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ABSTRACT
Development of a Functional MRI Olfactory Protocol
by
Jeremy Mangum
Dr. Phillip W Patton Examination Committee Chair
Associate Professor of Health Physics and Diagnostic Sciences
University of Nevada, Las Vegas

Many people can spend a few days with an acute form of sinasgisiffy nose,
or sinus congestion that inhibits their ability to smell, but theeefaurteen million
Americans over the age of fifty that suffer from some faofichronic olfactory
dysfunction. Some neurological disorders such as Parkinson’seligedsAlzheimer’s
disease have demonstrated that olfactory dysfunction is a freguuemrtarly sign. While
these diseases have no known cure, there are medicines th&d skast the progression
of such debilitating ilinesses. By identifying such diseasdbaim early stages, we can
improve the quality of life for millions of people throughout the world.

This research project will begin to open the doors for more invdstigato the
relationship of olfaction and Parkinson’s disease, Alzheimer’s skseand even epilepsy
by the development of an fMRI olfactory stimulation protocol. Thi®tocol

successfully identified the olfactory regions of the brain of normal patients

Keywords: functional MR, olfactory, BOLD imaging
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CHAPTER 1
INTRODUCTION

For years the brain has been imaged through different modaldieanalyze
structure, size, shape, and function. The most recent, brain functiomdhasced
further than any other in recent years. Scientists and résesralike are constantly
trying to understand how and where the brain is able to compretetdprocess
information from different stimuli. By identifying what areatkthe brain are activated
for a given stimulus, we may better understand how the mind works.wiWalso be
able to better determine the brain’s functional capabilif@owing neurosurgery,
therapeutic treatments, or traumatic events.

The olfactory system is currently a focused area of studyedical imaging, and
the subject to which most of my research is focused. In 2004 the Roizel in
Physiology or Medicine was given to Drs. Richard Axel and LiBdek, for their
discoveries of odorant receptors and the organization of the olfactory systeei fize
2007). Their research opened the eyes of science to a bigger wodlactory
stimulation and processing (Shepherd 2006). It gave better exptenas to how and
why we smell, especially explaining such concepts on the microcellular level

Sniffing something is a way to enhance a scent or better igewiiét it is one
smells. Air entering the nasal cavity stimulates olfgcteceptors which in turn send
signals to the brain (Marieb 2001). Research shows that wevall dmailar areas of
detection in the brain, yet receptor sites vary from persqretson (Machielsen et al.
2000; Schafer et al. 2006; Weismann et al. 2006). This createsiltiés when trying to

image and compare areas of olfaction with fMRI against other subjects.



Neurological function as a response to stimulus involves a congaigabcess
that is only beginning to be understood. With the advent of functionahetiag
resonance imaging (fMRI), more and more information is beindenavailable. The
background ideas for what is known today as fMRI dates back tatdd' century.
The concept that neuronal activity is reflected from the regioagebral blood flow
(CBF) came about from experiments done in 1890 by Roy and Sherr(d§@®). Their
discoveries helped to show, what came to be the basis for atidyeamic-based brain
imaging, that neuronal activity can be related directly toitloeeases in CBF (Faro
2006). The ability that we have to image brain function with magmeBonance
imaging (MRI) relies on the ability to detect changes in deaxygtobin (dHb)
concentrations in the brain. These changes make it possible temerdl a naturally
produced contrast to enhance MRI images. This contrast is the venooad bl
oxygenation level-dependent (BOLD) contrast (Price et al. 200R2)relies on the
changes in dHb concentrations to augment neuronal activitg ¢e96). Applying this
concept with the ability of standard MRI to distinguish cerebrgibres, we are able to
increase our knowledge of how and where the brain processes intorrfratn various
stimuli.

Along with the aforementioned work, researchers have shown thatifMREful
in measuring the functionality of various regions of the brain, buvtiat extent in
olfaction is yet to be fully understood. Previous research hasefdaus other senses,
such as the visual and auditory (Kamitani 2005; Liu 2005; Gomot 2006). |kfery
research exists on the repeatability and quantification of olfacesponse. Due to

multiple factors affecting the sense of smell, the olfgcfmocess is one of the most



complex senses in our bodies. We have seen differences in the& lsystems (where
the olfaction structures are located) of male and femaleci@Balgueras et al. 2006).
Tests have been done to see if reading the names of odors orveidestisnulate the
desired sites (Gonzalez et al. 2006). Imaging patients withees open versus eyes
closed gives different responses for olfactory and gustatory pexcé®/eismann et al.
2006).

One of the biggest areas of olfactory research involves thosesuifer from
neurological disorders. Early detection of olfactory dysfunction ba a sign of
neurological disorders such as Alzheimer's (AD) and Parkinson’'sasis§PD)
(Huttenbrink 1995; Mueller et al. 2005; Bohnen et al. 2007; Tolosa et al..28063arly
sign of AD and PD is one losing the ability to smell or recogrszents. These
discoveries along with the idea that some smells may acta@lyn stopping seizures
have been an area of research for years (Whitfield and Stoddard \\884) has also
been done to see how olfactory areas are affected by severeswrad (De Kruijk et al.
2003; Green et al. 2003). Knowing that smell and taste are retaten, researchers
have been studying relationships between these internal actiaatias and the olfactory
and trigeminal nerves (Rozin 1982; Shepherd 2006; lannilli et al. 2007)h bfuthe
repeatability studies have been done with rats, while those done on htypzadly

compared one person to another.

The Olfactory Process
Smell, also called olfaction, is the detection and identificaipisensory organs

of airborne chemicals (Encyclopedia Britannica 2007). This deteptocess originates



in the olfactory epithelium found in the roof of the nasal cavity. tfeioto be detected,
the substance must be in a gaseous form and soluble in water upongettternasal
cavity. The solubility is important in the odor reception processause the olfactory
epithelium is coated with a fluid or mucus (Shepherd 2006). This ¢dymucus is the
medium where odor molecules, odorants, are dissolved. Once dissolveointhéy an
odorant binding protein, OBP, which are thought to facilitate the sa$fodorants to
the receptor (Jacob 2007). Once broken down in the mucosa, the moleaudds t
through the epithelium, through the cribriform plate, and into the cerebiuene it
follows the path of the olfactory tract. Located in the mucosheblfactory epithelium
are tiny cilia. These cilia interact with the odorant molesw@nd begin the transmission
processes for detection. Cilia are actually the end fiberthefolfactory receptor
neurons. Each neuron has 8-20 cilia, all of which range in length3@aim 200 microns
(Leffingwell 1999). The olfactory receptor neurons are locatethé base epithelial
layer. At the other end of these neurons are found the axons. Theleavashe
epithelium and extend through the cribriform plate and into contahtthe olfactory
bulbs. The axons converge and combine with cells to form glomerulultiphé
glomeruli then converge into mitral cells. Figure 1.1 shows a rema®n of an
olfactory receptor neuron located within the basal cell witha allipping into the
olfactory mucus. This convergence increases the sensitivitlyeoinformation that is
sent to the brain for processing. Odor or smell information is sent from theoffaalb
to the amygdala via the olfactory nerve tracts. Informatiothé&n processed and
interpreted by the brain. The olfactory nerve can be consideredetive of smell.

Cranial nerve #1, CN1, the olfactory nerve, is one of only two neesrising from the



brainstem, the other being the optic nerve, or cranial nerve #2, QiNgafitlo 2004).
CNL1 is actually the unification of small nerve bundles from tkena of the olfactory
neurosensory cells. The olfactory nerve consists of small bundlés] &la; it is these
bundles that pass through the cribriform plate of the ethmoid bone and ehd in

olfactory bulb (Voron 2006).

Olfactory Bulb __|

o Axon
Cribriform Plate =

Sensory Neuron

Nasal Epithelium ___|
supporting cells
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Nasal Cavity: o LIRS Mia: Binding site for

Mucosal Layer | ’ | - passing molecules

Figure 1.1. Olfactory receptor neuron.

The olfactory epithelium also contains nerve endings from tgentinal nerve.

The trigeminal nerve is the largest cranial nerve and nresble for pressure, pain, and



temperature sensations in the mouth, eyes, and nasal cavities. Upon smellisgestasie
we may respond by saying that the smell was hot, cold, causédgjnay even gave a

sense of irritation. These responses are due to the interactibrtbevodorant chemicals
and the trigeminal nerve endings, which detect caustic chenscals as ammonia
(Vokshoor 2006). Because of such interactions, various “non-smell’deda¢as of the

brain may respond in functional neuroanatomical studies.

Imaging of the olfactory stimulated regions may also be rooneplicated when
considering that there exists a dual form or origin of odorant mielec This means that
our ability to smell is not solely based on the odors entehirmugh the nostrils of the
nasal cavities. Scents that enter by way of our mouths thrbeddd we eat or liquids
we drink also have a way of stimulating our olfactory receptoramsur These two
origins have been referred to as orthonasal and retronasal attomu(Rozin 1982;
Shepherd 2006). Orthonasal stimulation is through the process ofmgndhd
stimulating the cilia of the epithelium. This is how we perceodgors in the
environment. Retronasal stimulation occurs when we are eating foedain volatile,
gaseous, molecules from the food are circulated up the nasopharyageal as we
chew and breathe in the mastication process. Retronasal stimutsrefore originates
in the back of the oral cavity and not in the exterior environment. i3 kwbere much of
our sense of flavor recognition originates. Thus a large pdiawadr is actually due to
smell, or olfactory recognition. The retronasal process isheosame as the sense of
taste. It is merely another way to describe the originatiorlatile molecules that pass
through the nasal cavity. Taste is the sensation produced lbydust applied to the

gustatory nerve endings in the tongue (Children’s HL 2007).



The brain’s ability to smell is very complex and also diffidol research. Any
given odor can contain hundreds of different chemicals. Humans aréoadiktinguish
an average of 10,000 chemicals (Marieb 2001). The olfactory systemndbgsst
identify smells; it also regulates a wide range of multfplections such as physiological
regulation, emotional response, reproductive functions, and social behéieds®
2005). This is in part due to the localization of the olfact@gts, see Fig. 1.2. They
incorporate themselves with the limbic system, which is known tinba&ved with

aggression, sexual behavior, memory, learning, and emotional responses in general
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The olfactory tracts pass underneath the frontal lobe and connedtrocture
called the amygdala to bring information on the sense of smélétibmbic system. The
amygdala is a mass of gray matter in the anterior mpdréibn of the temporal lobe and
is partly concerned with olfactory reflexes and aggressive or sexual behavi

The idea that the olfactory system is connected to the anaygdaich has a
correlation with sexual behavior, also leads to questions relatitigetunderstanding of
male versus female results in olfactory testing. It has lsb®wn that the olfactory
system is indeed a sexually dimorphic system (Garcia-Falgu006). This system is
anatomically different between the two sexes and may therefuse a theory that they

may also be physiologically different.

