerngtimalsiguite
plants grown as control mesquite was 17 cm while the average length of fivegptamtsas
treated mesquite (nutrient solution of cupric nitrate with concentration of 0.25 ra$/1}4vcm.
The PC experiment was done on the sample containing one tube filled with control mesquite

versus the other tube filled with the treated mesquite. The weight of each w168 gams.

FID data (Acc: 1) Magnitude spectrum (Acc: 1)
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Figure 3.27 A comparison of Figure 3.28Pulse and collect of 0.25 mM mesquite

control and treated mesquites

As depicted in Figure 3.28, the FID and the spectrum signals obtained for this sample i
very weak. There is a noise peak at 2220 Hz and the sample peak is at 2240 Hz meaning that in

general the SNR for either a 500 ml sample or two phantom tubes of mesquitk.is wea
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Figure 3.29 is the macro for 2D SE imaging of this sample with polarizatienai 600
ms followed by its plot in Figure 3.30 as well as the second plot for the same sathple a

experiment with 800 ms polarization time.
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Figure 3.29 2D SE imaging of 0.25 mM mesquite versicontrol
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Figure 3.30 2D SE plots, 0.25 mM mesquite versusrdool (600 and 800 ms polarization time)

In both windows of Figure 3.30, the image of the treated plant is illustrated at the bottom
of the window while the actual treated plant tube inside the probe was oriented at top. By

applying polarization times of 600 and 800 ms the contrast between the controls versus the
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treated plants is visible. This proves that plants grown in solution doped with paramagneti
contrasting agents do absorb copper and this absorption could be confirmed by corgragt ima
techniques via EFMRI.

The following set of images was the first trial for soybean expersmnehich
demonstrates the difference between control plants grown in nutrient solutiauns tveased
plants grown in nutrient solutions doped with cupric nitrate as a contrast agent. Rriagitagi
PC was run on each sample. Table 3.4 demonstrates the acquired spectrum amplituge for par
a), b), c), and d) of Figure 3.32. The polarization duration for all the performed expsnmaasnt
600 ms except for part d) which was 1 s.

Table 3.4 EFNMR signals of soybean samples

Figure 3.32 Spectrum amplitudeuy//Hz)
part a) 35
part b) 4
part c) 6
part d) 7

For all parts of Figure 3.32, the sample contained two phantom tubes. In part a), one
tube filled with treated soybean leaves grown in 2 mM cupric nitrate nuseértton, and the
other tube filled with treated soybean leaves grown in 4 mM cupric nitratemtwgalution. In
part b), one tube was filled with treated soybean stems grown in 0.5 mM cuptie mittaent
solution, and the other tube filled with control soybean stems. In part ¢), one tubdedasifii
combined treated soybean leaves and roots grown in 0.5 mM nutrient solution, and the other tube
filled with combined control soybean leaves and roots. In part d), one tube was filed wi
treated soybean stems grown in 0.5 mM cupric nitrate nutrient solution, and the otlidletlibe
with control soybean stems by applying polarization duration of 1 s. In part e), thesaaple
was used as in part d) with polarization duration of 600 ms. Part f) is the same image}gs pa

only in different color mode (spectrum color mode under “color” submenu of 2D plot).
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Figure 3.31 demonstrates the macro for part a) of this set of experiment, aredF89

illustrates the acquired images for different soybean experiments.
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Figure 3.32 Plots of 2D SE imaging of soybean
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As illustrated in part a) of Figure 3.32, the bottom region corresponding to the 4 mM
sample posses a stronger SNR, and so a brighter image was obtained compatetdo the
containing the 2 mM sample located on top of the image. The 4 mM sample is the short T
region compared to the 2 mM sample. In part b) of Figure 3.32, the bottom imagpa@ulees
to the treated soybean stems and is brighter compared to the control samgtedodae top of
the window. In part c), again the bottom region containing the treated roots and leaved a
brighter image indicating that the treated sample contained copper and is thie ségion. In
part d) the bottom region contained the treated sample and is brighter compared taohe cont
tube located on top. The polarization time is 1s indicating a good polarized sam@e, a
good SNR is obtained in both regions. Part e) demonstrates that even with lowertpolariza
duration a good contrast was obtained. Therefore in all the experiments, the legitom of
the windows, confirms the presence of copper proving that soybean plant up took copper since
these regions appeared brighter indicating the shaggion. In all windows there is a streak of
noise at 20 mm along the Z direction.

The following set of images was the last trial for soybean experiméants w
demonstrates the difference between control plants grown in nutrient solutisuas treated
plants grown in nutrient solutions doped with cupric nitrate. As depicted in Figure 3.33, the
average length of five plants grown as control soybean was 28.5 cm while theedeagily of
five plants grown as treated soybean (nutrient solution with concentration of 0.25 mM cupri
nitrate) was 26 cm. The PC experiment was run on the sample containing onée vatfil

control soybean versus the other tube filled with the treated soybeans (3%egcdns
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Figure 3.33 A comparison of control Figure 3.34 Pulse and collect of 0.25 mM Soybean
and treated mesquites

For all parts of Figure 3.36, the sample contained two phantom tubes; one tube full of
treated soybean stems grown in 0.25 mM cupric nitrate nutrient solution, and the otliell tube

of control soybean stems. The only variant was polarization duration as depictdueo8.5a

Table 3.5 Various Polarization Duration for the sopean sample

Figure 3.36| Polarization duration (ms)
Part a) 600
Part b) 1000
Part c) 2000
Part d) 4000

Figure 3.35 demonstrates the macro for part a) of this set of experiment, ared3F86

illustrates the acquired images for different soybean experiments.
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Figure 3.35 2D SE imaging of 0.25 mM Soybean versasntrol
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Figure 3.36 Plots of SE images of 0.25 mM Soybeaarsus control (different B, durations)

As depicted in Figure 3.36, all cases clearly confirm the difference betive control
tubes versus the treated ones. Again the treated plants were the sbgidns located at the
bottom of the window. Also, it was proven that paramagnetic contrasting agents sappers
salts absorbed by soybean or mesquite plants could enhance SNR to create arbagater
3.6 Imaging of Vegetables Immersed in Solutions @ontrast Agents

This set of images demonstrates the difference between control vegetablrsed in
water versus treated ones immersed in solutions doped with cupric nitrate @asttast @agent.

PC experiments were run on the sample containing one tube filled with ceheeysed
in water versus the other tube filled with celery immersed in 4 mM cupricesglaition for
one day and for the next experiment for one day plus 6 hours. The amplitude of the acquired
spectrums was 18V/Hz for part a) of Figure 3.38 while for part b) it was\Hz. The
average weight of each tube was 45 grams. Figure 3.37 illustrates the macsdrpéniment

and the corresponding plots are presented in Figure 3.38.
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Figure 3.38 Plots of 2D imaging of celery doped wit4 mM CuSQ, for one day and six hours

Parts a) and b) of Figure 3.38 demonstrates the brighter images located abtheobott
the window (compared to the control celeries located on top) of celery stickd tnéidie mM
CuSQ solution. Therefore, celery also absorbs copper through passive transport and could be
used to demonstrate contrast imaging via EFMRI.

Finally in the last set of experiments, PC and imaging were run on thiafepsesiey

samples. One sample contained one tube filled with parsley immersed in wsiterthe other
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tube filled with parsley immersed in 3 mM cupric sulfate solution for six hoursdr-igure

3.40). For the second experiment the same sample was kept in a refrigerator for (paet da

of Figure 3.40). Also, the only difference between part a) and b) of Figure 3.40 was the
polarization duration of 600 and 1000 ms. For the third sample, one tube was filled with parsley
immersed in water versus the other tube filled with parsley immersed in 0.&uprid sulfate

solution for 20 hours (part d of Figure 3.40). The amplitude of the acquired spectrums for parts
a) and b) of Figure 3.40 was 11¥/Hz and 6.5.V/Hz respectively. The average weight of each
tube was 35 grams. Figure 3.39 illustrates the macro for this experiment and-éspanding

plots are presented in Figure 3.40.
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Figure 3.39 2D SE imaging of parsley kept in 0.5 mMf CuSO4 for 20 hours
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Figure 3.40 Plot of 2D image of parsley kept in 0.81M Cu for 20 hours and 3mM for 6 hours

In Figure 3.40, the bottom region of the window corresponds to the treated parsley while
the top is the control. Also, in part c) of Figure 3.40, the right region corresponds to tin trea
parsley. As depicted in part a) and b) of Figure 3.40, by applying polarization ducdt@ot
and 1000 ms to the cold sample, an enhancement in signal is observed in both cases. In part c),
the orientation is in ZY plane and is different than other parts, but the contrastris Einally,
in part d) again contrast is observed. Although the FID and the spectrum sigmealgyintere
low as depicted in most cases, it was possible to acquire a reasonable coagash iafl

experiments.
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CHAPTER IV (CONCLUSION)

Although the Magritek Corporation demonstrated that the EFMRI instrument is capable
of recording Tand T, weighted images as well as the application of paramagnetic contrast
agents in solution, this work demonstrates that not only can EFMRI image a moistnendf
in plants but that copper as a paramagnetic contrast agent can enhandertegymal in plant
tissues and hence, copper uptake by plants can be monitored.

In the course of demonstrating that EFMRI can be used to image copper updatetsy pl
several new observations were made. First, both mesquite and soybean sémuhad
precipitates from cupric sulfate but not much from cupric nitrate solutions. Setbondga
mesquite is reported to be a hyper-accumulator of copper in their natural enviromnaent
hydroponic conditions most plants could not survive growing in copper (1) solutions with a
concentration above 0.5 mM. Third, plants grown in treated solutions appeared smalker in siz
and shorter in length relative to the plants grown in control solutions. Fourth, the uptake of
copper as paramagnetic contrast agent was observed by EFMRI for both i@amtsngnutrient
solution and cut vegetables immersed in cupric sulfate solution.

This technigue has the advantage of probing the plant absorption of copper without
destroying the plant. Furthermore, in comparison with other techniques like \sdiyy€pupled
Plasma Atomic Emission Spectroscopy (ICP-AE® takes less sample preparation and is less

time consuming since ICP-AES requires plant separation into roots, stemsa\as] teying of

! ICP-AES is an analytical technique used for detecting trace metissa tiype of emission
spectroscopy that uses the inductively coupled plasma to produce excited atooms dhalti
emit electromagnetic radiation at wavelengths characteristipaotiaular element. The

intensity of the emission indicates the concentration of the elementhwhthsample.
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the obtained plant parts, and microwave acid digestion (EPA 3051 method). Neverthdiess, bot
techniques could be used to demonstrate the presence or absence of copper in plants.

The hypothesis of this research was that regions of the plant with more coppér shoul
have an enhanced NMR signal using copper as a paramagnetic MRI contrasdthengh
the technique can be well illustrated with solutions of known copper concentrations, iehas be
more difficult to demonstrate in hyper-accumulating plants such as mesquiteyaedrs.
Different polarization duration and echo time were approximated since it was nibletss
measure Tand T values for all plant samples due to low signal. For example, it was not
possible to get a signal from 30 grams of cilantro. Hence, negative contsasbwatimes
observed, which could be due to incorrectly set parameters or too much contrast ageiteKM
Terranova-MRI Student Guide 2006). Individual plants could not be imaged due to the low
resolution of the EFMRI instrument. It was not possible to resolve the presesapef in
different parts of the plants (roots, stems, leaves). The signal inteasityot correlated to the
amount of copper in either solution or in plant tissues, which would require measurentients wi
other techniques like ICP-AES. Yet the goal of this research, which wasziiggifthe uptake
of copper by plants to aid phyto-remediation research, was partially aghieve

Therefore, in order to confirm and improve this technique, it is suggested to use a high
resolution commercial MRI or possibly a high field NMR to be able to resolve thieeupita
copper in different plant parts such as roots, stems, and leaves with less ansaomtlefand at
different stages of plant growth. Furthermore, in future studies a way must be foonclate
the NMR signal intensity to the concentration of accumulated copper inside thegpidrtg

using another technique such as ICP-AES to interpret different signal tigensi
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APPENDIX A

A.1 Instrument Setup

The first requirement for running an EFNMR experiment is to choose a suitadtiemoc
in order to acquire a strong signal. The probe must be at least a few metefroanany
ferrous object (to eliminate magnetic field in-homogeneity that wosldtréom their presence)
or any source of low frequency electrical noise including the computer and tivoster plus
all the wires accompanying them. Not only the location but also the orientation oblieeipof
great concern due to their effects on the noise magnitude. A compass as Wiggeprobe
are used to orient the probe properly so that its longitudinal (X) axis is orthogdhalZ
direction of the probe which is also the Earth’s field direction (the blue amnave side of the
probe). This will optimize the 90° and 180° pulses as well as imaging. Therefcaeaiveon
the probe, indicating the axis of the Z-imaging gradient, should be directedtlaoBgrth’s
field axis via using a Magnaprobe. Next, the system must be connected propehly Bnaspa
software should be installed on the computer. Also, experiments are run from dialog windows
(also called macros or GUIs standing for Graphic User Inter-phase) alloehthe user to
control an experiment by choosing values for different parameters. The Piodpavwontains
a list of menus each explained on pages 2-3and2-4 of the USER MANUAL. The EFNMR and
MRI menus are covered in the USER MANUAL and STUDENT GUIDE while the Prospa

program features are explained in the PROSPA MANUAL.
A.2 Preliminary Experiments

At this point basic experiments (under EFNMR menu) are run to evaluate tha sgste

well as the chosen location.
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A.2.1 Analyzing B, Coil

In order to coarsely tune thg Bansmit/receive coil by applying an impulse to the B
coil and detecting the response so that the system can be tuned to the resoretyfiEghe
nuclei, Analyze Coil is run (Figure A.1). The Boil and the spectrometer create a parallel
circuit in which the coil is an inductor with an inductance, L, and a resistancenfRected in
parallel to a capacitance, C, within the spectrometer. When the system eciiodetr receive
mode, this circuit is used to detect the signal. The circuit resonates gienicg according to
Equation A.1. The coil L and C is used to determine the frequency at which thescoates

which is designhated as,.