Physics of MRI / fMRI

Detecting and analyzing magnetic signals has been studiedsesdly since the
1940’s to further medical and physiological advancements (Bushberg. 280#)netic
imaging does not involve ionizing radiation. Magnetic propergsslt from the motion
of electrons in matter. Molecules and atoms contain electrohsat@agpositioned in
orbitals. These electrons may be paired (no magnetic fieldppaired (a magnetic field
exists). When a material is placed in a magnetic fiel&extent of magnetization can be
described by magnetic susceptibility. Three categories &xistefine the magnetic
susceptibility, they are: diamagnetic, paramagnetic, anonf@gnetic. Most organic
materials and water are examples of diamagnetic mateffddsy have slightly negative
susceptibility and oppose the magnetic fields (Bushberg 2002). &gmatic materials

will enhance a local magnetic field, but they in and of themselves have nabktesslf-



magnetism, medium susceptibility. Examples of paramagnetterrals would include
molecular state oxygen £§) and gadolinium-based contrast agents. Materials which are
said to be ferromagnetic increase substantially the magheli; they have a high
susceptibility. Ferromagnetic materials include cobalt, iron, and nickel.

A hydrogen nucleus is often referred to and will be refetoetiereafter as a
proton. Protons have an associaggith. As a spinning charged patrticle, it also produces
a magnetic force. Each proton creates a tiny magnetdt dedled a magnetic moment.
Detection comes from measuring the protons in large numbers. Tlerengy in tissue
randomizes the direction of the spin. Once placed in a strong éxteagaetic field the
protons align with the applied field in one of two states, parallel or antglgthk higher
energy field). The energy separation of these two magrstdies increases with
magnetic field strength (Bushberg 2002). Those protons that hayeetitamoments in
line with the magnetic field have an energy state that isrltivea those aligned opposite
the magnetic field. The excess nuclei in the lower energy determine the overall net
magnetization of a patient.

In classical physics we say that the applied magnetit é@uses the protons to
experience a torque similar to when a spinning top wobbles becatise grfavitational
force. The rotating characteristic that can be described asbble is called the
precession. This term comes about because they are actuatitedrat an angle to the
magnetic field and thus precess around it. Visually repredetitis precession would

appear as a cone around the bulk net magnetization. The frequency of preogssam,

be calculated using the Larmor equation (Bushberg 2002):

W, =y* B, (Eg. 2.1)



where B is the strength of the external magnetic field in tesjaafy is a constant and
unique for each type of nucleus, known as the gyromagnetic ratio.

The above description is the classical description of magmeticents, and when
analyzed deeper, isn't completely accurate. Quantum mech#inegs a more accurate
description of what occurs with magnetic moments and theiraictien with a magnetic
field. Every nucleus has a quantity callggn. The spin value is quantized in half-
integer units called spin quantum numbers. This number dictates ofiame MR
properties of a given nuclear group, and limits the number of wayscleus can spin.
The nuclear magnetic moment is the magnetic field associated with the spinning charged
particle (Bushong 2003). Hendee and Ritenour tell us “In the reditdre atom, where
distances are small and the ‘discreteness’ of energy lewmelsangular momentum is
apparent, it is not possible to predict the exact behavior of individitahs with
certainty” (2002). Because angular momentum and energy aiabdean discrete
values, or precise allowed states of spin, the image of a top spismiogthly on the
table surface isn't exactly true. Quantum mechanics alsosrefg@ohotons or packets of
electromagnetic energy instead of using the term “waveasst ak Bushberg gave us the
Larmor equation (Eq. 2.1) to calculate the frequency of the integaadio wave, the
guantum model provides an equation to calculate the energy of the photornthgsing
determined Larmor frequency. This equation is given as:

E = hf (Eq. 2.2)
whereE is the energy of the photohn,is Planck’s constant, 4.14 x 10-15 eV-sec; aisd

the Larmor frequency measured in Hertz, or cycles per secondiéeleand Ritenour

10



2002). This energy calculation tells us how much energy is requireause transition
between low and high energy states.

The precessional frequency, also known as the Larmor frequencypfotam is
42.58 MHz in a 1-T magnetic field (Bushberg 2002). For the 3-T ntigginedd used in
this study, the precessional frequency for the proton is 127.7 MHz.

To begin acquisition of images, radiofrequency (RF) pulses arénserat patient
located within the magnet. These are short bursts of @eagnetic waves sent in to
disturb the alignment of the protons. Only RF pulses equal to tineokdrequency will
exchange energy and cause a change in proton alignment. Tlaescthe net
magnetization to flip toward the transverse plane, resultirg decrease in longitudinal
magnetization (Schild 1992). The hydrogen nuclei are then aligyedsa the magnetic
field in the anti-parallel position, and precess “in-phase”. Onceulse is switched off,
the whole system begins to revert back to its original positiidre recently formed net
transverse magnetization disappears, and longitudinal magnetizationsréSchild
1992). The net magnetization vector, M, rotates by a specifiandistor angle. The
degree to which the RF pulse displaces the net magnetization frectothe Z axis is
known as the flip angle. The RF pulses used in MR imaging arechéon their flip
angles. An 180RF pulse causes a flip angle of 188nd the same relationship holds
true for a 98 RF pulse. The movement of the vector, M, in the transverse plane
produces a voltage in the receiver coil. As M returns to equilibrinensignal weakens,
or decays. This decay is known as the Free Induction Decay, (&fhd)is the signal
itself produced from the excited hydrogen atoms (ICPME 2001). ddmsalso be

described in terms of quantum mechanics. When a system of nuplearis at

11



equilibrium with the external magnetic field, electromagnegtdiation, when introduced,
will disturb the population and nuclei of a lower energy state abberlertergy. This
causes them to excite into the higher energy state. Asteiggized group of nuclei
slowly return to their original groups, an observed signal is edhittnown as the MR
signal (Bushong 2003).

The time required for the longitudinal magnetization to recovelescribed by
the longitudinal relaxation time,;Talso known as spin-lattice-relaxation. This is not an
accurate measure of time per proton, but a description of tintbdowvhole process to
occur. Another time constant, known as the transversal relaxetienT, or spin-spin-
relaxation and is due to the proton precessing at slightly eliffeirequencies. This
relaxation coupled with the inhomogeneities of the magnet causdDhi® decay more
quickly (T,). The differences in i T», and B* are what provide the high contrast in
MRI and are important when considering what needs to be seen ingineed images
(Bushberg 2002). qTis very dependent on the make-up of the tissue and its structure.
Water, for example, has a long Value, because the smaller water molecules move very
rapidly and energy exchange is difficult. The more median siz#écules contained in
the lattice, the shorter the. T An example of a short;Twould be fat tissue. Energy is
transferred to the lattice very efficiently because of thega®on of the carbon bonds at
the ends of fatty acids. ;Trelaxation occurs because protons diphase due to the local
magnetic field differences. Larger differences in locagnetic fields cause larger
differences in local precessional frequencies. Protons deplsise dae to these larger

differences, which in turn leads to a shorter T
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A series of RF pulses is called a pulse sequence. The choite giulse
sequence will determine what tissues will have large or sigglal intensity. There are
three types of images that are most common in MR imaging;ateef-weighted, -
weighted, and spin density weighted. When choosing which one prodieceedired
image content, one must determine if tissue contrasts aresdmstby T, T, or spin
density. By using different combinations of TR and TE, one can emphdifferences
in the tissue contrast of the acquired images.

There is a direct correlation with blood flow and the body’s dtsji or response
to external stimuli. It was discovered in 1990 by Ogawa and goléesaat the AT&T
Bell Laboratories that mapping brain function was possible by ubegenous blood
oxygenation level-dependent (BOLD) MRI contrast (Faro 2006). dsisthanges in
tissue composition lead to;,TT,, or spin density weighted images, the changes in
concentration of deoxyhemoglobin (dHb) levels in the blood, change the isitgamesity
received in MR imaging. The dHb acts as a paramagnatitast agent, and since it is
already found within the body, it is considered endogenous. The ideangfwisat the
body already provides creates a way of imaging functionalitipadlized brain areas
without the need to inject an exogenous contrasting agent. The UseROLD signal
technique to image neuronal response has come to be the basis fos whatvh as
fMRI (Price et al. 2002).

It is important to note that only venous blood can contribute to activiatimiced
changes when dealing with the BOLD contrast (Faro 2006). The véhood is the
blood that contains deoxyhemoglobin; it is the blood returning to the héart

circulating through the arterial system, and constitutes 75&teototal blood volume in
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the body (Faro 2006). While a strong signal originates from the védmood supply (an
intravascular component), it is also known that the gradient-echo B€irirast or
signals also arise from extravascular components.

The largest source of extravascular signal contribution is fronwv#ter in tissue
surrounding the blood vessels, with a greater local response fronargex Vessels.
Smaller vessels also give a response, but because they dréhengignal received
involves a dynamic average over many different fields (Frahm 19849.larger vessels
have a dynamic average over a local position. This is due todhé& during echo
time in fMRI, water molecules are known to diffuse ~m, creating a dominant
dephasing effect. Many fMRI images of neuronal brain actiwit}y have non-site
specific areas of activation, mostly due to the larger dravémgs. At higher magnetic
fields, the venous related signals can be minimized; this comgeesrapatial specificity.
Gradient-echo pulse sequences are used in fMRI to increase the semsithvipystem.

Two forms of resolution need to be discussed when dealing with fMREse
two areas of interest are temporal and spatial resolution (@7; Menon 1999; Faro
2006). One issue of concern is that of the draining veins. Snmlllacas drain into
larger vessels which may create an additive effect of thelB6ignal. This may be
compounded on top of the signal due to the amount of blood in the draining vagn bei
significantly larger than that of its relative capillarieshese effects are contributors to
spatial misregistration. It is this spatial misregtstrathat can cause a signal to appear
outside of the suspected area of activity, or even outside of therextqguiage (Faro
2006). The use of higher field strengths will also reduce conwitsiirom the venous

system when compared to the areas of true cortical activity.
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Spatial resolution is not only dependent on signal-to-noise ratio 3MRalso to
hemodynamic response (Faro 2006). Even though images may be obtaihdd thec
body’s hemodynamic response is relatively slow. Hemodynagsigonses can appear
anywhere from one to two seconds post stimulation. These resporee \tary
proportionally with a person’s age. Temporal resolution is limitedthH®ge factors
mostly because the majority of acquisitions are performedyusiblock design. The
block designs, or patterns, repeat themselves in cycles, oftenlomighstimulation
phases.