Equation A.1 _ 1
Wy =—
VLC
© ATaiys el Lﬂ
Output location
Wwhorking Y
drecton |'I MA Data up to Dec-15-08 lab204 & 308%204data J
Experiment p
A |.-‘-‘-.na|_l,lseEn|I
Analyze Stop Help | Cloze

Figure A.1 Analyzing Coil

This procedure is repeated over a range of capacitance values to deteenpiasimeters
of the coil (L and R). At each value of capacitance (C), the resonance respoessured as a
function of time (Figure A.2, first plot). The time domain signal is Fourier fioamed to
produce the frequency domain plot (Figure A.2, second plot). A plot of resonant frequency fo
the LCR circuit as a function of capacitance (Figure A.2, third plot) could betasstimate the

capacitance of the coil. Also by using Equation A.1 the coil capacitancestoramce at Larmor

frequency could be calculated as follow= —=>(C= — !

= = 9.6nF
VLC w? L (2mx2230 Hz)2x0.5 H
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- FID data (Acc: 1) Magnitude spectrum (Acc: 1) Resonance frequency vs. Capacitance
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Figure A.2 Plots of Analyzing Caoll

A.2.2 Monitoring Noise

The next step is measuring the external noise detected by ttwl BThe noise level is
environmentally sensitive and is dependent on the location and orientation of the probe. By
selecting the Monitor Noise experiment (Figure A.3) data are acquired ab#ience of any

NMR signal excitation and so only noise level is recorded.

(7
Pulze zequence parameters
Run
B1 frequency [Hz) |2226 Mumber data pointz  [16384 -
Capacitance [AF] [10.5 dicouisition time (5] |05 o
op
Receive gain |2 Mumber of scans {1000
Dizplay parameters Help
Time Frequency ’— Dizplay
amplitude 20 amnplitude: 1 range [Hz) 100 Cloze

Figure A.3 Monitoring Noise

Any root-mean-square (RMS located on top of the time domain data, Figure A.4) value
below 10 uV is acceptable; a noise level less than 5 pV is good (a spectrum witWHZ0Nas
acquired with 5.4 nV noise level) while a noise level less than 3 uV is ideal. Natsedbove
10 pV makes acquiring NMR signals challenging and MRI is impossible. So upon having hig

noise levels the location should be changed.
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rms noise = 5.4V Noise magnitude spectrum
20

i

Amplitude (V)
Amplitude @V/Hz)

-1

-20

0 0.1 0.2 0.3 0.4 0.5 2200 2220 2240 2260 2280
time (s) frequency (Hz)

Figure A.4 Plots of Monitoring Noise

A.2.3 Signal Acquisition (Pulse and Collect Experiment, PC)

The next step is obtaining a free induction decay (FID). Acquiring the fdsthiFough
the application of a Pulse and Collect experiment (PC) to set up the systenefeas is very
time consuming and requires a great deal of trial and error. By applyingrezgibdn pulse
(Figure A.5), an enhanced bulk nuclear magnetization in the sample oriented inthfe fiedd
direction is established. After polarizing the sample yigHg net magnetization vector
precessing at the Larmor frequenay @bout the Earth’s magnetic fielddjaccording to the
Larmor Equation A.2 is rotated into the transverse plane by a RF excitatior{astsealled 90°
pulse or B pulse), and it precesses about the Earth’s field direction and produces an induced
electro motive force (emf) in the detection coil.

Equation A.2: w=y:-B,

The induced electromotive force in the detection coil is measured as a voltage #&nd that
the signal displayed in the time domain window as free induction decay (FID). agmetude
of the induced emf (the NMR signal) is proportional to the magnitude of the net mzagoetin
the transverse plane which is in turn dependent on the net magnetization established in the
sample by the polarization pulse. So the NMR signal intensity depends on polariaeion c

and duration. The relationship between the signal and polarizing pulse durg}isn (T
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exponential (not linear) due tq Telaxation as follows1 — exp (—Tp/T4).

P
/
A FPolarizing pulse /, \\ 90 B, pulse pplied puises
Adhsbanc mansinons
B,
‘ [ o= YB-"' Magnenzation evolnrion
e 3 s v ¥
nxagmetization !‘viagl:euz:zm:-n Reald;gn.e-:'. . After ;? Precessing in By
dne to B incressing with Be degree pulse
_______,F-',I f
|
" \ || || J| fy A ¥ compaonent of
- ) ! ||I|I'|'I.'"'L.-"\An

T = i f=a o
lllUuuuuv magnetization

Figure A.5 The pulse sequence diagram for pulse armbllect experiment
(Magritek, Terranova-MRI User Manual 2005)

FID is an exponentially decaying sinusoidal signal and after Founesfaram is
converted to a spectrum (a strong narrow peak). Averaging FIDs incteassiSR by
coherently adding the signal and incoherently adding the random noise. The SNR can be
estimated upon dividing the FID peak at the beginning by the FID peak at the end ghéhe si
Also, the SNR improvement equals the square root of the number of accumulated scans. For
example if an experiment is repeated 16 times, the SNR improves by a fdotar. din general,
adjusting sample size, back ground noise, probe tuningylBe duration optimization,
polarization length, and sample position improve SNR. In the frequency domain,dhe fiel
homogeneity increases SNR, and this can be optimized by shimming.

Most of the FID window should contain signal not noise. Usually noise peaks are narrow

while sample peaks have a width depending on the rate of decay of the FID. @&hth&aBiD
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decays, 10s to 100s of ms, the broader the peak is. Again ferrous objects disrupt the local
Earth’s magnetic field which causes a faster decay of the FID. Onengya check whether a
peak is an NMR signal or noise is to acquire a signal in the presence of the sathpbenpare
it with a signal in the absence of the sample. If the peak is an NMR peak, itsappéiar when
the experiment is done with the sample removed. And if it is a noise peak, it will ngeaha
the absence of the sample.

Various parameters as listed on Figure A.6 control signal acquisition includumber
of data points, acquisition time, acquisition delay, number of scans, and display raage. Th
number of data points and acquisition time determine the time spacing of thef B FID
does not decay completely by the end of the acquisition time, then the acquisiéanusgnbe
increased. So, an appropriate acquisition time is a duration in which the signal dgaafs t
below the noise within the FID window. The Bulse duration and transmit gain determine the
tip angle of the RF pulse. The RF pulse duration could be used as a mean of finding an NMR
signal by altering this value. A clear explanation of the pulse and colleciragpers available
on section 1.4.2 of the STUDENT GUIDE. Also, section 2.4.3 of the USER MANUAL goes
over the task of each parameter listed in the PC macro. All these pasashetdd be optimized
at a new chosen location.

Figure A.7 presents an excellent acquired FID for a 500 ml bottle of watler kitpure

A.8 demonstrates an extra ordinary FID with higher amplitude than usual fartteesample.
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Polarizing current [£) |E Mumber data points  |16384 - un
Palarizing duration [ms) |4DUU Acqusition delay [ms)] |25 =
op
B1 frequency [Hz) |2225 Arcquisition time [z |3
Capacitanze [hF) |'| 05 R epetition time [z) |'I Audin
Tranzmit [B1] gain |2.5 Murnber of scans |'I
Pulze duration [ms] |1.35 Dizplay range [Hz] |5EI Load
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Qutput location
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Figure A.6 Pulse and collect parameters of a 500 rhbttle of water
FID data (Acc: 1) Magnitude spectrum (Acc: 1)

Signal (V)
Amplitude
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Figure A.7 An excellent plot of pulse and collectfaa 500 ml bottle of water

FID data (Acc: 1) Magnitude spectrum (Acc: 1)

Signal (V)
Amplitude

15 2 215 2220 2230 2240 2250 2260

time (s) frequency (Hz)

Figure A.8 An extraordinary FID and spectrum of a 0 ml bottle of water
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Figure A.9 demonstrates the situation where receive gain is at its rmaxiaiue (10), so
clipping has occurred. Normally this value should be around 2.5. This parameter anmgifies t

signal and the noise, so it does not improve the SNR.

FID data (Ace: 1)

Signal (W1

1] 0.5 1 15 2 25
titre (5]

Figure A.9 A clipped FID

After Fourier transform is done on an FID, by default the NMR signal is a cemple
spectrum as depicted on Figure A.10. This requires a phase shift to bring the NMRtpeak i
absorption mode. The phase of the spectrum can be altered so that the real Eltcigwc
magnitude displays the absorption peak and the imaginary part (the pale specplay} dhe
dispersion spectrum. However, if the signal to noise ratio in the frequency derpaior, this
routine could fail. To overcome this problem the magnitude of the spectrum is talkdnhaki

the disadvantage of producing broad peaks.

Complex spectrum (s ce: 1

Amlitude (¥ Hz)

1750 =200 125D
Freguency (H=)

Figure A.10 A complex spectrum

At this point the goal is to acquire an FID that persists for at least 100 msselif ttas
signal is acquired then auto shim followed by optimization of the signal could be done.

However, if no signal is acquired, a Spin Echo experiment could be used to find the signal.
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A.2.4 Spin Echo

The goal of the Spin Echo is to reverse the de-phased spins due to magnetic field in-
homogeneity. The 180° pulse (or Spin Echo pulse) generated by tiodl Bips the de-phased
magnetic field vectors on the Y-axis. Section 2.4.4 of the USER MANUAL explamg éhe
Spin Echo experiment and how an NMR signal could be detected. Based on Figurel &1, al
parameters are the same as the PC experiment except a 180° pulse chatdficmoatime. An
echo (Figure A.12, first plot) and a broad spectrum (Figure A.12, second plot) with low
amplitude (8 uV/Hz) are acquired. Although the NMR signal is not strong, the oétte

broad spectrum could be used as th€rBsonance) frequency for the sample.

|® PR SALIS IS d]
Pulze sequence parameters
Polarizing curment [4] IE— Receive gain IE— Fiun
Puolarizing duration [mz] W Mumber data point:  [16334 - Stop
B1 frequency [Hz] IW 180-acq. delay [mz] |25—
Capacitance [RF] IW— Acquizition time [z] |5— Audio
Tranzmit [B1] gain IT Fepetition tme (=] ITU—
90 pulze duration [ms) IT Murnber of zcans IE— Load
180 pulse duration [ms) W Display range (Hz] |100
Echa time [ms) | 200 Awverage v Magnitude v shims
Phaze cycle [w
Cutput location e
mmﬂ nts and S etings\NMR'Deskiop\NMR Data\20d . | Close
E:-:ﬁ:l[li_lrgent |5|:uin Echo

l':igure A.11 The macro for Spin Echo experiment
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Figure A.12 Echo signal in the time domain (re-phasg/de-phasing) and spectrum

A.2.5 Autoshim

Once a resonance peak is detected, shimming is applied to improve the peakedxtens
Shim coils provide a small current to create auxiliary magnetic fieldrtgpensate for in-
homogeneity in the static magnetic field. So, shimming is correcting-thenmogeneity in the
static magnetic field (Zhi-Pei and L. 2000). Section 2.4.2, pages 2-6 of the USER MANUA
introduces the F* concept which is the consequence of magnetic field in-homogeneity over the
volume of the sample. So, whenever in-homogeneity is present, the FID signal idgadly
because F*is the dominant source of decay. As a result a wide spectrum with a fastdecay
FID is acquired. In general, < T, < T;. Section 2.4.5 of the USER MANUAL covers the
shimming process. Also, section 2.4.3 of the STUDENT GUIDE explains the auto4sigimm

Figure A.13 contains all the parameters determining the shim qualitye probe is
moved to a new location or if a metal object is placed in the vicinity of the probe, thmisgim
must be repeated because the shimming parameters are sensitive to chinegesvironment.
Figure A.14 demonstrates the FID and spectrum for each step of the Auto-shessprobese
plots are updated for each step of shimming and are presented as the iterationyanhistor
third plot of this figure. A good signal persists for 100s of ms or seconds and has a marrow |

width along with high amplitude in the frequency domain.
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Figure A.13 Autoshim dialog window
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Figure A.14 Plots of Autoshim
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A.2.6 Optimizing NMR Signal (FID)

Fur

Stop

Rezet

Lioad

Help

Cloze

x=-524y =-065z=3.74

100

Max amplitude

Iteration

Once a good magnetic homogeneity and reasonable signal are acquiredngheips

a great deal to improve the signal. However there is more that could be done to ifm@rove t
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signal amplitude and this is achieved through optimizing the FID. The first emqyeri
performed was coarsely tuning the &il while here the coil is going to be tuned more
accurately. These steps include tuning thedl, setting the Bfrequency, calibrating the;B
pulse duration, and minimizing the noise; the latter is done through signal averaging
A.2.6.1 Tuning B, Caoil

In order to tune the probe to the Larmor frequency of the sample, the resonance of the
tuned B coil must be observed. After g Bxcitation pulse, the Bcoil resonance decays in
time and is called the coil ring-down. In order to obtain an NMR signal without obséneing
coil ring-down, a 25 ms acquisition delay between the excitation pulse and acquistherficst
data point is introduced. If this delay is shortened, the coil ring-down will be obsemnterf
the Fourier transform of the ring-down signal will appear as a “sink-tiypeie spectrum. The
display range must be 1000 to observe the sinc-type peak when tuning the probe. Tl center
the peak is the resonance frequency of the coil.

Figure A.15 shows the broad sinc-type peak which is the coil response topghis®,
and the narrow spike is the NMR signal. In order to tune the probe, the capacitance of the
system should be adjusted until the center of the peak coincides with the centeesbtiamce
peak (Figure A.16). For example, according to Equation A.1, if the coil resonanodas/t the
resonance frequency of the coil should be increased which means the capacitaddeeshoul
decreased. The opposite is true in case of observing a high resonance frequéedy, fooil.
Figure A.17 demonstrates that the higher the polarization duration and current,kéetttec
FID will be obtained. Section 2.5 of the USER MANUAL covers more on the FID optionzat

while section 3.9 of the same manual explains about {ffe®iBring-down.
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Figure A.16 A correctly tuned coil with acquisitiondelay of 2 ms
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Figure A.17 A correctly tuned coil with 2ms acqu-diy (a thicker FID & stronger spectrum)

A.2.6.2 Calibrating B, Pulse Duration

For the B Duration experiment, a series of PC with an array,gbidse duration is
obtained. The signal intensity produced by this macro is acquired by integratspgtteim
over the range of frequency values that defines the resonance peak. Theontegdbli is
obtained by inspecting a single spectrum of a PC. In general, a tip angle of 90°%s#idutluk
maximum signal while a tip angle of 180° should produce no signal. However in regiktyl s
a minimum signal because of Bi--homogeneity effects as depicted in the third 1D plot of
Figure A.18. The plot demonstrates the signal amplitude verspsI8e duration in which the
maximum of the peak corresponds to the 90° pulse duration and the minimum of the peak to the
180° pulse duration. For;Bulse duration, half the reciprocal of the frequency should be used

for minimum B, duration as well as the,;Btep size. For example, fof Bequency of 2217 Hz,

B, duration and step size should ble_zzﬂ = 0.226 ms. All other parameters are the same.
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At this point optimizing th¢=ID and spectrum signals is accomplished.
A.3 Spin-Lattice (Longitudinal) Relaxation: T 4

T, is the interaction of the spins with the environinéat perturbs their momentum a
realigrs the spins with the magnetic fie

The T, time constant depends on molecular dynamics ansttbegth othe static
magnetic field meaning the stronger the static retigriield, the longer the relaxation tim
becomes. Also, the more mobile the moleculeslardeiss intermolecular contact between tr
so relaxation times become longer. Furthy at higher temperatures is longer the; at lower
temperatures During an EFNMR experiment, the dominant magnieid is either the
polarizing field (B) during the polarization pulse or the Earth’s metgnfield (Ee) during signal
excitation and detectionTherefore in case of EFNMR ; can be measured in the Earth’s fi

as well as in the polarizing field.

72



T, in the Earth’s field (T-Be) is obtained by applying the polarization pulse causing the
evolutiorf of the longitudinal magnetization. After the polarization field is switched off
adiabatically, meaning slowly within the course of 50 ms, an enhanced magnetizatiownsvec
aligned with the direction of the Earth’s magnetic field. However, the dotnstatic magnetic
field is now the Earth’s field rather than the polarizing field, and the equilibriagnetization
now is proportional to the Bvhich is much smaller. In other words, the net magnetization
relaxes from the enhanced value (obtained frgjritdthe equilibrium value proportional to the
Be and thus is zero. The cause of this relaxation is spin-lattice relaxationiméhsonstant in
this case depends on thgdhd might differ from T value obtained in the polarization field for
some samples.

To measure Tin the Earth’s field, the PC with added delay between the polarization

pulse and the RF excitation pulse is used. During this delay the longitudinal mmaijoreti

2 Evolution is the time after a pulse that allows the spins to get to the séateaats to probe.
NMR is a time dependent measurement meaning the complex signal (inéenkpkiase) is a
function of time. If two sine functions are present that start in phase thudierent
frequencies, at time zero they are the same. We must wait a certaintavhtime before they
look different. In an image this is the time that is waited for the spins to sepaphase due to
a field gradient. At time zero the spins are lined up and cannot be differentiatedebah
evolution time they will separate out into their field dependent frequencies. Whehaais e
collected, information about what happened during this time is collected. Fecificsiocal
environment a certain state at the end of the evolution time is expected. Evolutiermdar

what the spins do while waiting to pulse again on them or collect data (echo or FID).
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decays according to Equation A.3.
Equation A.3: E=E, [exp (-UTy)]

The amount of signal excited by the RF pulse will be directly proportional to the amount
of available magnetization, so the signal magnitude will decay as adiétihis delay time
called, t. The relative signal amplitude (E&fuivalent to the area under the spectral peak) is
plotted as a function of this time, t, on the far right in Figures A.20 and A.21. It should be kept
in mind that even with a zero pre-RF delay there is a hidden pre-pulse delay of 50 ms for
allowing the magnetization to slowly align to thedrection. In addition, there is the 25 ms
delay of the RF pulse which makes it hard to measurallies below 100 ms. For the best
results the maximum delay should be sevefatdlues (Figure A.19). Since the Value for a
water sample is 2 seconds, a reasonable range of pre-RF delay is 500 memal$ a£500 ms
intervals. As depicted in Figures A.20 and A.21, the higher the concentration of copyger in t
solution the lower the ;FB, value becomes due to the effect of copper as a paramagnetic
contrasting agent (¥B. of 3 mM Cu solution was 18915 ms). Alse-B. of oil has a low value
of 190 ms due to the reduced mobility of the hydrogen nuclei of the oil sample in comparison

with a water sample.
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Pulze sequence parameters
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Figure A.19 T;-B, of a 500 ml bottle of water (The Gui is related tahe first series of T,)
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Figure A.20 T;-B, plots of 500 ml water doped with various concentrigons of cupric sulfate
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a) FID data (Acc: 1) 1-3-09 Complex spectrum (Acc: 1) T1 Be = (530 = 20) ms 1 mM aqg CuSO4
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Figure A.21 T;-B, of 500 ml water doped with various concentrationsf cupric sulfate and oil

T, in the polarizing field (T-By) is obtained by applying the polarization pulse on the
sample. This time dependence signal during the polarization pulse is definedatpid.4
where B is the signal magnitude at equilibrium in the polarizing field as ghacfeases.

Equation A.4: E=E [1-exp (-T/T1)]

T1-Bp in the polarizing field can be measured by applying an array of 10 steps of
polarizing pulse durations starting at 500 ms with a range of 500 ms to 5 second bappgethe
limit for several T, values (Figure A.22). A list of polarization duration values and the
corresponding signal magnitude was obtained, and the relative signal amplitcgev&s
plotted as a function of polarization pulse duratiog) 6h the far right in Figures A.23 and A.24.
As depicted in Figures A.23 and A.24 the higher the concentration of copper in the solution, the

lower the T;-B, value due to the effect of copper as a paramagnetic contrasting agent.
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Pulze sequence parameters
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Figure A.22 T;-B, of a 500 ml bottle of water (The Gui is related tdhe first series of T,)
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Figure A.23 T;-B,, plots of 500 ml water doped with various concentrigons of cupric sulfate
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a) FID data (Acc: 1) 12-31-08 Magnitude spectrum (Acc: 1) T1 Bp = (2200 + 100) ms 500 ml plain water
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Figure A.24 T,-B,, plots of 500 ml water doped with various concentrigons of cupric sulfate

Again as shown in Figures A.26,-B,, of oil has a low value due to the less mobility of
the hydrogen nuclei present in the oil sample. The step size in-Bgriacro is 50 ms in

Figure A.25. Appendix C illustrates PC spectral valuegeI T:-B,, and T, values for various

tested samples.
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Pulze zequence parameters
Puolarizing curent [&] IE— Tranzmit [B1] gain IF Acquigition time (=] |5—
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Figure A.25 T,-B, macro of a 500 ml bottle of oil
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Figure A.26 T;-B, plots of 500 ml bottle of oil

A.4 Spin Echoes and Spin-spin Relaxation g}

T, is the loss of spin coherence (synchronization) of the spin precession in the s&nsver
plane.

FIDs decay exponentially, and this decay is determined by the transvese-spin
relaxation time, 7. However, in-homogeneity in the local field produces a rapid decay with a
time constant known as,T. So the decay time of FID is referred to @8. TEquation A.5

shows the correlation betweep*Tand T, whereAB, presents magnetic field in-homogeneity.
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EquationA5: 1 1
T2 . T_z + ]/ABO

T, is a consequence of irreversible de-phasing via spin-spin relaxationngéuin the
random motion of the spins. Howeveg*Tombines the irreversible spin-spin relaxation effects
with reversible magnetic field in-homogeneity causing de-phasing®ffédbe spin echo
amplitude depends on, Bind not T* meaning that in-homogeneity reducesg But has no
effect on . The spin echo pulse sequence known as a 180° pulse could refocus the de-phasing
magnetization caused by the in-homogeneous detection field to allawb€& measured
accurately. This pulse sequence (Figure A.27) uses {vex@tation pulses; the 90° pulse that
rotates the magnetization about the X-axis by a tip angle of 90° followed byyaidedacalled
the echo time (d) in which the spins diphase during this time due to in-homogeneity as well as
spin-spin relaxation effect. Then a 180° pulse is applied causing refocusinglefphased
spins while producing another echo time)(Which is the time between the 90° pulse and the
180° pulse as shown in Figure A.27. The center of the spin echo occurs after & tiafter The

180° pulse. So, an echo with reduced amplitude due to only spin-spin relaxation is generated.
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Figure A.27 The Spin Echo pulse sequence diagramrfmeasuring T, relaxation
(Polarizing pulse not shown) (Magritek, Terranova-MRI User Manual 2005)

The echo time should be chosen (Figure A.28) long enough to accommodate the entire
echo, meaning dshould allow for the complete relaxation of the signal excited by the 90° pulse.
So the echo time should be longer than the signal persistence in the FID, and this could be
accomplished through a PC experiment. Also, in order to observe the entire echbpthe e
should fall in the center of the acquisition window by fulfilling Equation A.6.