Identifying prominent areas of olfactory reception by crea@ngractical and
simple imaging protocol is what my research emphasizes.imaljing was completed
using a Philips 3-T MR Spectrometer.

Our goal is to develop a consistent quantitative study to deterhiM&I1 can be
used effectively for the diagnosis of olfactory dysfunction Theselts may lead to
better quantification of the areas of the brain that have the sstoacfésation regions in

a given population.
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CHAPTER 2
MATERIALS AND METHODS

This study was performed with IRB approval and was HIPAA compliant.

Research of olfactory neurological response is difficult due to vidm®ous
anatomical parts of the brain that are involved in the smellegsodn addition to
responses not due to olfactory stimulation which may occur duringdme $he position
and comfort level of the patient being imaged are factors that had to bertekaendount
while imaging neurological responses, as the brain is reaagrezdiversity of external
stimuli within the same time frame. A Philips 3-Tesla Mpectrometer was used to
acquire all images in this study (Fig 2.1). Like all closed M&dnners, it consists of a
long narrow bore in which the patient was placed. Each patiemnegdged head first in
the supine position. The individual was given a set of sponge-likplegs that were
placed inside the external auditory canal, with a pair of headphcamesdpbver the ears
to further minimize distraction from the loud noises incurred fromnmeutinction of the
MR scanner. Extensive functional MRI research has been done ciidslgband 1.5-

Tesla scanners, with very little work done on 3-Tesla systems.
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Figure 2.1 The Philips 3-Tesla MR scanner at NIC-Rainbow, Las Vegas, Nevada

The patient was positioned as comfortable as possible; which idcltiee
placement of a triangle wedge under the knees for proper aligranéntomfort of the
spinal column, and a blanket to keep warm if requested. Once positaan8e;hannel
head coil was placed over the head. To minimize unwanted extenmali,seach patient
was asked to lay still, eyes shut, with their hands positioned, edhreir sides, or
resting together on the abdomen. By keeping the hands down anddydlzeeorain's
sensory-motor responses were minimized. Visual stimulatioma@mized by shutting
the eyes throughout the length of the scan and by turning offitdraal light of the MR
scanner. Auditory stimulation was decreased with the aid of fhecew's; first the use of
internally placed ear plugs, second the use of external headphodéasjrd the use of
white noise, or static, transmitted through the earphones. The gedbvkeep all non-

olfactory stimuli to a minimum as much as physically possible.
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Delivery Device Devel opment

The first task was to create an apparatus that could deiesared scents to the
subject’s nasal passageways. The device could not be too cumbersibeat the same
time, meeting the demands of the physical characteristics3efesla magnet. It is a
common practice in healthcare to use nasal canulas, or oxygen foasks,delivery of
oxygen to patients who are not breathing adequately on their own. Oxydesavansin
size and shape, as well as in functional characteristics. B@asies allow air to circulate
freely in front of the nasal and oral cavities, while some farcentrolled amount of air
into the nasal passages. Nasal canulas provide the most spaieateffay of delivery,
but we realized a discrepancy in how to deliver multiple scémtaigh a single line
without cross-contamination. We began our delivery of oxygenatedthithe use of an
oxygen mask connected to a PVC adapter that permitted the placeinghree
independent oxygen tubes, see Fig. 2.2. Two of the oxygen lines were ussktet in

desired scents, while the remaining line allowed for the dglieérfresh, unscented

oxygen.

Figure 2.2 Delivery Mask with three separate oxygen lines enteringgtheo®VC
adapter.
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The two oxygen tubes that were isolated for the flow of scents were connedited, at

other end, to a small box made of PVC, (Fig. 2.3), which housed the chosen scents.

Figure 2.3 Scent-containing Boxes. The oxygen enters through the side inlets, mixe
with the scents contained inside, and then exits to the patient through the outléom the

Inside the boxes were placed multiple 2x2 gauzes that had beesteshtwith a liquid
form of a desired fragrance. Each box had an entry port placed lid floe incoming
unscented oxygen as well as an exit port for the outgoing scentgdroxThe individual
scents themselves were administered in an alternating pafféisa.was done with the
idea that too much of one scent may saturate or overwhelm theoplfaeceptors.
Between alternating scent patterns, a period of pure oxygemtmaduced to try to clear
out residual or lingering scent in hopes that the receptors could be stimulateddigpeat
The flow of oxygen in the tubing from the oxygen tank to the scent boass w
controlled by a valve that was connected to a filter. This ohafiter was placed in the

entry tubing of the oxygen line to filter out any scent origngatrom the oxygen itself.
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This filter was placed just beneath the regulatory valve, E4 The valve made it
possible to direct the air flow into the scent-containing PVC hare®petitive cycles;

thus controlling the input of oxygen each box received, which diredtlcted the

amount and time of scent administration. The main flow of oxyges negulated at a
flow rate of 2.0 liters per minute (Lpm). The overall deliveygle followed this path:

oxygen was released from an MRI compatible oxygen tank, flowaxd through the
charcoal filter to the control valve. The control valve was mé&nogplerated to release
oxygen at specified times to the scent-containing boxes. Thelswag had the carbon-
fillered oxygen blown into them through standard oxygen tubing. Trheiraulated

within the box, mixing with its respective stimulus odors, before iheathrough an exit
tube in the lid. The oxygen left the box, carrying with it Brparticles of the contained
scented liquid, and traveled to the delivery device affixed to Hmadrof the 8-channel
head coil. The oxygen and stimuli were forced to the containediasele the mask,
where it was taken in and processed by the receptor sites brdin. The overall set-up

can be visualized in computer-generated form, Fig. 2.5, below.

Figure 2.4 Control valve with charcoal filter that filters theoming air from the oxygen
tank. The two oxygen tubes leaving the through the side of the, \cilaanel the air
flow to the scent boxes.
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Figure 2.5 Delivery Set-up showing the path oxygen takes fronatike through the air
valve, into the scent boxes, and finally to the patient via an air mask or delivery. device

Other devices were developed that could accept multiple delinery dnd yet be
modest and accommodating in size and shape. These devices webadeV/C and
tested in different styles. The idea behind them was the aartiee breathing mask; to
allow multiple lines of scent delivery to the nasal passagesrehting these devices, the
advantages and disadvantages of each piece were considere2l6 Bigpws an example
of a delivery device that could be positioned in front of the patiefitroly biting down
on an extension at its base. Four intake holes are located on thefsiie device for
the placement of oxygen tubing. The airflow would be directed in thrthaysides and
then forced out through the top. The exit holes included a slanted flooh wirected

the flow of air toward the subject’s nose.
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Figure 2.6 Delivery device with superior air release and pl&ié to position the device
directly in front of the nasal passages. The oxygen tubes ent\tive through the two
round holes located on each side.

Another PVC delivery device created was formed with the idatit could be
connected to a head band, or piece of elastic, and secured to itm, gat being
wrapped around the head similar to the oxygen mask. Oxygen tubes evaeidin
through the side openings and exit through the top exit holes, forcirzgrtbet into the
nasal passages. It would rest between the patient’'s upper lihedde of the nose.
This device is seen in Fig. 2.7 without the elastic stringlaéthc The flooring of the exit

holes is sloped out to help direct the flow of air into the nostrils.
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Figure 2.7 Secured scent delivery device with places to secuwlastit string at each
side. The elastic would then wrap around the patient’s head, keepewyitly in place
between the upper lip and the base of the nose. The oxygen tubdbrenigh the sides
and air is released through the top exit holes.

A third compact delivery device was developed with the ided the device
could be secured to the head coil and not come in direct contactheigubject being
imaged. It was designed with the same purpose, but included flovtedirexit canals
aimed toward the nasal passages. Figure. 2.8 shows this deaded pin the midline
cross-bar of the MRI head coil. The oxygen tubes enter throughotiteof the device,
which allows them to be directed to the rear of the scanhereathe oxygen source and
scent boxes are located. The device was secured to the heayl wsiihg a small sample
of plumber’s putty to keep it from sliding or repositioning itselthathe motion of the
bed in and out of the scanner. Placing the scents in the gagtiof respiration was
designed to increase the chances of recognizing and quantiégegtor site stimulation.

Figure. 2.9 shows the conceptual rendering and design of this device.
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Figure 2.8 Coil mounted delivery device. Oxygen tubes come thrdweghdre of the
magnet, entering the device through the caudal end. Oxygen éxlghssugh the tubes
and released through the inferior holes, forcing the air in the direction of thigsnostr

Figure 2.9 Design concepts for the Coil-mounted Delivery Deviea se Fig. 2.8, but
with oxygen tube inlets positioned on the top of the device. This rhadgevice more
cumbersome and ultimately the caudal end access holes were used.
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With the patient in the head-first supine position, the delivery devasefastened
to the head coil with oxygen tubing extending toward the back openingeoMR
scanner. The oxygen tubing was connected to the lids of thelsmees. To minimize
the distance required for air to travel in these lines, the bomes were placed near the
back edge of the MRI bore. The scanner itself created atwbrfactor that required a
sandbag be placed behind the boxes to help maintain their position neackhef the
bore. Oxygen tubing was attached to the posterior aspect of the &imkeextended to a
manual valve, the one identified in Fig. 2.4. The person responsible fongims
valve, the valve mediator, had to cooperate fully with the person rurimengcuisition
computer, the controller. The controller signaled to the valveatwdivhen to engage
oxygen flow, when to switch from one scent to another, and when $e cgggen flow.
The biggest advantage to doing this manually was that the valve taredad total
control and could accurately verify that air flow was progngssr not. An automated
system would be ideal, but technical problems are likely to afi$® negative side to

having a person rotate the valve is that more manpower is required.

Image Acquisition

All images were initially acquired using Philips Intera se@ite with 1ViewBold,
release 1.5, and later Intera software version 2.5. Every issgbhat was acquired for
information included multiple types of scans. The initial scan avasirvey showing
placement of the head within the coil, or field of view. The seccad svas that of a
“SENSE Head”. The SENSE (Sensitivity-Encoded) scan coupkesie¢ad coil to the

magnet itself and increases the quality of the scan. A Tdhteel 3D sagittal view was
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obtained to show the brain anatomy. After the anatomical acquigiéti,acquisition
started. The fMRI protocol details changed over time, but stamly showed the
hemodynamic response of the brain from the given RF pulses andssmeli. Table
2.1 identifies the scans of the actual acquisition protocol and whautpese was for

each scan.

Table 2.1 olfactory fMRI scan protocol with simple descriptiondach portion of the
scan. Each part of the overall scan is labeled as “Scan Title”.

Scan Title Scan Description
SmartBrain Thl_s is the_sy_rwew that allows for positioning of the markers for
brain acquisition
SENSE head This is the scan that couples the 8-channel coil to the magnet
TIWref FMRI Reference scan for single shot fMRI that can be used for

anatomical underlay on acquisition workstation

FMRI/Olfactory | T2* weighted image that demonstrates BOLD activated regions

T1W/3D/Sag Anatomical image for underlay of the activated regions

Protocols for other functional studies, which had already been skidblby the
Philips software team, were sampled. Some of these protovetdved auditory
response as well as sensory motor response. This testing jfotbeols created the
baseline idea of where to initiate our own olfactory protocol dedtgm.many of the first
acquired images, a block pattern of imaging dynamics sinlathose used in the
auditory fMRI sequences was arranged. The administratiorenfsswas done in cycles
which included a thirty second “on” period followed by a thirty sectwfi period.

During the “on” phase, the control valve was used to alternate betdeeinistering two
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different scents in three to five-second intervals. The “afytle had no scent
administered and the subject was left to breathe room air. Tyekss were each
repeated multiple times during the fMRI scan for a total adonstime of five minutes.
Some of the things considered were the individual scents, the gelogation to the
subject, ambient stimuli, and the odors given off by any of our supphiesding the
new oxygen tubing. With the initial software, one was able to genelesired scent
delivery protocols with ease. A dynamic block system was used to tell theesgelator
when a scent was to be given, when a scent had been turned off, and suttact out
as background to improve or increase the signal to noise ratlos.isTdemonstrated in
Fig. 2.10, with each rectangle representing a dynamic or int@realuisition. The gray
shaded blocks identify when that command was enforced with respéot twverall
image set. During these initial scans, 64 dynamics, on avepagemage set were

acquired. The number of dynamics acquired varied throughout the fstmaywenty to

eighty.
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Figure 2.10 An example of a three-command form of Dynamic BRoajuisition. Eac
block, or dynamic, represents a time interval with algtermined TR value. A scentv
introduced during the “SCENTS” segment of the functional acquisition.

After 5 months of data collection, Philips installed a newer ogrsf the Intera
software, 2.5, that altered the acquisition parameters, makimg there difficult to

manually regulate. A considerable amount of time was spengttgirdetermine the
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method used by the computer to compare activation to no activatiom. tiWiprevious
version the paradigm could be created by identifying eacle stiagcquisition. The “on”
stage was when a scent was administered. The “off” ségpgesented the time where no
scent was being given. A third stage titled “clear” wagtintsd to compensate for time
required for the olfactory responses to stop after the scentstuvaezl off. Time was
required for the registration of the scent to deregister befoav scent was given. The
“off” stage, and its associated values, was considered thegroacid necessary to
compare with the activated values. To obtain an image for aotivatersus no
activation, the “on” dHb concentrations were simply subtracted frioen“off” dHb
concentrations and the “clear” dynamics were ignored completggtta better clinical
understanding of the receptor site activation.

However, the upgraded software did not allow for the exclusion of amgnaics.
Along with this new software came the ability to view the fioral response during the
actual acquisition. This made it possible to generate an iofage subject’s functional
response as it was acquiring. It was then able to be reocdestrar analyzed further
using other fMRI post acquisition processing software.

The images used to display the activation regions are T2* veeightth TR
values determined based on the subjects breathing patterns. UER wadre determined
through manual observation of the subjects breathing cycle while in andf abe
scanner. Some images were acquired with a TR set asa§i§d00ms and as low as
2000ms. The breathing cycle among all subjects was determined to deerage of
3500ms, allowing us to select this time as the TR for our scan dndentbe shortest TE

possible, around 35ms.
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Initial images included slices of the majority of the brain vglice thicknesses
that varied from 2mm to 4mm. Ultimately the focused regiomigfrest was isolated to
the portion of the brain known to contain the olfactory bulbs, olfactorystrand the
limbic system, with a chosen field of view, FOV, of 230mm. The bemof slices used
was thirty at an angle parallel to the cantho-meatal line.

A variety of scents was chosen that could, ideally, identify thiwasewould give
better overall responses. In the beginning the following scents meéated through:
vanilla, cherry, pine, mango, brown ale, and isopropyl alcohol. Usinghtteen scents,
it was identified which were most obvious and easiest to reaagriizis important to
note that different smells will have an effect on more thantlsolfactory receptor sites
themselves.

Not only is the scent itself an important consideration in identjfyeceptor sites,
but the breathing patterns of the subject as well. All subyeetse asked to maintain a

normal, consistent breathing pattern throughout the duration of the image acquisition.

Image Processing

Imaging software played a vital and challenging role in abéity to acquire
useable data. Once data was acquired, the processing softaaesldbr analyzing and
guantifying the response centers of activation. All imageshdtbeen acquired were
sent to a processing work station where the data was procesketieviMRI software,
Brain Voyager QX. During the processing, the individual intervals of the acquisition

were isolated, or identified, by creating stimulation protoceisfil Stimulation files, or

! Philips’ BrainVoyager QX Version 1.10.4.1248
Copyright © 2001-2009 Rainer Goebel
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predictors, allowed the user to identify the “on” and “off”ipds during acquisition and
display them on a signal-time course plot. These files wecktadeelp in the statistical
analyses of data. The power of statistical tests washefurstrengthened by
“preprocessing” the data (Goebel et. al. 2008). The prepragessmoved drifts in
signal time courses and aided in removing artifacts causeldedg motion. Linear
correlation maps were created and specified general linearlsnadee fitted to the
processed time courses to help explain whether or not the moddlyatitudne time
course. Color schemes were assigned in the processed itmdgter help show where
the predictors should have been detected.

The activated regions were then analyzed with regions of intd&?€dts. The
ROI software used statistical data to show how well thergetieear model fit the data.
P-values were also used to determine a probability value f@idhdicance of the data.
The analysis made it possible to identify which areas of thim bvare most likely
activated due to the administration of the olfactory stimuli irpatients. An outline of
the steps followed for the processing of each brain on the BrainVoyagerreagvieund

in appendix B.
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CHAPTER 3
RESULTS
The loss of smell has come to mean more than just a faitggn system. It has
been shown to have implications with various forms of dementia, incliRAnignson’s
disease and Alzheimer's. Months of studying the olfactory proegss fMRI has

yielded the following results.

Delivery Device and Set-up

In order to test someone’s ability to recognize an odor, a s@ntelivered to a
person in such a way that it could pass into the nasal passadjeg to the olfactory
bulb. The first device utilized for scent delivery was theduilgen mask as seen in Fig.
2.2. While the mask was the best way of isolating the scertietdacial area for
breathing purposes, it did not provide a sufficient release ofaising satiation of cells
for a longer period of time, or a lingering of the scent in the thirgg region as
demonstrated by the signal response shown in Fig.3.1. For everytstestdetected,
there is an initial saturation response before another scenteistetkt This saturation
response usually lasts 2.5 to 3.5 times the length of scent duthtisrmaking it crucial
to separate activated time frames with sufficient timallmw for the brain to recognize

further changes in blood oxygen levels.
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Figure 3.1 An example of a signal-response graph with red regresenent-activated
time intervals, and blue representing non-activated time fraflesse two spikes in the
blue region are due to the scent being trapped in the mask.

The bite plate model, as seen in Fig. 2.6, delivered the scenlydieethe nasal
passages, but some problems included the fact that the individues gidicer required
disposable bite plate covers, which could be costly, or that thenpatay alter the bite
pressure during the scan causing increased activation in somefatteadrain. Another
device utilized was the secured device as seen in Fig. 2.7. |a&te string attached to
the device which wrapped around the patient’'s head secured ibsitiop directly
beneath the nasal passages on the upper lip. The positioning madieult difr coil
placement on some patients with larger heads, as well as an irritation $abjbet while
breathing. Other delivery devices, such as the one that blew tthevwan and not toward
the nostrils, did not get the scents close enough to the nasajgsds be considered a

sufficient amount for recognition, see Fig. 3.2.
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Figure 3.2 This image shows very little activation sites, seygemovement and some
statistical noise near the scalp. There is no activation inoaitlye olfactory bulbs or
limbic region.

After many prototypes, the delivery device mentioned in Chapteigg, Ei8 and
2.9, the open-ended flow circuit aimed in the direction of the nostrls,chosen as the
best device for use in this research project.

Once the device was created and positioned for delivery, an accepkggkn
flow rate was determined. An air flow rate of 4.0Lpm causade to physically jerk,
creating motion artifacts of the head and neck as well agidmal response from the
eyes and facial motion. The elevated level of flow also niaelsubjects uncomfortable;
affecting their breathing patterns and eye movement. Even ttadlugérsons remained
with their eyes closed, repeated ocular activation was idehiifiechese images. An
example of an unexpected functional hemodynamic response camha s&g 3.3 with

its signal response graph.
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Figure 3.3 The Signal-Time Course graph represents the respotiee asfterior aspect
of the right eye in the above image. Increased signal withirredtledynamics was
probably due to motion at initiation of the scent.

When the flow rate was too low, between 0.5 and 1.5Lpm, subjects haataltdiff
time identifying that there was even a scent being admiadtas the air in the vicinity
was inseparable from the ambient room air while the air conditmmiams were in use.
Some of those who anticipated the scent’s arrival actually tmiediff harder to identify
the new smell. The ideal flow rate was determined to be 2.0-2.5Ll4inthis rate, all
subjects were comfortable with the introduction of air flow sdoasot distract them
from their breathing patterns, yet sufficient enough to deliver a recognsadie

Consistent breathing patterns were difficult to maintain for soréthout a
respiratory gate in place, the breathing patterns of our suljectstimed and an average
breathing cycle was determined to be seven seconds, makinghthle and exhale
portions 3.5 seconds each. This time was used to establish the TRovadgquisition

parameters.
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Data Acquisition and Processing

Imaging paradigms in a block pattern were used to acquire furatiataa Image
data, acquired using Philips’ IViewBold softwiregave a real-time look as to the
activation responses. These could then be analyzed by drawirpsegh interest
(ROI's) around desired activation spots. Results varied greatigt, artifacts were
identified periodically. Much of the diagnostic results come frddi &valuation as well
as through the processing of *.par and *.rec files using the BrainVoyager Qassft

One of the earliest paradigms used as a starting point fatirigean olfactory
protocol was a five minute sequence broken up into thirty second isterivat the first
thirty seconds, the subject was left breathing pure oxygen. AOD:B@ mark, the
controller gave the command to initiate the release of the scém subject. The valve
was switched on and rotated back-and-forth between scentsjyrgtialry, lime, lemon,
strawberry, or pine, every five seconds for thirty seconds, to diwvéne scent and try to
minimize satiation of the olfactory receptors. At the end oftthey seconds, the
delivery valve was turned to the off position and the subject waheet to pure oxygen.
This process continued until the five minute acquisition was comphfigh the time
frames of stimulation equal to those without, a period of sensesyirdalation did not
occur. With each activation, the background levels rose higher ghdrhireating an
unacceptable visual result of response.