Equation A.6: Tacqu= 2 (Te = Tacqu dela)

Figure A.29 demonstrates different Spin Echo experiments by fulfillingteaqua.6
meaning that most of the echoes obtained are in the center of the acquisition window.

However, in experiment (a) acquisition time must be less than 0.4 second whilesit i
and as a result, the echo is not centered in the widow. Also purposely de-shimming dstapplie
create in-homogeneity in order to observe that the sides of the echo areddecae rapidly.

This is determined by,F, and the greater the de-shimming, the slimmer the echo. For example
in experiment (a) a much greater de-shimming is applied compare to expdfjmdotvever,
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the echo amplitude in the time domain and the spectrum is not changed significagule Fi
A.30 depicts the Spin Echo for a 500 ml bottle of oil. Since hydrogen nuclei in the oil sample
are not mobile, T value for this sample is very low. Also with the Terranova instrumentsit wa
not possible to acquire,Tor oil due to the fact that,Tless than 100 ms is not possible to be
measured. Figures A.31 and A.32 present the case when the FID is optimized, s@nmagnet
homogeneity is the minimum or does not exist. Therefore there is no echo acgdited ame

domain window resembles an FID window.

@
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Figure A.28 Spin Echo macro corresponding to dataet a
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Figure A.29 Various plots of Spin Echo Experiments
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Figure A.30 Spin Echo plot of oil
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Figure A.32 Plots of Spin Echo after optimizing

The T, experiment is just a succession of Spin Echo experiments with incrementally
longer echo times. In aExperiment data is collected only from the peak of the echo onward.
The echo amplitude (as well as FID amplitude) is determined by integtlatiragea under the
spectral peak. If the echo time is short gt i long, the excited signal from the 90° pulse may

not relax to zero before the application of the 180° pulse which causes problems to view the
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echo. However, if deliberately the magnetic field gets disrupted by oershg, or if phase
cycling is used, a better, Will be acquired.

Further, an echo should persist around 100 ms while the minimum echo time should be
100 ms to allow for the ring down of thg Boil. The echo amplitude can be measured via
equation A.7 where E is the amplitude of the echo and the amplitude of the echo in the
absence of Jdecay.

Equation A.7: E=E exp (-2 E/T,)

E decays as a function of echo time withtilme constant. The relative echo amplitude
(E/E) is determined for eacheTand is plotted in the far right of Figures A.34 and A.35.

The T, macro repeats the Spin Echo experiment for an array of echo times. A range of
echo times for T experiment is 10-20 steps of 50-100 ms starting at 50 ms (Figure A.33). The
output of the macro is the echo amplitude at each echo time. The echo amplitude iseterm
by integrating the sample peak in the spectrum. The integration is defined inrtteerD.
Sampling starts at the center of the echo, so the full echo will not be observed.

Figures A.34 and A.35 demonstrate thevailues for 500 ml water bottles doped with
different concentrations of cupric sulfate. As depicted, the higher the cappantration of the
solutions, the lower the,values are due to copper being a paramagnetic contrasting agent.
Also, T, for plain water has different values due to environmental and parameter changes.
Chapter 4 of the STUDENT GUIDE explaing ielaxation very clearly.

A.4.1 Filtering

Filtering the time domain data means that the incoming FID is multipliesh by

exponential filter indicated in the FID window as a red curve. The filter hessdgl been applied

to the FID in yellow. Many of the NMR and MRI macros contain a filter check box
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Figure A.33 T, of a 500 ml bottle of water (The Gui is related tdhe first series of T,)
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Figure A.34 T, plots of 500 ml water doped with various concentttgons of cupric sulfate
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a) FID data (Acc: 2) 1-3-09 Complex spectrum (Acc: 2) T2 = (590 + 30) ms 1 mM aq CuSO4
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Figure A.35 T, plots of 500 ml water doped with various concentttéons of cupric sulfate
A.5 Pulsed Gradient Spin Echo Experiment (PGSE)

PGSE is used to measure the molecular self diffusion coefficient and dwid fTwo
gradient pulses are applied after each RF pulse. Section 4.4 of the USER MANUAS ttoy
experiment in detail. The diffusion coefficient for water is determinetbpsted in Figure

A.36.
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Figure A.36 Pulse Gradient

A.6 Multiple Echo Experiment (CPMG)

—
4‘) 1:04 PM

The Carr-Purcell-Meiboom-Gill (CPMG) experiment is a single spot-spin relaxation

time constant measurement. The CPMG pulse sequence is applied to a samplar®itadas

This experiment introduces the principles of multiple echo experiments andebis eff various

pulse phases on echo amplitude. Chapter 5 of the STUDENT GUIDE explains about this

experiment. Figures A.37 and A.38 are examples of this experiment. As depiEigure

A.38.c, the best Jis obtained through the use of refocusing 180° pulses having phases

alternating by 180°, while the relative phase between the excitation 90° angsnefp(80°)

pulses is 0.
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Figure A.38 Plots of CPMG of 500 ml bottle of water
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A.7 Gradient Echo Magnetic Resonance Imaging in 1D

In MRI, a magnetic field gradient or simply gradient is applied beforeadditsction to
give each voxel (volume element) a unigue NMR tag. MRI is an NMR experimeshtich by
applying gradients, information about the position of spins is encoded into signal. adfenty
change the magnitude of the static magnetic fie}gd aB a function of position across the sample.
Therefore spins in different regions of the sample experience diffeneageetic field strengths,
and will resonate at different frequencies. The direction of this madredtl is always the same
and points along the Z axis, but the magnitude of the field changes (Figure A.39)e So, t

Larmor frequency of the sample shows spatial dependence called spatthhgnc

ARNEREENEE

(b) B,

Figure A.39 (a) Static magnetic field in the Z diretion. (b) Field gradient in the X direction.
(c) Combined (a) and (b) gives a magnetic field ithe Z direction that alters in magnitude as a funabn of X.
(Magritek, Terranova-MRI Student Guide 2006)

Further, the term isochromat means localized group of spins all precesfiagame
frequency. A single isochromat in the presence of a linear gradient @mpaXj within a
sample generates a signal; the NMR signal from the entire sample isrtlod ge signal from
all isochromats weighted by the spin density at each point in space. The spinidehsit
spatial representation of an ensemble of spins in a sample called imageagadnformation is

extracted from the NMR signal.
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The NMR data in the presence of a gradient is called k-space, Fourierapadar
spatial frequency or reciprocal space. It is called k-space becaufigeitspace covered by the
phase and frequency encoding dataspiace is a temporary memory for spatial frequency
information, so a data acquisition matrix contains raw image data befage jpnocessing.
Once k-space data is Fourier transformed, image data is obtained dmtensional Fourier
transform imaging, a line of data corresponds to the digitized MRI sigagaticular phase
encoding level. The position ingpace is directly related to the gradient across the object being
imaged. By changing the gradient over time, tisp#ice data are sampled in a trajectory through
Fourier space at each point until it is filled (DatabaseMRI, k-space 2003

EFMRI is performed via two methods: Gradient Echo (GE) or Spin Echo (S§)ng
In Gradient Echo imaging the way to sample k-space is acquiring data bsimgwbae sign of
the gradient meaning to reverse the k-space direction. First, the netizetgrevector is
constant when the gradient is absent. However, when a gradient is presergirepatcesses
at a frequency depending on position. In Figure A.39 this is shown by several maigmetizat
vectors corresponding to each isochromat within the sample in which it rdtatesféset
frequency. So, the spins precess at different rates dependent on the lbcsbiied faster and
some slower. When the gradient is reversed, meaning that the amplitude of thetgsadi
reversed from —G/gradient read) to +Gjg(gradient readout), the fast spins become slow and
the slow spins become fast. The now fast will catch up with the now slow. Whenttteyga
the signal will be the highest which is called an echo. Stronger gradientsnedtter echoes
because the slow spin slower and fast spin faster catch up with the slow spissatitepa then
the spins loose coherence quickly as well. This gradient reversal revereiseéh&equency of

each isochromat causing the spins to re-phase to form an echo.
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In terms of k-space, the k-space encoding vector decreases lineaflynasan of time
in the direction of5 until gradient reversal. At the time of gradient reversal, it means that the
evolution of the k-space vector is reversed from a linear decrease wettoterlinear increase
with time. So, after the gradient pulse inversion from +@&GG/G,, sampling the signal as a
function of time will cover an entire line of k-space fronmtekrk. In summary, k-space is
traversed during a gradient echo as follow: as the spins evolve in the gr&didm k-space
vector decreases linearly with time from O to -kx. Then, reversal of thetpaltthe gradient
inverts the spin evolution, and the k-space vector increases linearly with timekixam 0 and
to +kx. Acquisition of the entire line in k-space occurs during thelkase, not G

This technique is called Gradient Echo because refocusing the signal hkEcBji
creates an echo. The center of this echo occurs at k = 0, and the time to the teateclud is
marked TEcho

In MRI the axis in which the image is formed is determined by the gradient. F
example, an image along X means the gradient is directed along the X alosi(tl&is) of the
probe. The Z axis is directed along the blue arrow on the end of the probe whichad alith
the Earth’s field during the set up process (orientation). This alignment iswgoytant for
imaging because the gradients will not be orthogonal if the probe is not alignedypréipeally
the Y axis is orthogonal to both the Z and X axes.

An object dimension must be measured for imaging; this is called the field of view
(FOV) of the image. Also, a pixel is defined as the smallest unit of an imageoampater
screen. Equation A.8 describes the correlation between FOV and the number ohpghels
image, the matrix size (N), with the image resolution, also called thefsezpixel AX).

Equation A.8: AX=FOV/N
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The higher the size of a single pixel, the lower the resolution will be, and the thighmumber

of pixels, the higher the resolution will baX is called nominal resolution because blurring
between pixels may cause the actual resolution to be worse. Also, FOV shoulgelie la
encompass the entire sample, yet small enough so that the sample occupieshedsddt A

large matrix size improves the resolution of an image, but causes a low SNR and long
experiment time, so, a compromise should be considered. The frequency spredth@cross
image (f) is called the bandwidth and measured in Hz. For a FOV and bandwidth, the gradient
strength is calculated by Equation A.9.

Equation A.9: _ 2mAf
X~ YFov

The procedure for running a GE experiment includes running an Autonsthirthe
sample to ensure a narrow line-width. These parameters are not visiblenmagfireg macros,
yet they are used. Then;-B, and T, experiments should be run to determine proper polarizing
duration and echo time. Polarization duration should be considered as twice to tasesstim
to compromise between a short imaging time and bestv@hNIR echo time should be
considered 1/3 of ;lin case of SE experiment and in case of GE as follow:
Equation A.10: Tecno= 2 (Tacqudeia) + Tacqu(N/Af = 32/64 = 0.5s) = (X 20 ms) + 500 ms = 540 ms

It should be noted that an echo-time of less than 100 ms causes image disknti@GE
and SE imaging, the phase gradient duratigndshould be as short as possible (50 ms). These
values should be inserted in the GE imaging macro (Figure A.41).

Next, common parameters located under the MRI menu which are determined during the
instrument setup (Figure A.40) should be checked. Then, GE imaging under the sanm& menu i
selected (Figure A.41) which contains image parameters, pulse sequenoet@a,aand output

location. Image parameters are number of dimensions, orientation, FOV, and nuthber of
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pixels in the image.
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Figure A.41 1D GE X macro for 2 phantom tubes of wir

The GE pulse sequence (Figure A.42) includes the polarization and RF pulseshiatwhic
the end of the RF pulse the magnetic field gradient, called the read gradieradingmgradient
(-G/G), is switched on. The read gradient changes the strength of the magttetis fie
function of position, causing the spins to precess at different frequencies accoittiieig t
location. This causes a loss of phase coherence as a function of time dsudiecpty of the

FID signal corresponding to a progression with time of the k-space vectordrontat time = 0)
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to —k. After Tyaatime, called phase gradient duration, the gradient is switched to a positive
value called gradient read out (+GJG The change in gradient polarity causes re-phasing of the
spins and forming a GE. Thereforg, 8 the opposite of the encoding gradient which causes
the spins to rephase and form an echg.igQ3eft on for the duration of acquisition, no matter

how long that may be. The time from the excitation pulse to the center of the eahedshe

echo time (T¢hg. In terms of k-space, the positive gradient results in a linear incretise k-

space vector as a function of time, so that the k-space vector evolves from ekHo&sta

function of time.

In general, echo is a term for re-phasing (and not de-phasing) of the spins intbase of
180 pulse. However, in GE imaging the time between the gradient switch and theot¢inée
echo is called echo time. Although in GE imaging the procedure includesingvihe gradient
polarity and refocusing of the de-phased signal which results in the fomedtan echo, this
procedure neither refocuses the de-phasing due to underlying magnetic-fieldageneity, nor
spin-spin relaxation.

Based on Figure A.42, the echo time, is the time from the RF pulse to the center of the
echo. The phase gradient duratiogaglis the time from the RF pulse to the gradient switch.
The delay between the gradient switch and the beginning of the acquisition is galledajand
the acquisition time, :£quis the time data is acquired. The acquisition delay is considered 20 ms

to allow for any B coil ring-down caused by switching gradients.
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Figure A.42 Pulse sequence for GE imaging
(Magritek, Terranova-MRI Student Guide 2006)

After clicking run on GE imaging macro, a dialog called Confirm Patara appears
(Figure A.43). It shows the field of view, gradient strength, gradient currehgham current
for the three axes. In the one-dimensional case the second and third gradizets arhile
there is shim currents used on these axes. The two gradient values for the reatdi(Ge
and G,) are of equal magnitude but opposite sign. The polarizing coil duty cycle should be 50%
or less to prevent overheating and is calculated as the ratio of the polarizingrdiartie
repetition time. The total experiment time for 1D imaging is equal tcefpeition time times
the number of accumulations. The acqu.par file listed at the bottom of the confirm pasamet
contains all the experimental parameters, the data.1d file contains thespagekelata, and

data.ptl contains the final plot of the k-space data and the image.
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i:igure A.43 Confirm parameters window

In Terranova-MRI imaging, data is obtained via a large number of data points (16384).
Following the acquisition, the data being sampled are converted in Prospa frioanrtios
frequency to zero and then encountered with a filter that eliminates all freegientside the
chosen bandwidth. Therefore only frequencies within the bandwidth being centered aBgut the
frequency remain. The output of the filtering process is the k-space sigimaéaliand
imaginary components which include no noise over the chosen bandwidth. The number of
points in the filtered signal is equal to the number of pixels in the image. fEnedik-space
signal is displayed in the left-hand plot of the 1D plot window (Figure A.44). Thesrtaxihe
k-space as well as the image is the signal intensity. These valueli@egyaand a function of
the voltage induced in the probe.

Figure A.44 demonstrates that the echo is in the center of the acquisition wiAdow.
image information is retrieved in the form of an echo. The amplitude of the ecdysdes a
function of the echo time with a time constant ef Bo, the longer the echo time, the less

intense the echo will be. It should be noted that the echo time should be well lelBwalue

since at time Fonly about 37% of the FID signal is left.
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Also, Figure A.44 demonstrates the application of two phantom tubes where “phantom”
in MR refers to a sample that is constructed to mimic a target samipdelefigth of the probe
cavity is 28.5 cm, the length of the tubes is 11.5 cm, the diameter of the tubes is 28 mm, and the
separation between the tubes is 7 mm. These tubes are used to provide an image with the
difference between nominal and actual resolution. In case of the Xialréuart a of Figure
A.44) neither the edges are sharp nor is the top flat. This is due to blurrregimage and
effects of the long length of the sample bottle compared to the regiordadrgrinearity. This
causes the signal to roll off at the edges instead of having sharp edges. &tigoprajong the
X and Y axes contains one peak in the image (parts a and b of Figure A.44). However, the
projection of the sample magnetization onto the Z axis contains two peaks vreserds the

two tubes (part c of Figure A.44).
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Figure A.44 Plots of 1D GE X for 2 phantom tubes ofvater

Until now the magnitude of the signal has been visualized while in the k-spateeplot
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complex data is presented as well. The complex data contains a set of imgualalne) and
real numbers (solid line). The phase is determined from these numbers, angheséehanges
the real and imaginary cycle through positive and negative numbers. The imagerplot
magnitude, which is the magnitude of the real and imaginary parts.

The next attempt is to explore 1D imaging parameters in terms of frequigcye
A.45 illustrates the macro for the first experiment of 1D GE X orientation of 500atel with a
FOV equal to 150 mm. From the plot window in Figure A.46, the width of the sample in
frequency units, the applied gradient strength and current (either lojatialg or via the
confirm parameter dialog window) along with the width in space of the sanepéedetermined
and collected as Table A.1. Figure A.46 illustrates 1D GE imaging of a 50@te bottle in
X, Y, and Z orientations along with FOV of 150, 200, and 400 mm for each orientation. The
length of the bottle is 14 cm while the diameter is 7 cm. So, considering the dénige cavity,
by inserting the bottle, 7.25 cm of the cavity is empty on each side. As depictgdria &i46
by increasing the FOV the frequency spread across the sample (bandsvitttheased which
means by increasing the FOV the object appears smaller because wnger &@V the sample

takes up less of the available space.

Table A.1 A comparison of the object width in spaceersus the acquired width in Hz

G = 2rAfIYFOV Smgfg f?]:)tmhethe Gradient Strength| Gradient Current Width of the

olot (Hz) (UT/m) (mA) sample (cm)
FOV=150 mm X=60 -10 -31.5 14
FOV=150 mm Y=35 -10 -36.2 7
FOV=150 mm Z=35 -10 -36.2 7
FOV=200 mm X=42 -71.5 -23.7 14
FOV=200 mm Y=28 -7.5 -27.2 7
FOV=200 mm Z=28 -7.5 -27.2 7
FOV=400 mm X=28 -3.7 -11.8 14
FOV=400 mm Y=16 -3.7 -13.6 7
FOV=400 mm Z=16 -3.7 -13.6 7
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Figure A.45 1D GE X orientation macro for a 500 mkvater with a FOV of 150 mm
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Figure A.46 Plots of 1D GE X orientation of 500 mvater with various FOV
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The bandwidth of the signal corresponds to the FOV of the image. Line width in Hz is
defined as spectral resolution or frequency resolution designatddaas] narrow line width
means more resolution and better SNR. So, with a 500 ml water bottle a PC was done and an
FID with an acquisition time of 3 seconds was acquired. To properly measure theltmettve
magnitude option should be turned off. The line width of a single pixel is measumibwas f
AfIN = 64/32 = 2 Hz while the spectral line width of the peak is 42/32 = 1.3 Hz (FOV = 200mm).
So, blurring in the image (Figure A.46) is present. Figure A.47 demonstratesite@kots as

Figure A.46 along with the obtained k-space plots.

Figure A.47 Plots of 1D GE X orientation of 500 mivater (K

-Sace and vus FOV)
A.8 Gradient Echo Magnetic Resonance Imaging in 2Bnd 3D

1D MRI, the method of sampling k-space as a function of time in the presence of a
constant gradient G is covered. In this method magnetic field gradieniseat¢o encode the
spatial position of the spins by changing the Larmor frequency of theasgpafunction of
position during signal acquisition, also referred to as frequencgding. However, in order to
acquire 2D MRI, a combination of frequency encoding and phase encoding is reduaired
frequency encoding, the gradieskept fixed while k-spacis sampled as a function of time,

whereas in phase encoding the time is kept fixed and data is acquired for d@icreseof G.
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The reason it is called phase encoding is because over a fixed time pggipdh Which the
gradient is applied, the spins acquire a phase offset correlated to position. Andedimeritir
k-space in the phase dimension is obtained by acquiring data for a rangaierfitgritom —Giax

to +Gnax In 2D MR, frequency encoding is applied in the read dimension (first dimension)
while phase encoding is applied in the phase dimension (second dimension). So,yrequenc
change and phase change are both a function of position.

According to Figure A.42, the pulse sequence for 2D GE imaging is as follow: The
polarizing pulse (B is switched on to magnetize the sample for the duration of at least twice the
sample’s Tto get a reasonable signal level. Then, there is a short dglaydd,= 50 ms in
which limits T, of samples to more than 100ms.) to allow the current to switch off and the
magnetization to rotate along the Earth’s field direction. Next, the 90dI8e excites the
sample followed by the application of -G/@G the read dimension which spatially encodes one
dimension of the image. At the same time, in the phase dimension, a gradient pulehéess
on following the excitation pulse which has a duration denoted,hy(fphase gradient time).
During this pulse, the spins acquire a phase offset that is proportional to thieanp@sie
gradient echo does not refocus this phase offset since the direction of therpHaesd,d3, is
orthogonal to the direction of the read gradientsard G,). The read, & and phase gradients,
Gy, are switched on for a timgydgto move the sampling into k-space. These gradients cause a
rapid de-phasing of the magnetization. Following the phase and reachgmadses, the read-
out gradient, G, is switched on and the receiver starts digitizing the signal induced by the
precessing magnetization. The readout gradient has the reverse sigrhtotdrersad gradient
so that the spins re-phase producing an echo. Again, there is a sho(Tgglap,= 20 ms)

between the end of the phase gradient pulse and the start of data acquisition fiar aibaw
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ring-down. The encoding means encoding in both directiofps €hcoding time of phase and
Tgraa€ncoding time of readf§> They are generally the same time for each gradient but not
necessarily the same strength. This pulse sequence is repgtitaddNor values of gfrom

— Gymaxto + Gymaxin order to sample all 2D k-space.

Moreover, in terms of k-space sampling, it includes the signal excitatitre RF pulse
and the magnetization vector rotating into the transverse plane. Thendlygadiant (G and
the phase gradient gfzare switched on followed by evolution as a function of time in the
presence of these two gradients leading to a movement in the read and phasenknehsi
space. Next the phase gradient is switched off, so there is no more evolution in the phase
dimension. Then the read gradient is switched in polarity so that the evolution@adhe r
dimension is reversed, and the spins precess as a function of time in the posityradizad.

In k-space this is a progression from negative k-read, to zero on the retml@osgive k-read.
Data is sampled as a function of time during this evolution along one line in k-spacégeand, t
read gradient is switched off while acquisition of one line in k-space is comfle&entire
process is repeated for different values of the phase gradjes €ach line in k-space is
sampled. Finally a 2D image is acquired from the k-space via emplo¥ogreer transform.
The Fourier transform is implemented automatically while the data ictallenowever in case
of 3D, k-space data is not Fourier transformed until all data has been collected.

The phase gradients are zero in 1D imaging, so k-space is one dimensional; for 2D
imaging, there is a phase gradient producing 2D k-space, while for 3D imhgiegte 2 phase
gradients producing 3D k-space data. In all three experiments argadlgradient is used.

At this point it is important to describe ways of improving imaging effigyenObtaining

2D and especially 3D images are time consuming because an echo sigaahfsteg of the
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phase encoding gradient should be acquired. Therefore it is necessary to nagkgi$iBon as
efficient as possible in order to acquire fast 2D or 3D images. The goalgmgna to acquire
the best SNR in a short time. Also, it is known that by signal averdgimgges, the SNR of an
image can be increased by a facto#/f at a cost of a factor ™ in imaging time. Based on
this, to improve imaging efficiency, we have to decrease the imaguegaind increase the SNR
of a single acquisition.

It is known that the polarizing pulse applied to maximize the signal for a watplessm
the most time consuming pulse of the imaging process. Also, the implemeratgsl lketlveen
the polarizing pulses to prevent overheating in the coil take time. As explairied, ¢he time
required to obtain a sufficient polarization in the sample during the polarizisg istknown as
the spin-lattice relaxation time constant Bo the optimal polarizing time depend on thefT
the sample and can be estimated to be 2-3 T

Therefore, it is beneficial to use a sample with a shart drder to minimize the
polarization time. As explained in the introduction, the relaxation propertiesef an be
modified through the use of a paramagnetic contrast agent such ag CutOocal magnetic
fields generated by a paramagnetic contrast agent, due to its positivetimagsaceptibility,
decrease the,;Bnd T, relaxation times of nearby hydrogen nuclei (neighboring spins). For
example, a solution of 3 mM copper sulfate in a 500 ml bottle haaradTl, of 200 ms.
Therefore, by using this sample, the polarization time reduces from 4000 ms to 400 ms.
(2% T, = Polarization time; X Polarization time = Repetition time, TR)

So, if a 2D imaging with a matrix size {\of 32 and 8 scans (N, is run with and without the
contrast agent, the experiment time would be:

With the agent: Experiment time = TRNp * Nscan =800 m¥ 32x 8 =204.8 s =3.4 min
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Without the agent: Experiment time = MNp X Nscan =8 & 32X 8 =2048 s = 34 min

By applying a greater matrix sixe, a higher number of accumulations or byguaBD
image; the difference in the experiment time will be more profound. Therefm@ossible to
improve the efficiency by shortening imaging time via the applicationcoh&rast agent.