The second set of paradigms tested, consisted of lengthigatexti periods.
They consisted of ten second scented intervals over a thirty secood; peaintaining

the five minute total scan length, with clean oxygen for a peoiothirty seconds

2 Philips IViewBold Software version release 1.5
® Philips BrainVoyager QX Version 1.10.4.1248
Copyright © 2001-2009 Rainer Goebel
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between scents. With such an extended exposure to smells, gheas that the
activation response was strongest in the beginning seconds of #aquasiin Fig. 3.4.
However, the number of data points that were sampled at thiswasetoo low to
successfully isolate the olfactory region, suggesting a continual agtiv&aten during the

“off” phases, or a loss of activation during the “on” phases.

Figure 3.4 An example of increased activation in the early stage of scarithiray w
prolonged “on” set of dynamics.

The activation tapered off dramatically over a short period of time as seen in

Fig.3.5, again suggesting a decreased activation in the “on” phase due to intet-inter

saturation or intra-interval saturation.

36



-

W 1Y

Figure 3.5an example of decreased activation in the later stage of scawitinga
prolonged “on” set of dynamics. Notice the extreme declieaseas of activation when
compared to the images in Fig. 3.4.

To aid in the processing of the data, certain dynamics weradedtito account
for receptor site saturation. This phase of acquisition wasl tile “CLEAR” phase as
explained in chapter two. This gave more statistical importemtiee dynamics where
the scent was actually delivered; which in turn gave a better quality .image

The new upgrade made it possible to watch a “real-time” resptmsthe
functional scans. Reconstructing on the acquisition computer was camydrut didn’t
allow for sufficient analyzing of the data. An attempt waslento set up the functional
acquisition similar to before the upgrade by establishing treparate commands, on,
off, and clear. The inclusion of a third command, clear, seemednplicate the
reconstruction process by confusing the application on which dynaidsl be used as

the baseline. This clear phase, seen in Fig. 3.6, was thoughtgondoed, and therefore
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improve the signal to noise ratio. But the evaluation of its fanattas inconsistent, and
later determined that only two phases could be applied to any otwegiro It was
determined impossible to manually ignore those dynamics reprggdhi saturation

effect and BrainVoyagéhad to be utilized for all processing.
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Figure 3.6 Three individual segments on a 64 dynamic acquisitionirgindiane clear
phase as four dynamics, repeated four times over the course of the scan.

With the new upgraded software, some lapses in response weréaddntised
on the subjects breathing cycle. An attempt was made at ap@yiagpiratory gate.
This respiratory gate allowed the subjects breathing cycle mooogored and used in the
acquisition of the images. It aided in regulating the deliverthefscents. One major
inconvenience was that the scan time increased three fold. &kibaged on the need to
wait for a regular breathing pattern; the more regular, the rhoick the scan. The

increased time did not make the scan clinically practical, regamfi¢iss results.

Response to Different Scents
Different scents were tested to try and identify the begtorese. These other
scents included mango, banana, dill, tabasco sauce, cinnamon, browrd akapaopyl

alcohol. The ale and the alcohol gave the best responses of thesecants. While the

* Philips BrainVoyager QX Version 1.10.4.1248
Copyright © 2001-2009 Rainer Goebel
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limbic system is a known area of the olfactory system, theme wan interesting
occurrence of an increase in activation of the thalamus gland, mastatdé¢ with the
administration of the alcohol products. Figure 3.7 shows an exahplgivation after
having smelled brown ale and isopropyl alcohol. It is not known vieyet was
increased activation with alcohol versus other scents, but in tidy,sto other scent

created as much activation as isopropyl alcohol in this location.
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Figure 3.7 Brain activation of the thalamus after the scensagropyl alcohol was
administered

Another interesting extreme was an over response when Tabasce was
administered under an increased flow rate as shown in Fig. §@cally the olfactory
response is seen within the limbic system, nasal passagdsoatiadl cortex. Activity in
the following images can also be seen in abundance in the rightphemg@snear the

superior sagittal sinus, the parietal lobes bilaterally wightrigreater than left, the
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insulary cortex bilaterally, the visual cortex, and in thaaregf the midfrontal gyrus

higher up in the brain.

Figure 3.8 Tabasco sauce is very potent and the response fromeathean be seen in
regions outside of the limbic system and other areas usuallyfiggras olfactory sites.
The red colored areas represent activated regions of the brain.

Along with the change in scents, there was a need to better tamdievehat was
causing a decrease in receptor site activation as the s@awémlengthened or repeated
frequently. As the time of scent exposure increased or repeatedh of the olfactory

response was lost. Activation sites began to decrease amgnemgitinued. As the
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number of cycles was repeated in a single acquisition scatu@atson or habituation
effect was displayed as a loss of activation. It has beennstivat adaptation and
habituation resulted in decreased response under repeated or prolongem¢Cerf-

Ducastel 2004).

Factors Involving Image Acquisition

Overall time was based principally on the established TR vébudlse functional
acquisition. Each dynamic had a TR of about 3500ms which meant thedatatime
lasted approximately five minutes. Shortening the overall tiote& of the scan meant a
decrease in the total amount of scent delivered. The first@ti@as to use a total of
eight dynamics; the initial background dynamics followed by fativation dynamics.
To help compensate for the decrease in the number of dynamicsRthalue was
increased to 6000ms, for a total scan time of about 48 seconds. dieteasiined that
6000ms was too long of a TR period, possibly due to this habituatiast. effdtimately
the chosen TR value that gave the best results was 3500ms andsdoViEaa possible,
usually around 35ms. With an extended TR, such as 6000ms, the sateiffatocould
be seen. The signal intensity decreased as acquisitienwas extended; ultimately
leaving very little signal to be observed. With a very shortvaie, such as 2000ms, a
large amount of noise was observed. The initial signal intensaty mvore global,
probably due to overall increased blood volumes as a result of sagal delivery, or
motion.

Other factors of image acquisition were tested and changed palipdiSlice

thickness and slice angle were two of these factors. The thiheemage slices, the
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greater the number that is required to cover a given area, whlnareases the time.
Slices were tested at 2mm, 3mm, and 4mm thicknesses with al@itemination that

3mm angled to connect the genu and rostrum of the corpus callosum, providadrguff
anatomical information and functional data. This was in position Wehcanthomeatal

line on most subjects and averaged twenty slices per scan.

There were many instances where it appeared as though thevhsanticipating
the induction of a smell (priming effect) at the beginning of each olfactonysezpuence.
Figure 3.9 shows regions of the brain with colored ROI’s foplgaresponse analysis,
and the relative percent of activation in these regions as adangtitime. The graph

also demonstrates the alleged priming effect; the initial spiketivity at the start of the

scan, even though the scent was not introduced until near the end of the scan.

|

Ready 40 dynamics processed.

Figure 3.9 Activated brain regions above; some with regionalsRidawn for analysis.
The color of the ROI corresponds with the signal percent versusctime in the graph
below. Notice the initial spike in activity at the beginningtleé scan; this has been
identified as a priming effect. The priming effect appaarshow activation response
when there truly was no activation.
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Factors Affecting Image Quality
The quality of MRI images can be degraded through the appearhacefacts.

Artifacts can have many causes, and a few were seen withmihges acquired.
Susceptibility artifacts are those that cause signal lo$®ldrdistortion. Signal loss is
often caused by tissue-air interfaces. Sinuses and the siuntysata common places for
these signal-loss artifacts due to the rapid dephasing wisstee tand air join together.
Another example of a susceptibility artifact is metal. Whlea protons recess at
frequencies different from the Larmor frequency, a field distoris created Bushberg
2002). An example of field distortion can be seen in a person weanrggal retainer on

the lower jaw in Fig. 3.10.

Figure 3.10 an example of the field distortion in a person wgaimetal retainer on the
lower teeth. The magnetic field bends around the metalvelnezh therefore does not
give off a signal, leaving a black void in the image.

Magnetic field gradients identify the location of excited proteitkin the brain
and spatially encode them. Two common gradient field artifhets were visualized

were the Gibbs phenomenon, and one caused by eddy currents. The Bddtscan be
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seen as waves in the image, or alternating lines of signakityteas in the superior, and
posterior aspects of the head in Fig. 3.10 showing a large transitgignial amplitude
(Bushberg 2002). Gibbs rings are caused by “insufficient collecticaraples in either
the phase encoding direction or the readout direction” (Zhuo 2009).al#asioted that
the signal has not fully decayed to zero by the end of the @amuigindow (Hornak
2009). Ultimately the acquisition matrix is too small; insieg the matrix size can
reduce the artifact. Another distortion caused by eddy curgiues the effect of
stretching, or wrapping around of the image as in Fig. 3.11. Eddgnt¢sirare electric
currents induced in a conductor by a changing magnetic field omdtyon of the
conductor through a magnetic field. It is a source of concern of @dtharard in very
high magnetic fields, but it also degrades the overall MR émagicome (Magnetic

Resonance 2009).

Figure 3.11 a common artifact due to eddy currents shows ahgigetif the face, to the
point that it appears to be wrapping around to the back of the inEgsre is also an
alternating pattern of signal intensities.

One of the first steps in post-acquisition processing was thdiotreaf a
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stimulation protocol in BrainVoyager QX. By creating a stirtiata protocol, the
computer generates a stimulus time graph that tracks astiiaéised on a given model.
In the research of olfaction there was only one stimulus pargrbetan some cases that
parameter was introduced multiple times throughout a single scheseTon and off
periods were defined as the stimulation protocol to better analyze theexttiegions.
Motion was corrected in all three imaging planes as wetbtsionally around
the X, y, and z axis. An example of a graph showing the extenbtbn correction is

seen in Fig. 3.12.

Figure 3.12 Example of a motion correction scheme. Correction talkes for 6
different areas of movement. Red represents translation in-tlection, Green is
translation in the y-direction, Blue is translation in the z-dioectYellow is rotation
around the x-axis, Magenta is rotation around the y-axis, and Cyarai®n around the
z-axis.

The purpose of the stimulation protocol was to graphically repredent
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hemodynamic changes within a specific region of activation. eRample of this is
displayed in a time course plot, and can be seen in Fig. 3.13blUdneepresents the off
phase where no scent was administered and the red representsidtie ipewhich a
scent was given; hence a response was expected. A spike &u thegion is favorable.
The spikes in Fig. 3.13 do not occur right at the beginning of the sti®dulegion,
because there is a period of hemodynamic delay; the brain has a slighdudetaytransit
time from the nasal passages to the olfactory receptors. Timgdyaamic delay was

found to be on the order of three to six seconds in our testing.

Figure 3.13. This is an example of a Time-Course-Plot showigigna activation

throughout the scan duration. The red region represents the “on” phase avbeent
was administered. The blue region represents the “off” phasewbescent was given
and the patient was left to breathe room air.

The general linear model, or GLM, allowed a specific model tofited” to a
time course plot of each voxel resulting in a given valuentelhow well the chosen
model explained the time course (Goebel 2008). Once completedisticstl t-map was
generated showing regions ranging from a dark orange color tghd pellow. By using

the time-course-plots and the GLM overlapping, it was possibkevtew the statistics of
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each region of interest. Figure 3.14 is an example of somee dftatistical values this

process provides.
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Figure 3.14. Statistical data returned through GLM analysenaactivated region. The
R value on the bottom row of the first ANOVA table gives us an afdaow well the
model fits to the data, it is also known as the “multiple coielatoefficient”. A p-
value is also generated that tells us the probability thatreveseeing what we should
expect to see, based on the given predictor.

The last part of the BrainVoyager software that was usednfalysis was the
anatomical overlay feature. This feature allowed the functidatl to be coregistered
with anatomical data for more accurate localization of catelwgions. Once the
functional data was coregistered with the anatomical data, coordinate, eswes| as p-
values, could be recorded. The images display the anatoneig@ins in all three
standard planes; coronal, sagittal, and transverse. Figure®ds an example of the
coregistered image produced with the same activated regionizeshial three separate

planes. For every marked voxel, there are X, y, and z coordinaégsand a p-value.
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The p-value for the image set as a whole was recorded, dsasvaéhe “multiple

correlation coefficient” (R) values, and p-values for selected ROI's.

\ t{18)
p(Bonf) < 1.000 e f p < 0.682328

Figure 3.15. This is a coregistered image of functional data anatomical data.
Activated region is isolated with voxel coordinates x=128, y=98, and z+d&izing
the same point in all three planes.

Image Data Results

One hundred seventy eight of the scans that were acquired, haderelati
acquisition data, and/or observational notes recorded. 54% of all etgaans ended
after the “on” phase, 46% ended following an “off’ phase. Twentypmreent of the
scans began with scents being administered, while 79% of scans Wwitigant scent
activation. Seven scans were processed using the BrainvVd@&gier analysis. From
these seven processed images, it was noted that a varietyooflsregthin the brain were

activated; meaning there was a signal response from cerelo@d flow on the
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functional MR acquisition. Some areas of the brain had greateal sigsponse than
others, and at varying signal strengths. The data shows inemess in regional
cerebral blood flow, which could be due to multiple factors that imayde, but are not
limited to motion, hardware instabilities, user error, the pasigatitysical condition, lack
of uniformity in choice of scents for processed data, and altered brea#itiaqp. Other
regions showed consistencies for signal strength activation. y Mahe images had an
excess of noise identified. Noise was considered anythingouwtittstatistical

significance, or where the p-value of the ROI was greater than 0.25.

Inconsistencies were shown throughout the temporal and parietal dodlespus
region, regions of the basal ganglia, and the insula. The incomsestecan be seen in
Fig. 3.16. Inconsistencies are classified as those appearingsahd® 70% of processed
images, yet appearing more than once. Some of these regeokiscavn to have some
association with the olfactory processes. These inconsistdiraeght to question the
validity of signal response as a result solely from olfactornyudation. This may be due
in part to one’s ability to recognize certain scents, suclh@setthat are duller versus

some that may be stronger or more potent.
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Figure 3.16. Inconsistencies in functional imaging with the ussopfopyl alcohol and
dill weed on 7 subjects

The regions of activation that were most consistent on a scaodoy-basis,
regardless of type of scent administered, were located on orttheeaptic tracts, the
orbital regions, frontal lobe, and regions involving parts of the limystesn to include

the olfactory tracts. The graphic distribution can be seen in Fig 3.17.
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Figure 3.17. Consistencies in functinal imaging with the usésopropyl alcohol and
dill weed in 7 subjects
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Throughout the observation of receptor site activation, it was comlcthdethere
may be three levels of response from the olfactory process. i@ presponse centers
seem to be within the nasal passages, and olfactory bulb. The seacmaeéptyr regions
are contained within the areas of the limbic system thalbaeted at the distal ends of
the olfactory tracts. This would include the amygdala, the citgyudgrus, the
hippocampus, and the parahippocampal regions. Observance of sgpwise in the
basal ganglia, to include putamen and caudate nucleus, and insula cohgptestiary
regions of olfactory reception. It was again noted that thearthed could also be

considered a tertiary receptor site when imaging with alcohol based products.
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CHAPTER 4
DISCUSSION AND CONCLUSION
The aim of the present study was to develop a functional MR protocol for imaging
neuronal responses from olfactory stimuli. The results could evnasdist in the

diagnosis or staging of early onset Parkinson’s disease or other dementias.

Delivery Device

The delivery device used in this research project was a low-humipt effective
means of delivering agueous, scented solutions to a subject fpuighese of imaging
olfactory receptor sites in the brain. After many prototygdes open-ended flow circuit
aimed in the direction of the nostrils mentioned in chapter 2, Figs. 2.8 and 2.9 wars chos
as the best device for use in this research project. The deageampatible with all
head sizes and it forced the air directly in front of the npaakages. It could be
mounted temporarily to the coil, or permanently if desired withoetfertence to the coil
or its accessories.

Another issue up for debate is when or whether or not to clean oreaeplkac
oxygen tubing or scent delivery device. Does the aqueous solutionitegfkinto the
matrix of the PVC pieces? Is flushing oxygen tubing with puregemysufficient to
remove all traces of the solution, so as to not be detected lgdogahe next patient?
After repeated use of the scent boxes, it was noticed that ¢hé would linger, even
after having washed with soap and water. Replacement piexdd e a must if this

kind of device were to be used with greater frequency.
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It is not practical in all healthcare settings to have a second technatogstrate
the flow of oxygen and alternate the scents being delivelfed.research purposes, the
system was cost-effective and worked well, and could thus be aigdlieasily. If this
design were to be implemented on a more permanent basis, it woultvisabée to

automate the system where it can be controlled by the imaging technologist.

Data Acquisition

The acquisition of functional MRI is achieved by the use of EchoaPlemaging
(EPI). EPI is a method of creating a complete image frasingle data sample, or a
single “shot” (Cohen 1998). This EPI allows the image acquisitidake place at a fast
pace, which improves the quality of the image by limiting the ipi$g of motion
artifacts. While motion artifacts may be limited, EPI bagn known to create ghosting
and shape distortion artifacts. With Echo Planar Imaging, reatdtavailable within
seconds of onset of activation with stimulation (Price 2002). When identiiggigns of
activation, thinner slices are preferred to identify more ately the anatomical location
of the activation. With thinner slices comes a steeper gradmensteeper the gradient,
the more stress introduced which causes an increase in eddwptsurkn increase in
stress creates a longer recovery time, which in turn cr@atee ghosting artifacts. To
minimize the ghosting, a slice thickness must be chosen thatallv for good
anatomical identification while minimizing stress on the gradients.

The physical state of the subject during acquisition could have been regulated
differently at various points. Normal breathing patterns cause uncontrollezhrobthe

body which can travel to the head. Varied breathing cycles also have an impact of t
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rate at which the scent is registered by the individual, thus adding sthstriation in
the responses. Maintaining a normal breathing cycle is difficult when therpis tired.
Breathing patterns are altered as a person relaxes more and more.

Imaging neuronal responses late at night can also decrease the qualdges,
because the brain’s response time may be slowed. The forced airtédveirsg too
high also created some discomfort leading to undesired motion, and possible activation
sites. Some subjects were sniffing the scent as opposed to just simply inhaling. They
were expecting scent, but because the scent was not strong enough for therantady
to increase their perception and resorted to sniffing. Sniffing versus inhaling ramiodo
can make a difference in whether cerebral blood flow changes are solétyalfeetory
processing and not motor response (Sobel 1998).

Every person has different levels of smell. While a scepteasant to one, it
may not be pleasant to another. One item of importance that wdslipdaken into
consideration with this research was the establishment of aneatal each individual
subject. One way of accomplishing this would have been to performiveersity of
Pennsylvania Smell Identification Test (UPSIT) or a Connectiti@mosensory test.
Both sniff tests aide in identifying or quantifying one’s abititysmell. By performing
one of these tests prior to image acquisition, a baseline of wéwt may or may not be
used could have been established. Another option was to have run a plarebwr sc
functional scan without the administration of a scent. Following theepb scan, the
individual with a scent-administered exam and then comparing thdomchanges or

differences would have also given a sufficient baseline for individual saagméon.
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When the scent was initially delivered, an overall increased blohdne was
identified. This is due to a variety of factors to include; ahiscent recognition, and
possible head or visual motion as a response to the introduction to rthe Stability of
the patient is important. The patient should not move or distort marextpexel during
the image acquisition phase. Patient motion can be caused bhilitystaf the
radiofrequency transmitter, gradient and shim hardware, and thengmtability to
remain motionless (Price 2002). Processing software can cdorec&ome motion
occurring during acquisition, but the question arises whether or not that motiortioarrec
is correcting the BOLD response as well or just the imagditgwof the brain. Motion
correction of this kind does not completely remove the effects of meneupon the
BOLD fMRI signal, because movement within the field gradientenduscanning alters
the signal contained at different points during the slice acquisitidven after
realignment of the brain to its original position, movement-indudgak artifacts can

remain (Faro 2006).