In addition, in the GE pulse sequence if the echo nheng and T* is short, then the
SNR of the image will be low. So, it is wise to use a short echo time to imp@&NR in
order to increase the efficiency of imaging. There are two ways to dedtreaecho time in a
GE pulse sequence: by increasing the gradieptai@plitude or by asymmetric echo sampling.

The center of the echo occurs at the center of k-space, k = 0 an@3Figure A.42).
So echo occurs at a timey following the gradient switch, whergqis the duration of the
first pulse. In order to maintain a large acquisition time and have a high freqesobytion
image, the duration of the second gradient pulse cannot be shortened. However, iltles jooss
increase the amplitude of the first gradient pulse and decrease its duration t@ dacsese in
the echo time without decreasing the acquisition time. For examden@itude could be
increased from 7.AT/m to 40.5uT/m to shorten the echo time (Figure A.42) from 540 ms to
320 ms based on the following Equations:

Equation A.11: Techo= 2 (Tacqu-deta *+ Tacqu= 2% 20 ms + 500 ms = 540 ms

Equation A.12: 1, = Nread _32_ 454500 ms

Af 64

where Neaqis the number of pixels in the read dimension (matrix sizepargdthe bandwidth.
(Longer Tacqumeans more resolution)

Equation A.13: 7= Tyra+ Tacaueiagt 3 Tacau= 50 Ms + 20 ms 275 = 320 ms
The% factor that appears beforg.Juin the above expression for the echo time constrains the

echo to the center of the acquisition window which means that negative and posjiaee are
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sampled equally. However, the echo time can be reduced more by allowing the agpear
early in the acquisition window meaning negative k-space is not sampletyasfpbsitive k-
space. This method is called asymmetahosampling.

The noise level usually is higher than the signal level at negative k-spatwwys
information is not obtained by sampling this data. Also, the magnitude of the iniaget Wwe
affected by only sampling positive k-space. However, in practice it istvisdgoose an echo
time to encompass the negative k-space sampling such that both sides of thre pobseat in
the acquisition window. Therefore echo time should be reduced from 0.5 to 0.25 faytles T
follow:

Equation A.14: T 0= Tyag+ Tacquaear § Tacqu= 50 Ms + 20 ms +° ms = 195 ms

As a result, by decreasing the echo time through the use of highepBtude or the
asymmetric echo sampling a better SNR and a higher efficiency in imagiogstle. For
example, by considering the three obtainggloBs 540 ms, 320 ms, and 195 ms, the relative
echo amplitude are 0.165, 0.344, and 0.522 respectively. Therefore, by comparing the first two
echo times, the SNR shows an improvement by a factor of two while by comparfirgtthed
the last echo times, the SNR shows an improvement by a factor of three.

The procedure for running a 2D GE imaging of 500 ml doped water is similar to 1D GE
imaging. Just like 1D MRI, a 2D MRI is only a projection of the entire 3D samplaigiven
plane and it is not a slice through the object along the imaging plane as iseha@tbamedical
imaging. The image orientation menu provides six permutations for the read andrpllgsas
as XY, XZ, YX, YZ, ZX, and ZY. The first letter in a pair addresses thection of the read
gradient and the second denotes the direction of the phase gradient. As an exanyple, in X

image the read direction represents the long axis of the probe and the plwiss depresents
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the axis orthogonal to both the long axis of the probe and the direction of the Eadh’s fie
Further more, the ZY or YZ plane is the plane perpendicular to the longfakes coil and a 2D
image of the long bottle in this orientation will be circular.

The matrix sizes for the read and phase dimensions are chosen separaté¢hg ease
for FOV in each direction. It is possible to have different matrixssiz¢he two dimensions, but
it is recommended to maintain an isotropic FOV, meaning FOV should be tkersath
directions. A chosen FOV should encompass the entire sample but should not be much larger
than the dimensions of the sample (180-200 mm). A matrix size of 32 in the read dimension and
16 in the phase dimension is recommended to avoid a long experiment time. The optimal
polarizing duration for the 500 ml doped water sample (3 mM) is 600 ms as a comproraise for
short imaging time and a good SNR.

It is recommended to run a PC right before acquiring an image in order to detdgrenine
correct B frequency (Larmor frequency) of the sample. The optimal values for the fofjowi
are: phase gradient duration = 50 ms, echo time = 200 ms, bandwidth = 64 Hz and repetition
time = 1.5 s. Four signal averages leads to achieving a good SNR.

Figure A.48 depicts a macro for part a) of Figure A.49, and it should be noted that the
parameters on this macro are somewhat different than what is described agave AR9
illustrates the images of the doped water in six possible orientations whalehicase the image
parameters such as FOV or matrix size are different from the reghe@gft side k-space data
is presented while on the right the 2D Fourier transform of k-space (imagedesprélso, in
parts a) and b) in the X dimension, d) in the Y dimension, and f) in the Z dimension ofules fig
there is a vertical streak of noise hence it is repeated in every singlattba same point even

though there is no signal at the beginning or end. It can be removed sometiraeschgidg
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the bandwidth until it is no longer visible, but this reduces the image resolutioreveloivthe
noise peak appears within the image, repositioning the probe is the solution.

The image plot is in magnitude and the red is the most intense while the k-space is
complex data and only the real component is plotted in the 2D window (Figure A.49). If the
most intense regions of k-space data are desired, plotting the magnitude-sptuoe lshould be

acquired. Then, a cone instead of line ripples moving away from a drop of watemadbse

L anGTadienteEeho; IMTHETE) \3]
Image parameters
BELED Image orientation IW—LI Fun
123 f: M atrix size l? l?
- Field of Wiew (mm] [170  [200 Stop
Fulze sequence parameters
Falarizing duration [ms) IW B andwidth [Hz] ||3-4— Lo
B1 frequency [Hz] W Repetition Time [z] |2—
FPhase gradient duration [msz] |5|:|— Murnber of zcans |4— Shims
Echo time [mz] W Fiter [ Awerage |v
Cutput location RED
Wi orking directon |E:"~D ocuments and Settings\MMBAMD egktoph J
Experiment name | 2D GE:y 3mi S00mICuS 04 s

Figure A.48 2D GE macro (XY imaging orientation) of500 ml doped water
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Figure A.49 Plots of six possible orientations vidD GE imaging of 500 ml doped water

As the acquisition proceeds the 2D plot windows will be updated with newly obtained
data. The phase gradient steps are implemented such that the center ofik-apaaeed first
while the outer lines of k-space are acquired last. The low spatial fegsi@guivalent to the
center lines of k-space (low values of k) provide a low-resolution image vghtbeeligh spatial
frequencies equivalent to the outer lines of k-space (large values of k) provndesdution
image information. Therefore, as k-space is sampled from the center antageewill become
more defined meaning the acquisition of high k-space data adds more aetmithe image
which results a high-resolution image. As a result, the edges of the meg®ae crisper as
higher k-space data is acquired. However, for large numbers of pixels in Hgedomension,

Np, there will be a point where additional lines in k-space are mostly noiseénmgsualno

increase in image resolution.
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More specifically, when a spectrum in both directions is taken; one directiongste
echo, and the other direction is using the phase. And when transforming a shewtki&s
0.25s a broad peak will be obtained while the resolution will be determined by how |dfithe
is collected. On the other hand, if a 2 seconds FID is collected, a much narrowerligeak w
obtained meaning a higher resolution is achieved. The same scenarmof@ &n echo. If the
ends of an echo are chopped off, a broad peak is acquired. Where as if far beyond teakecho p
is collected; it will narrow and produce a more resolution signal.

It should be noted that because of the acquisition delayqéiky it is not possible to
sample all the k space data. Even if this delay were zero, sampling a whole repaaik-
requires a long echo time which may result in significant signal reduiftihe sample Tis
short. To minimize incomplete sampling of k-space, the echo time should be sklegted
enough so that data acquisition begins well to the left of the echo peak.

By performing a 2D experiment, collecting an echo one point at a time in the phas
direction and the entire echo in the read direction is accomplished. In the pbkaserdithe
middle points of the echo are collected first because those will be the most spenta.
However, to get the resolution needed to fill out the echo on either side, it is obtam@ddpyo
higher phases while not much information is acquired, yet higher resoksitidmained.

Figures A.50-53 relates the presence of contrasting agent enhancinBtiseghals

while reducing the experiment time to improve the imaging efficienexpkined earlier.
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Figure A.50 Macro of 2 tubes: water versus doped wer (contrast)
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Figure A.51 Plots of Figure A.50 and A.52
a) Water (bottom)/doped water (top) b) Doped water (léfand right)
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Figure A.52 Macro for 2 tubes of doped water (no adrast)
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If the object does not appear in the center of the FOV, it is possible that the sanyl
located in the center of the magnetic field gradient coil. Also, the objgchatappear in the
center of the read dimension if thefBequency parameter is not the Larmor frequency of the
sample. If the object is skewed in a plane, the reason is non-orthogonality of thetgradie
meaning Z is not aligned with.B

3D image can also be obtained while imaging time is much longer if high resolution a
good SNR are desired. In Figures A.53-54, a 2.3 hour 32 by 32 by 32 image of a bottle of wate
has been collected using 4 scans per line of k-space. At the end of the expénen@nt
k-space data has been automatically transformed and stored in the matres fRom this data
set can be displayed using the plot3Dsliwexro (in the 3D menu) or via the 3D surface plot
option in the 3D plot window’s contextual menu.

A description of each GE macro parameter along with parameter limésldressed on

page 5-9 of the USER GUIDE.

. S . Al
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i:igure A.53 3D GE XYZ orientation of a 500 ml botté of Figure A54 3D GE XYZ of 500 ml water plot
water

112



In Figures A.55-56, a 34 minutes 32 by 16 by 16 image of two doped water phantom
tubes has been collected using 4 scans per line of k-space. By comparison, diféeoahce in
Figure A.57 is the number of pixels in the Y and Z directions being 32 by 32 resulting in a 2.3

hour imaging time while all other parameters are the same.

€ 1L Gredini-Eeil IMaging,
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10
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Figure A.55 3D GE XYZ of 2 doped water phantom tubs Figure A.56 A plot of 3D GE XYZ of 2
doped water phantom tubes
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A.9 Spin Echo Magnetic Resonance Imaging in 1D

2:54 PM

This form of imaging uses gradients in conjunction with a 90-180° pulse to traverse

k-space. In SE imaging, frequency encoding in the read dimension is acteahpiis the use

of a method called spin echo. Also, in SE imaging thé p8e is used to refocus the effects

of in-homogeneities in the Earth’s field as well as to refocus the purpaselgluced de-phasing

by applying a magnetic field gradient. Therefore, an advantage of tthisane that any de-

phasing of the signal due te@ Bi-homogeneity will also be re-focused by the 180° pulse.
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Figure A.58 Spin Echo imaging pulse sequence
(Magritek, Terranova-MRI Student Guide 2006)

According to Figure A.58, the polarizing pulsg)B switched on, and the 90° pulse in
the presence of a constant read gradienexXgites the nuclei of the sample. The read gradient
is switched on before the polarizing pulse but has no effect until the 90° pulseed. stsgoO,
the B and read gradient pulses make a 1D spin-echo imaging. This RF pulse hatduek t
magnetization vector into the transverse plane. Each isochromat (group dhapmyperience
the same static field) resonate at the same frequency and taateféset frequency correlated
to their position, magnitude, and the direction of the applied gradient. Therefoneg goés
by, the net magnetization vector can be visualized as a collection of i@atioetvectors, each
corresponding to an isochromat within the sample precessing at a sliffietigrdioffset
frequency.

Then the phase gradients are switched on for a tyagtd move the sampling into k-

space. These gradients result in de-phasing of the magnetization. #fier &, a 180°
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pulse is applied causing the magnetization to refocus to produce an echo in agathéeiithe
180° pulse. This means that the 180° pulse rotates the magnetization vectors aboutghe Y axi
such that in the subsequentib the magnetization vectors realign resulting in a re-focusing of
the NMR signal. During this period, the readout gradiepj) (@&s a constant value causing
k-space to traverse in the read direction of the gradient. The position ohtheagresponds to
the center of k-space along the read gradient axis. Data acquisitisrafiex the 180° pulse and
Tacqdelay(25 ms) to allow for probe ring down while acquisition continues fgyftiime.