Data Processing

The use of the IViewBold application on the acquisition computer provied &
good tool to judge generally if a response was recognized or ngedBm the images
viewed during “real-time” imaging, some changes in scan tilaegth of scent
administration, and quality of the scent could be altered, and withdurtggtte patient
out of the scanner, the subject could be re-imaged. The anatescacatan be overlaid
to try and identify activated regions. These images weredbastirely off of the data

acquired from the immediate scan without any type of imageaatin. Applying a
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motion correction factor was needed in most cases, because ofuteafahe scan, the
signal strength of the radiofrequency pulses, and the patient’s normal thggzdtterns.
Motion correction and image analysis was performed usingnBogager

software. The image quality and slice data from the processiitggare was valuable,
but the time required to process a single study made the cedigses and unwelcoming.
Anatomy verification in X, Y, and Z planes was not as accurate amild have been.
The patient position varied from scan to scan. No fiducial markers used to verify
the repeat placement of the patient for repeat scanning. X, Y, @odrdinates were
used to verify location of activated regions on a single scan, batunacceptable when

it came to intrapatient comparisons because of the changes in head or bodgmiacem

Different Scent Responses

Some scents that were used created varied and unexpectésl ré§uile it is
known that the thalamus is the gateway to the cerebral cortexplagdg a role in
organizing and distributing received sensory information (Marieb 200%)urtalear why
alcohol had a tendency to demonstrate increased signal intenshis iregion when
compared with other scents. Another extreme case was thia¢ a@idministration of
tabasco sauce. This caused an overall increase in signaltineert activated regions.
These regions extended up to the longitudinal fissure and werdigtbbilaterally right
to left as well as anterior to posterior. Because tabasecesia such a potent or
unpleasant smell for most people, it is theorized that other regierectivated based on,

motion of head, body, or eyes, and maybe even memories of previous experiences.
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Excessive exposure to a scent caused a decrease in the nuntdieatba sites
and a decrease in signal intensity of individual sites. An exampuld be that of a 10
dynamic exposure sequence which would allow scent exposure non-stopriothan
thirty seconds. It is hypothesized that this is due to a saturaf the receptors; they
became overloaded and were unable to register any new scent.

As the number of cycles was repeated in a single acquisition acsaturation
effect was evident. Some possible factors included the duratitre dbtal fMR scan,
the length of the TR used, or even the length of the “on-phagi&eadynamics, or the

time during which the scent was administered.

Conclusion

The creation of an olfactory protocol for functional MR imaging rexpumuch
attention to great detail. Some of these details includesmgibsition and placement in
the scanner, the establishment of an individual baseline tespdient response
comparison, the type of scent administered and the flow ratéoeation of air delivery
to the patient. Other fine details include the length of each Swppsitioning of slices
that are being acquired, and the monitoring of breathing patterns and motion. ARmall T
value between 2000ms and 3500ms seems to give the best BOLD responte fast
blood flow through veins. This signal response can be overlaid on améceltdata set
to identify locations throughout the brain where olfaction is beimgessed. Too much
of a scent has been determined to habituate or saturate thantkllserefore must be
limited to no more than two cycles throughout the functional acaqnsitiThere must

also be a delay time between scent administrations of about 3$6thmadministration
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period. This allows time for the odor to exit the cells.

This research verified, that the olfactory regions can be idedhtifiilizing fMRI,
however, changes in olfactory response were statistically returesable. Refinement of
the analyses techniques can allow clinicians to (1) determineveaage age specific
olfactory response to various scents and (2) determine if papiezgent with responses
that are statistically abnormal.

This protocol development opens doors to new opportunities for research in
neurological sciences. As the average age of the population exr@ag as there is a
greater increase in persons with dementia, there is a need to better understaedaaad p
for these life changing conditions. By performing olfactoigpmse on those who have
a strong genetic predisposition for Alzheimer’s or Parkinson’s skkséamilies can better
prepare mentally, physically, and emotionally. For many who seuggh epilepsy, and
may require surgical procedures as the only means of a curapfahdiRl can help
surgeons and other physicians know what kind of long term effectsesaly from such
procedures. If one is to lose the ability to smell, the sensastd is greatly inhibited
also, which can cause some drastic lifestyle changes.

Functional MRI is a relatively safe method of helping deteerbrain function
capabilities, and the extent of neurological damage. The ONagioycess is a
sophisticated one that involves multiple response centers withiboréime Isolation of
the response areas can be achieved for olfaction as well asaofas of the brain.
Identification and localization will continue to improve as technolagg computers
become more advanced. There are still many roads to be #askiem;this one, it was the

one less traveled.
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Appendix A. A Step-by-step Guide to Image Acquisition Using Philips Intera Scétwa

and Philips IViewBold Software Version 1.5.

1) Acquiring an olfactory fMRI
a) A new exam needs to be created
i) Select “Patient”
i) Choose “New Exam”
(1) Type data
(a) Patient name
(b) Registration ID
(c) Date of birth (DOB)
(d) Exam name
(e) Date of exam
(H Patient’s weight
(g) Any comments if desired
(2) Click on “Proceed”
b) Exam type needs to be selected
i) A series of tabbed parameter folders appear on bottom right of screen
(1) Select the one entitled “Hospital”
(2) Select “UNLV/Philips”
(3) Select “UNLV”
(4) Select “OLF NEW”

(5) Select the exam card
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(a) Lt click and drag to the window on the left of the parameter files
(b) Exams within this folder should appear in a listed format, including:
(i) SMARTBRAIN
(i) SENSE Head
(i) TAWRef-fMRI
(iv) Olfactory (this is the functional scan)
(v) T1W/3D/Sag (this is the anatomical data)
c) Verify scan parameters
i) Ltclickon SMARTBRAIN (this is a scoutview of the brain)
(1) Verify coil type (8-channel)
(2) May have to verify or select anatomical region (brain)
(3) Click on “Proceed”
i) Double click on SENSE when scoutview has completed
(1) Position the slice markers on the sagittal view (center near the pons of the
midbrain, and angled with the genu and rostrum of the corpus callosum)
(2) Click on proceed
iii) Double-click on Ref_fMRI scan when SENSE has completed
(1) Verify information and parameters
(a) Slice gap = 0.5
(b) Thickness = 3mm
(c¢) Number of slices = 20
(2) Click “Proceed”

iv) Double click on Olfactory once reference image has started acquiring
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(1) Verify information matches the Ref_fMRI scan
(a) TR value = 3500ms
(b) TE value = 35ms
(c) 20 slices at 30mm thickness
(2) Click on the “change screen” icon found in the upper left portion of the
screen [appears as a half circle (right hemisphere) with a rightfand le
arrow within the hemisphere]
(3) At the top of the screen, select “Analysis”
(a) Select “IViewBold”
(b) The toolbar above now has a new “IViewBold” option next to
“analysis”. Select this new “IViewBold” option
(c) Select desired paradigm
(i) Click on OIf 60
(i) Click “OK”
(4) Left click on the icon with a human stick figure (left middle of screen)
(a) Click “Proceed”
(b) A window will appear that reads “Waiting to start”. Verify that the
person in control of scent delivery is in place and ready
(c) Click “Proceed”
(d) Once the exam begins, click on the “Change screens” icon again
(e) A blue line marker will move across the bottom of the screen on the
paradigm or block diagram. When the line arrives at the first gray

block, give thumbs up signal to initiate scent delivery. Signal to the
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delivery person to change scents on every two blocks, and then to shut
off scent when line passes through the final gray box.
(H Continue as needed until scan is complete
v) Double click on 3D/Sag file (anatomical)
(1) Verify slice placement and orientation
(2) Verify FOV = 256 and Recon = 256
(3) Click on “Proceed”
vi) Once anatomical scan has completed, the total scan acquisition is complete.

Total time is estimated at about 12 minutes
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Appendix B. Step-by-step Guide to Processing Olfactory fMRI With *.par and *.rec

Files Using Philips’ BrainVoyager QX, Version 2.6.

1) Processing a brain for analysis with BrainVoyager QX, version 2.6
a) A new project is to be created
i) After opening the software, click on “file”
i) Select “Create Project Wizard” from the drop-down menu
i) When ready to begin, select “Next”
iv) Select the project type: “FMR project” and click on “Next”
v) Select “PHILIPS_REC” from the menu and click on “Next”
vi) Label the project name for the study. Click on “Browse”
vii) Search through the files until finding the functional *.rec file to analyze
viii)  Double click on the file, or highlight the file and click on “Open”.
ix) Verify all exam information that is displayed to the left of the screen.
x) If this is the correct exam, click on “Next”
xi) Verify the correct number of slices and click “Next”
xii) Verify the number of volumes (dynamics) in the acquisition
xiii)  Enter the number of volumes to skip, set at zero if not skipping any.
1. Note that the 2 dummy scans heard while acquiring are not
included in the original count.

xiv)  Once all information is verified and correct, click on “Next”
xv) The last summary page is displayed; if all is good, click “Finish”

xvi) A brain image pops up and all data is being submitted
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xvii)  Once all data is submitted a window will pop up. Check the “verified”
boxes (a total of 2), then select “Closed”
2) Creating the stimulation protocol files
a) Left click on “Analysis” and select “Stimulation Protocol. . .”
b) Type in a name for the experiment
c) Left click on “Add” to identify the condition
d) Highlight the condition and click on “Edit Label”
e) Type in “on” for that condition and click “OK”
f) Left click on “Edit Color” and select desired color (red), click “OK”
g) Click on “Add” again for the “off” condition
h) Highlight the condition and click on “Edit Label”
i) Type in “off” for that condition and click “OK”
J) Left click on “Edit Color” and select desired color (Blue), click “OK”
k) Lt click on “Intervals >>"
[) Highlight the “on” condition and click on “Add” under the intervals icon
i) NOTE: If there are 2 or more “on” intervals, click “Add” for each one
m) Type in the number of dynamics that fit that condition
i) Example: if dynamics 1-10 were “on” during the acquisition, type “1” in the
“From” box and type “10” in the “To” box. If another “on” segment was from
dynamics 32-38, then those numbers would be typed in under the same place,
but categorized as “NrOfintervals” number “2”.
n) Highlight the “off” condition and click on “Add” under the intervals icon

i) NOTE: If there are 2 or more “off” intervals, click “Add” for each one
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3)

4)

0) Type in the number of dynamics that fit that condition
i) Example: if dynamics 11-20 were “off” during the acquisition, type “11” in
the “From” box and type “20” in the “To” box. If another “off” segment was
from dynamics 22-31, then those numbers would be typed in under the same
place, but categorized as “NrOfintervals” number “2”.
p) Left click on “Show Plot” to visualize the dynamic set just created. Make
adjustments as necessary to match the acquisition protocol.
g) Left click on “Save .PRT...” and type in a file name, then click “Save”
r) Go to the top of the window and click “File” and select “Save”
s) On the stimulation protocol window it should have “OK” next to the words
“Stimulation Protocol” — if this is the case, click “Close”
Preprocessing of fMR projects
a) Left click on “Analysis” and select “FMR Data preprocessing. . . “
b) Left click in the “Spatial Smoothing” square and select “Go”
i) NOTE: the last 4 of 5 items should be selected
c) Slice scan corrections will now take place
d) When complete, a Motion Correction parameters window will remain open
e) Close out the motion correction window by clicking on the “x” in top right corner
Statistical analysis with the General Linear Model (GLM)
a) Choose “Analysis” from the menu and select “General Linear Model: Single
Study. . .”
b) Right click in the red region (the “on” region) and left click on “HRF”

c) Click on the “Save. . .” button
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5)

d)

f)

9)

h)

)

K)

)

Type in a file name to include the phrase “Design matrix” (saves as *.sgdm file
Left click on “GO”

Voxel beta plot appears, Close out Beta Plot, and FMR Properties windows
Adjust threshold values with icons on the Left of the brain slices(they ar®the 4
and 8" icons from the bottom)

Left click on “Analysis” and select “Overlay Volume Maps. . .”