In terms of k-space in the first step the signal is excited by a 90° pulse apirthe
evolve with time in the presence of. G'his leads to an increase in k as time evolves. In step 2,
after a time period of ¢fne @ 180° pulse inverts the signal which is a change frogs,gt®
—Techo SO @ Movement takes place from kx to -kx. In step 3, after the inversion pulsenshe spi
again evolve in time in the presence of €rresponding to a linear increase with time. The
signal is sampled as a function of time during this time period. The re-focusirdeeay of the
echo is depicted at the bottom line of the pulse sequence in Figure A.58.

The height of the echo signal is weighted by 180° ntit Also, the time between the
90° pulse and echo peak is two echo time which means SE imaging produce leghaigtied
gradient echo method for short 180° samples if both have the same echo time setting. For
gradient echo imaging, instead of using a pulse to refocus the spins as in a spiragehohien
spins are refocused with a gradient in the opposite direction from the encodirggr&b SE
and GE differ in their refocusing methods. Methods for encoding and reading arerdifor
different imaging methods.

The procedure for running a SE (1D, 2D and 3D) imaging is the same as before. The

only point worth mentioning is that for 1D SE imaging even though there is no phasafgradie

116



duration, this parameter should be set to 50 ms. Also, re-shimming is necessamewtiene
sample is changed, the probe is moved, or metal objects around the room are moved.
Figure A.59 illustrates the macro for 1D SE imaging of an Erlenmegsk filled with
water. It should be noted that the polarization time is 4 s since the sample iatprst The
purpose of running this experiment was demonstrating the correspondence of an olojedt inse
inside the cavity with its obtained image. Figure A.60 illustrates the plotisifsomacro while
the echo time has changed from 100, to 200, 400 and 500 ms. The different plots of Erlenmeyer

flask prove that as echo time increases, the shape of the flask in the image lessoctear.
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Figure A.59 1D SE macro of an Erlenmeyer flask figd with water
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Figure A.60 Plots of 1D SE images of an Erlenmeydiask filled with water

In this experiment (Figure A.60) the image bandwidth is 64 Hz which means witlza 2 H
line width 32 horizontally resolved points called data points or matrix size in day 82 pixel
image are present. The experiment is run with filter on and 8 scans. Theajppageing on the
right side of the 1D window is the projection of the sample magnetization onto ths.XOa
the left side is the complex k-space data with the applied filter shown in red.

As mentioned earlier, collected data is down-converted from the Laretureincy
(2240 Hz) to 0 Hz and filtered, removing all unwanted frequencies outside the desired
bandwidth. This way only a few data points need to be processed.

To obtain the best image resolution when performing imaging experimentieghency
range across the image (the bandwidth) should be greater than or equal to thehine widt
multiplied by the number of image points (data points{N The following are some points to

remember in imaging:
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e Frequency resolution = line width = spectral resolution z4{F Af
e Af = bandwidth/Noag— 64/32 = 2 =Af

e Decreasing the bandwidth increases SNR at the expense of losing resolution

e Narrow line width, better SNR, more resolution

e Resolution is determined by how long the FID is collectggy@ietermines resolution

e Polarization duty cycle decreases with increasing the TR

e The height of magnitude image increases with decreasing.dhe T

e The shorter the ¢fho the greater the SNR

e Matrix size = number of pixels = data points (Np = # of pixels in the phase dimension)

e Polarization time times 2-3 = TR

e In 1D imaging: Experiment time = number of scans times TR

e In 2D imaging: Experiment time = number of scans times TR times Np

e In 2D imaging: Experiment time = number of scans times TR tina%s N

An MRI image quality can be improved by methods such as phase cyclingtanddil
A.9.1 Filtering in Imaging
Filtering is used to smooth an image. Filtering is an operation in which {heck-data

is multiplied by a function prior to Fourier transformation. Multiplication aijlace is equal to
convolution of the image. So, by applying a function to the k-space data, the image can be
convolved via the Fourier transform of this known function in the image domain. In §ilgna
a sine-bell-squared filter is applied to the k-space data. The certés fitteér is shifted to
correspond to the center of k-space which is the center of the echo signal asnaghiplied
filter benefits MRI imaging by increasing the SNR through reduction oendiowever, the

drawback of filtering is a loss of resolution through blurring of the image. 8hemns are

119



designed to improve SNR, others improve resolution, and some are a compromise of both.

Figure A.61 illustrates the macro for 1D SE imaging of a 500 ml solution of 3 mMidope
water with copper. Since doped water is usegahl T, values are shortened, polarization time
and echo time are reduced as well, resulting in a shorter experiment time. [dgeviiaow is

similar to GE macro except that phase cycle is added.
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Figure A.61 1D SE macro of a 500 ml aqueous CuSO4

Figure A.62 illustrates the plots for 1D SE imaging of a 500 ml solution of 3 mM doped
water with copper in X, Y, and Z orientation with and without filter. For exampleapaf
Figure A.62 demonstrates the use of a filter in the X orientation while i ptre same
experiment was run without applying a filter. By comparing experimentsdd))ac) and d), or

e) and f) filtering results in a smoother image. PC of 1D SE filter and nowWdie£9.
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Figure A.62 Plots of 1D SE images of 500 ml aqueoGs1ISO4
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A.10 Spin Echo Magnetic Resonance Imaging in 2D ar@D

In order to accomplish a 2D spin-echo image, a phase gradient is applidbeafte
excitation pulse for 50 ms corresponding to the duration,gf TThe phase dimension in
k-space is sampled by obtaining spin-echo signals for each distinct vaheepbfase gradient.

Also, a lower resolution imaging is preferred to evaluate the imageyquiatitver
resolution helps because the signal which was in N data points in the 1D expesinmmmt i

spread over N so the extra N experiments help a bit, but at the same time it introduees ext

noise, so we are stifN worse off than in the 1D case if the resolution is kept the same.
While the experiment is running, one can quickly determine whether the imadpe will
good or not. At any time the experiment can be terminated by pressistgphautton.

Additional accumulations may be required if the SNR is poor.
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A.10.1 Phase Cycling in Spin Echo Imaging

Phase cycling is used in Spin Echo imaging to cancel any signal from the 99° puls
which has not decayed by the time of data acquisition. Also any signal frordeari80°
pulse which may act as an excitation pulse as well as an inversion pulsenhdnsogeneous or
not exactly 180° could be improved by phase cycling. Phase cycling involves the ntamipula
of the phase of the RF pulses in successive signal acquisitions such that dgsalad s
combined constructively whereas signals arising from system irgede are combined
destructively.

In the rotating frame the transverse plane, X'Y’, rotates about the longitualtieetion
(Z or the Earth’s field direction) at the Larmor frequency. Also, theuse is an oscillating
magnetic field with a frequency equal to the Larmor frequency of the sanfpis pulse ideally
should be perpendicular to the Earth’s field. So, a stationary vector in the trarsaess of the
rotating frame can be used to designate this oscillating magneticFigldre A.63 a) illustrates
a B, pulse oriented along the X’ axis in the rotating frame which tips thetiahgal
magnetization vector, Minto the transverse plane by a tip argjleith a phase of 0° and 3
cycles. The relative phase between theuse and the transverse magnetization vectgy, is1
90°. Also, as depicted in Figure A.64 a) and b) in these two PC experiments, titie ptlase
between these two excitation pulses is 180°. By considering the rotational fresferece,
the first B pulse is oriented along the X' axis and tips the longitudinal magnetization w@ctor t
the Y’ axis (Figure A.63 c). And the secondilse is oriented along the —X’ axis and tips the
longitudinal magnetization to the —Y’ axis (Figure A.63 d). Consequently, the pi@tes the
transverse magnetization vector,Mabout the Earth’s field vectorgBnduces the NMR signal.

The relative phase between the two acquired FID signals in Figure A.63 e) ad80yf ibecause
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the relative phase of the transverse magnetization vectors in the rotategofreeference is
180°. So, relative phase of an FID signal depends on phase of the excitation pulse.
Therefore, phase cycling provides a chance for distinguishing betweersitesl ddVIR
signal and background interference through the manipulation of the phase ofigadREss
excitation pulses. For example, as seen above, by increasing the pulseyd&®erbsults in
an inversion of the FID signal. As a result, successive 180° RF pulse phaseshtiined
with successive addition and subtraction of the acquired signal result in aaonedf
background interference. This is called coherent noise cancellation whiclexample of a

type of phase cycling.
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Figure A.63 a) and b) are two simulated Bpulses with a relative phase difference of 180°.

B, pulses are along the X’ and —X’ axes in the rotatip frame (c) and (d). In (c) the Bpulse along X' excites a
transverse magnetization along Y'. In (d) the Bpulse along —X’ excites a transverse magnetizatialong —Y'.
The NMR signal from these two excitations is 180°ub of phase relative to each other because they at80°
out of phase in the rotating frame. This is illustated by NMR signals in (e) and (f)

(Magritek, Terranova-MRI Student Guide 2006).
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In the SE imaging, the phase cycle button has options none, 2 step and 4 step. For the 2
step phase cycle to be applied properly, the number of scans must be a multiple of 2thend for
4 step phase cycle the number of scans must be a multiple of 4. This is bechstepesm the
phase cycle corresponds to one scan, so to carry out one complete n step phase pyide, the
sequence must be repeated n times.

Figure A.64 demonstrates the application of the filter as well as phdsdrcac2D SE
imaging of a sample of 500 ml water doped with copper sulfate in the YZ plane. I ipahe
absence of filter and phase cycling, the signal is weak while in part b) irefenpe of the filter
the signal becomes much stronger. Part ¢) and d) present the presence of 2 and 4estep phas
cycling respectively. In both cases the signals are stronger comparemt tn).a)Also, PC of

this series of experiments was 32.

a) No filter, No phase cycle  b) filter, No phase cycle  ¢) filter, 2 step phase cycle  d) filter, 4 step phase cycls
16 16 16 16

’él
N

—
[
—
[
—
[
—
[

Z ()
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o=l S S o e ]
o=l S S o e ]
o=l S S o e ]
o=l S S o e ]
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Figure A.64 2D SE images of 500 ml doped water witdind without filter and Phase cycle
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A.10.2 Orientation

Figure A.65 illustrates the macro for a 2D SE imaging of two phantom tubeslede f
with water as the control versus the other tube filled with a solution of 4 mM Jo6te
purpose of demonstrating the effect of contrasting agents on the signal acquisgioes F
A.66-67 illustrates the corresponding images in the Z direction (medr@riglies were parallel
to the Z axis of the probe) with 16 and 32 matrix sizes in the phase dimension in the bie possi
orientations. Figures A.68-69 illustrates the corresponding images indhection (meaning
the tubes were parallel to the Y axis of the probe) with 16 and 32 matrix sihesphase

dimension in the six possible orientations.

|@ S e EE e dl
Image parameters Fhaze cycle
D-:';E?f":'n Oriettation IW—L| None € Run
D & M atriv zize IT IF 2step v
o FOY (mm) [150 [150 D Stop
Pulze sequence parameters
Palarizing duration [ms] W B andwidth [Hz) |32— Load
B1 frequency [Hz) W Repetition Time [z] |2—
FPhase gradient duration [mz] IED— Mumber of scans |4— Shims
E cho time [mz] W Filter [v  Average |w
Cutput location Help
WWhorking directony ||:Z"-.D ocurments and SettingztMMB\D ezkioph J
Experiment name |2DSE>§Y4mI‘v1 Cutcontrol Zdir Close

i:igure A.65 SE imaging macro of 2 phantom tubes
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Figure A.66 SE images of 4 mM copper versus
control in the Z direction with 16 matrix size

a) SEXY dmMaqCu&control Ziir32

b) SEXZ d1MaqCu& control Zdir32

¢) SEYX dmbMagCu&control Zdir32

e) SEZX dmMagCu&control Zdir32

Figure A.67 SE images of 4 mM copper versus control
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in the Z direction with 32 matrix size
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Figure A.68 SE images of 4 mM copper versus Figure A.69 SE images of 4 mM copper versus
control in the Y direction with 16 matrix size control in the Y direction with 32 matrix size

In addition, Figure A.70 illustrates 1D and 2D image orientations for a 500 né bettl

well as phantom tubes.

Figure A.70 1D and 2D orientations (500 ml bottle ’d phantom tubes)
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Figure A.71 is an example of XY image while the image is being produced. The ma
is written such that the most intense low frequency rows of k-spaceaamgesicbefore the high
frequency rows, which contain fewer signals, so image blurring is obvious. As timaghg

elapses, the image becomes less blurred.

3DSE 500 ml doped H.'El,'}-‘m2

30 i
25 4
T
=
= 2
—
=L 15 5
™ 10 2
5
-4
0

0 5 s 5 m 735 o0
X (nun)

Figure A.71 2D plot of a 3D SE of 500 ml (3mM Cujloped water (matrix size: 32x32x32)

The total 3D imaging time can be quite long if high resolution and a good SNR are
desired. In the following example (Figure A.72-73) a 2.05 hour 32 by 16 by 16 imadg®0f
ml doped water has been collected using 16 scans per line of k-space gmglase cycling.
At the end of the experiment the 3D k-space data is automatically transformedraddrsthe
matrix. Planes from this data set can be displayed using the “plot 3D stiaeso or by using
the “3D iso-surface plot” option in the 3D plot contextual menu (refer to Appendix B).

It is possible to use a second Prospa program to view the progress ofdbeedalata set while
the pulse program is running. Also, it is possible to retrieve old data by lohdiB@ptdata set
“data.3d” stored in the data folder using the macro “import Datédie NMRI menu, and
transforming it using the macro “nD Fourier Transfoiimthe same menu. A view of these
macros is available in Appendix B. The time domain data (k-space) is kepaidd'hwhich is

a 3D data set, whereas “mat3dFt” is a matrix with the image data. Also, epercessing the
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original data set, a filter mimicking the shape of the k-space data ischaed ¢s provided by
the corresponding macro.

The image in Figure A.73 was retrieved by running the “3D iso-surface ptwbina
found in the 3D plot contextual menu. In the iso-surface plot macro, the higher the plotace
number, the more clear a 3D image is, and less noise is present until it eepolir@svhere the
image gets smaller. The lower the surface plot number, the stronger arasnagk as noise is
present until it reaches a point where we get a full box of flakes whemaalge is not
recognized any more.

A description of each SE macro parameter along with parameter limasl@messed on

page 5-20 of the USER GUIDE.

€ 1 SIS ON TEEIE) Lj
Image parameters Phaze cycle
Dimenzion : :
Orientat HTE - Fiun
D - rientation Hons £
o b atrix zize |32 16 16 2atep
4 step f»
D FOW [mm) (200|200 (200 p Stop

Pulze sequence parameters

Polarizing duration [me] |600 Bandwidth [Hz] |64 SEEE
B1 frequency [Hz) |2244 Repetition Time [z] |1.8

Phase gradient duration [ms) |50 Mumber of scans |16 Shirms
Echo time [ms] |280 Filter v  Awverage v
Help

Output lacation

Wwhorking directomy |E:'\Documents and SetiingshzaidehtDeskiop J
Cloze

Experiment name |SEBDX“(ZEDDmISmMCuSDélfiMF'hE

Figure A.72 3D SE macro of 500 ml water doped witu Figure A.73 plot of 3D SE of the sample

The text content of Appendix A is derived from the Terranova-MRI USER MANUAL

and STUDENT GUIDE as well as several personal communications.
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APPENDIX B
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Figure B.2 Comparing FID and spectrum of 500 ml watr doped with 2-4 mM CuSO4
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Sample type CuS0O4
(HM)

pure water

pure water
250
250
500
500
1000
1000
2000
2000
3000
3000
4000
4000

Polarization
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Figure B.3 Copper (ll) Concentration and Polarizaton Duration versus Signal Parameters
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Figure B.4 A comparison of FID and spectrum of a @0 ml water and doped water
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Figure B.5 1D GE macro of a green bell pepp (PC: 20)
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Figure B.6 The probe in the earth direction in room308
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Decimated data (Scan: 4) 1Magnitude image 1DGE pepper X 8-20-08
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Figure B.7 1D GE X orientation plot of thepepper
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Figure B.8 1D GE Y orientation plot of thepepper

Decimated data (Scan: 4) 1Magnitude image 1DGE pepper Z 8-20-08
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Figure B.9 1D GE Z orientation plot of thepepper
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Figure B.10 2D GE macro of a bell pepper
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Figure B.11 2D GE image of the bell pepper
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Figure B.13 2D GE image of the lime
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Figure B.18 Six 2D orientations of 500 ml doped wat (various color modes)

Figure B.19 Doped/plain water contrast (2D surfacelot & various color modes, 2
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3D Spin echo of two 50 ml 3mM
CuS04 phantom tubes in the Z
direction

Bandwith: 32 Hz

Matrix size (X, Y, & Z): 16

FOV (XY, & Z}: 200 mm
Polarizing duration: 500 ms
Echo time: 100 ms

# of scans: 4
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Plump 3D SE/XYZ
PC 28
T1Bp 840 ms
T, 830 ms
Matrix size 32 (16)
Field of view 100 mm
Pol time 1,000 ms
Echo time 200 ms
Bandwidth 32 Hz
# of scans 4
Filter Yes/gaussian
Surface level 15,000
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Figure B.23 2D image of a peach

Figure B.24 3D image of the peach

Pepper 3D SE/XYZ
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T, 820
Matrix size 32
Field of view 150 mm
Pol time 2,000 ms
Echo time 200 ms
Bandwidth 64 Hz
# of scans 4
Filter yes/sinebellsquare
Surface leve 28,000
Sean § Fhose I
Peach 3D SE/XYZ
PC 44
T1Bp 890
T 660
Matrix size 32 (16)
Field of view 120 mm
Pol time 1,000 ms
Echo time 200 ms
Bandwidth 64 Hz
# of scans 4
Filter yes/exponential
Surface level 13,000

140




Figure B.27 3D image of an orange

Carrot 3D SE/XYZ
PC 8
T1Bp 380
To 720
Matrix size 32.16.16 (/2)
Field of view 200 mm
Pol time 1,000 ms
Echo time 200 ms
Bandwidth 64 Hz
# of scans 4
Filter yes/sinebell
Surface level 20,000
Lemon 3D SE/ZYX
PC 4.3
T:Bp 330
T, 470
Matrix size | 32.32.32 (16,8,8)
Field of view 140 mm
Pol time 4,000 ms
Echo time 100 ms
Bandwidth 32 Hz
# of scans 2
Filter yes
Surface level 40,000
Orange 3D SE/XYZ
PC 42
T.B, 1,130
To 1,000
Matrix size 32.16.16 (/2)
Field of view 200 mm
Pol time 1,000 ms
Echo time 200 ms
Bandwidth 32 Hz
# of scans 4
Filter yes/shsinebellsquare

o

Surface level

15,000
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Same apple after being kept in the probe for hours turned brown.

@ 17

& ppp OoE Lo So eaeE

l-space data Scan 4 Phase 0:0

Phase axis
T (mm)

5 10 15 20 25 30 0 20 40 &0 20 100 120 140
Read axis I (ram)

Select reion Real: 32 bv 16

Image parameters

Dimensiot .
Image crientation <2 =

mete; o
S Er e Matiksize [32 [16 |16
Gradient parameters Expetiment parameters .
o= Field of Yiews [rr) [160 [160 [150 51
elevation = -4, aaimuth = 350.5 bwist = 0.0 distance = POV o] G (WT/m) | (mé) Shines -
@ Readdimersion [< 1500 45 56 01 Polaridng cal dulycycle: S00% Pulse sequence parameters
0 50 188 01 Gradisnt orientation %77
o radient arientalion Polarzing duration (me] [1500 B andvwidth (Hz] [32 —
Phase dimension [v}, 1500 251 908 81 Total experiment time
= |2 29|28 gém| || | sicdnesinz; 1500 251 sgs g || [Pecessngnotincudsd: 05112 B1 frequency (Hz] [2237.5 Repetiion Time (5] [3
Phase gradient duration (ms] [50 Number of seans |4 Shims
Decimated data (Scan: 4) Output files
. gs\NMR\Deskiop\NMR Data\SE 3DVIDGEXTZhrownapplehacau. par Echo time (ms] |100 Fiter b7 Average b
e D daop MR DatehSESDVIDBE Y Zorcdera Cancel Help
@ DOutput lacation
T o — - ————— | wokingdhectory [Docemerts and Seffng A Desk o, [al] ,
- jose
~ [ oI
Mame |3DGEXYZbr + Sm':IZ ::: - N in plmgﬁgg Experiment name  |3DGEXYZbiownapple
o it soales & | | Clearplet i C:~Dacun
Masimum value: 5 fe+004 Filted aes with scales v N 5
et & Dow - A ] ###88 Gradient—echo Inaging #HEEE
Box Colour Raw data copied to matriz '3DGEXYZbrownapple’

Processed data copied to matriz ' 3DGEXYZbrownappleproc’

Isosuiface details Ares label range:
Plat

Surface ,—
CUI [ =l - Hel | PO T e e T
suwecis [l | oF A TS 6 ST
itz S
transparency m J Real: 32 points
% EE Y 4 7 =amacmEr) % &0 Prospa V2.1 /&8 fisDic 1 Best Online .., q':,,,.: 11541 AM
Figure B.29 3D image of a heated apple

Rav data sawed to:
C:~Documents and Settings HMR~Desktop~HMR Data~GE3D~3IDGEXLVZbrow:

143



T B

___”—I_T._r':”..-_L”—E

or 2
. . i =2
celeries on x-axis 4 z B

3D spin echo of 3 sticks of
celery on Y-axis
Bandwith: 32 Hz

Matrix size (X): 32

Matrix size (Y & Z): 16

FOV (X,Y, & Z): 200 mm
Polarization duration: 2000 ms
Echo time: 100 ms

# of scans: 4

Figure B.30 Six 3D SE orientations of 3 sticksf celery
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Figure B.35 Six orientations of potatoman fromretrieved data
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Mo filter, surface level: 25,000 Exponential filter, surface level: 8,000

sinebellsquared filter, surface level: 12,000 sinebell filter, surface level: 20,000

Gaussian filter, surface level: 9,000 Shzinebellzquared filter, surface level: 14,000

Figure B.41 Same Erlenmeyftask with different filters
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Figure B.42 Six orientations of Erlenmesr flask from retrieved data
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APPENDIX C

Pulse and collect plus relaxation time constants of some samples:

Sample PC(uV/Hz) | T1B.(ms) | T1B,(ms) T2 (ms)
500 ml water 4000 ms 100-150 = 2000 = 2000 = 2000
500 ml water 500 ms 28
500 ml ag 0.25 mM CuSO4 4000&500 ms 150&50 1320+ 30 1360 = 30 1270+ 30
500 mlag 0.5 mM CuSO4 4000&500 ms 98&45 840 + 40 860 + 30 870+30
500 mlag 1 mM CuSO4 4000&500 ms 70&50 530+ 20 560 + 10 590 + 30
500 ml ag 2 mM CuSO4 4000&500 ms 40&36 29020 320+30 37020
500 ml ag 3 mM CuS04 pol time 4000&500 ms 28&26 185 +7 185+ 7 192 +9
500 ml ag 3mM CuS04 pol time 1000-ms 27-28 178 £ 4 178 £ 4 170+ 10
500 ml ag 4 mM Cu pol time 4000&500 ms 17.5&17.5 124 15 124 +5 120+ 20
2 tubes of water 37
2 tubes of ag 3 mM CuS04 4000 ms&600 ms 7.5&7.7
2 tubes of ag 3 mM Cu & water 4000 ms 23
2 tubes of ag 3 mM Cu & water 4000&600 ms 14.4&88
500 ml oil 9 190 £ 20 84+7 not possible
2 tubes of ag 3mM Cu & mesquite 5.6
2 tubes of ag 3 mM Cu & parsley 5
2 tubes of ag 3 mM Cu & soybean 7
Celery tubes 4 mM Cu & control after 3days 5
Soybean tubes 0.25 mM Cu & control (stems) 7
Soybean tubes 0.5 mM&control (leaves&roots) 4
3.6
mesquite tubes 0.25 mM Cu & control 4.5
Cilantro tubes 4mM Cu & control 20hrs 5
green apple 42 1200 £ 30 1120+ 20
green apple after autoshim 49
brown apple 25 690 + 30 460 + 20
peach 44 890 + 30 660 + 40
plump 28 840 + 40 830+ 60
orange 42 1000 + 100 1130+ 60
peeled orange 25 1010+ 70 1000 £ 60
lemon 4.3 330+ 20 470 £ 60
carrot 6.6 380 +30 720 + 100
pepper 39 1130+ 40 820 £ 60
potato 20-30 360 £50 490 £ 10
little person 215 780 + 40 700 + 20
500 ml packed parsley barely 1 430 + 40 640 + 60
500 ml packed celery 13 680 + 60 900 + 100
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