Left click on the “Show Negative” box, removing the checkmark and click “OK”.
NOTE: this is also where cluster sizes can be adjusted to clean up the image
Adjust the matrix display as desired by Left clicking on the grid icons todfte L
of the brain slices, immediately above the threshold icons.

Left click on “Analysis” from the menu and select “General Linear Md8igigle
Study. . .”

Left click in the square next to the number 1 (on) until a “+” sign appears.

m) Left click in the square next to the number 2 (off) until a “-* sign appears

n)

Left click on “Save .GLM. . .” and name the file (file saved as a *.gIm file)

Detailed GLM analysis of ROI’s

a)

Locate a region in red to analyze. Left click and drag, creating agéetaver
the desired area (creates ROI)

i) NOTE: Signal time course plot automatically pops up

Right click in Signal Time Course window, and select “Show/hide options”
When expanded window pops up, click on “ROI GLM...”

Click “Browse. . .”

Choose the file with the “Designmatrix.sdm” in the title, click “Open” dreht
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click “Fit GLM”
i) 1st window shows Signal Time Course
i) 2nd Window shows tables with statistical values (multiple correlation
coefficient, R, closer to 1.0 means model fits data very well)
i) 3rd window shows graphical representation of the data (Blue), the model
(Green), and the residuals (red — subtracts the model from the data)
6) Creation of a 3-D anatomical *.vmr file

a) Choose “File” and select “New Project”

b) Select “Anatomical 3D data set (VMR)” make sure the “File Type:” says
“PHILIPS_REC”

c) Left click on “Select First Source File. . .”

d) Choose the correct *.rec anatomical file and click “Open” then click “GO”

e) Allow processing to complete and Adjust contrast if desired, then click “OK

f) Type in a file name (will be a .vmr file) and the “Save”

g) When asked to transform to standard convention, click “Yes” then click “Save” if
newly created file is under the correct file folder

h) Transformation will occur, if an ERROR is created, click “OK”

i) Atthe top, click on “File” and select “VMR properties”

J) Click “Options”, then change all x, y, and z dimension data in bottom row to 256,
then click “Frame”

k) Click “Save” (if asked to replace and overwrite, click “yes”), theakctOK” on
the VMR Properties window

7) Coregistration of anatomical and fMR data sets
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f)
9)
h)

)
K)

)

On the “3D Volume Tools” window click on “Full Dialog>>"

Under “FMR-VMR Coregistration”, left click on “Select FMR. . .”

Choose the longest *.fmr file and click “Open”

Under “FMR-VMR Coregistration”, left click on “Align. . .”

i) NOTE: 2 new files are created for “initial alignment” (I1A) and fBmal
Alignment” (FA)

Select file “Source Options”, check the “Create edge display box” to rethev

checkmark, and choose “GO”

After alignment takes place, click on the “Spatial Transf’ tab

Click on “Save .TRF. . .” icon

Select the long *.trf file that contains “SAG_FA.trf” at the end and clickv&Sa

From the top menu, click on “Analysis” and choose “Create 3D-Aligned Time

Course (VTC) Data. . .”

Click 1st “Browse. . .” icon and then choose longest *.fmr file, then click “Open”

Click on “Auto-Fill", then “GO”

When the box asks to continue if data will not be in Talairach pace, click “Yes”

m) When computation completes, close out small black “x” in top right corner

n)

p)

Q)

Click on “File” and select “Open. . .” Then choose the “SAG.vmr” file and click
“Open”

Click on “Analysis” and choose “Link 3D Time Course (VTC) Data”

Left click on “Browse. . .”

Go to the file folder that contains the *.vtc file and click on it, then click “Open”

Click “OK”
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8) Loading a GLM on a *.vmr project

a) Select “Analysis” and choose “General Linear Model: Single Study. . .”

b) Left click on “Load. . .” and select the “. . .autosave.rtc” file and click “Open”

c) Left click on “Options. . .” and check the box “Correct serial correlations”

d) Click “OK” and then click “GO”

e) Close the “Voxel beta plot” window and adjust thresholds as before

f) Click on “Analysis” and choose “Overlay Volume maps. . .”

g) Uncheck the “Negative” box and click “Close”

h) Move the cursor over the anatomy to locate activated regions
i) Moving the cursor will give coordinates in x, y, and z planes

i) When a desired region is located, record the x,y,and z coordinates

J) Right click on that region and choose “Show/hide options”

k) When expanded window pops up, click on “ROI GLM...” then click “Browse”

[) Choose the file with the “Designmatrix.sdm” in the title, click “Open” dreht
click “Fit GLM”
i) 1st window shows Signal Time Course
i) 2nd Window shows tables with statistical values. Record the R and p-values
i) 3rd window shows graphical representation of the data

m) Exit the program when finished
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Appendix C: Patient Consent Forms and IRB Approval

RECEIVED | l P I l ‘ )
APR 24 2007

LINIVERSITY OF NEVADA LAS VEGAS

OFFICE FOR THE PROTECTION

OF RESEARCH SUBJECTS INFORMED CONSENT
Department of Health Physics

TITLE OF STUDY: Investigation of the Reproducibility of Functional Magnetic Resonance

Imaging and Diffusion Tensor Imaging. .
INVESTIGATOR(S): Jeremy Mangum, Phillip Patton

CONTACT PHONE NUMBER: 702-895-3555 (Phillip Patton), 702-453-4393 (Jeremy Mangum)

Purpose of the Study
You are invited to participate in a research study. The purpose of this study is to test the

reproducibility of functional Magnetic Resonance Imaging (MRI) and Diffusion Tensor Imaging MRI
in mapping responses of neurological fibers throughout the brain. Both of these procedures are MRI
based brain scans that are similar or identical to other MRI procedures.

Participants
You are being asked to participate in the study because we need non-pregnant subjects who are over

the age of eighteen willing and available to be imaged five different times in a closed MRI scanner
over a given period of time.

Procedures

If you volunteer to participate in this study, you will be asked to do the following: Remain still while
lying on an MRI scanning table. A special helmet called a brain coil will be placed over your head for
imaging purposes. You may be required to tap your fingers, listen to different noises, or smell
different odors on a given command. None of these procedures differ from procedures currently used
clinically.

Benefits of Participation
There may/may not be direct benefits to you as a participant in this study. However, we hope to learn

more about the ability of the brain to reproduce responses to different stimuli and to visualize the
appearance of neuron tracts within the brain.

Risks of Participation

There are risks involved in all research studies. This study includes only minimal risks. There is a risk
of falling off the scanner table if not climbing on or off carefully, and there is a risk of claustrophobia,
because you will be in an enclosed MRI scanner with a specialized helmet, or coil. To minimize the
risk of falling all subjects will be helped on and off the imaging table. Additionally, all subjects will
be monitored during the imaging process via video camera.

Cost /Compensation

There will not be financial cost to you to participate in this study other than the cost of travel to and
from the imaging center. The study will take approximately 45 minutes per session, and will require
you to repeat the same scan session five times over a period of a few months. You will not be
compensated for your time. The University of Nevada, Las Vegas may not provide compensation or

10f2
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RECEIVED ‘ ”\ I l \/
APR 24 2007 : : v Approved
UNIVERSITY OF NEVADA LAS VEGAS
MAY 0 !
OFFcE For T proTEGTION INFORMED CONSENT -—Exm"rezs"“’
/ &

Department of Health Physics

MAY 02 2008

TITLE OF STUDY: Investigation of the Reproducibilitv of Functional Magnetic Resonance

Imaging and Diffusion Tensor Imaging.

INVESTIGATORC(S): Jeremy Mangum, Phillip Patton
CONTACT PHONE NUMBER: 702-895-3555 (Phillip Patton), 702-453-4393 (Jeremy Mangum)

free medical care for an unanticipated injury sustained as a result of participating in this research
study.

Contact Information

If you have any questions or concerns about the study, you may contact Jeremy Mangum at (702)
453-4393. For questions regarding the rights of research subjects, any complaints or comments
regarding the manner in which the study is being conducted you may contact the UNLV Office for
the Protection of Research Subjects at 702-895-2794,

Voluntary Participation

Your participation in this study is voluntary. You may refuse to participate in this study or in any part
of this study. You may withdraw at any time without prejudice to your relations with the university.
You are encouraged to ask questions about this study at the beginning or any time during the research
study.

Confidentiality

All information gathered in this study will be kept completely confidential. No reference will be made
in written or oral materials that could link you to this study. All records will be stored in a locked
facility at UNLV for at least 3 years after completion of the study. After the storage time the
information gathered will be shredded and disposed of appropriately.

Participant Consent: -
I have read the above information and agree to participate in this study. I am at least 18 years of age.
A copy of this form has been given to me.

Signature of Participant - Date

Participant Name (Please Print)

Participant Note: Please do not sign this document if the Approval Stamp is missing or is expired,

2 0f2
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Biomedical IRB — Expedited Review
Approval Notice

NOTICE TO ALL RESEARCHERS:
Please be aware that a protocol violation (e.g., failure to submit a modification for any change) of an
IRB approved protocol may result in mandatory remedial education, additional audits, re-consenting
subjetts, researcher probation suspension of any research protocol at issue, suspension of additional
existing research protocols, invalidation of all research conducted under the research protocol at
issue, and further appropriate consequences as determined by the IRB and the Institutional Officer.

DATE: May 4, 2007
TO: Dr. Phillip Patton, Health Physics
FROM: Office for the Protection of Research Subjects

RE: Notification of IRB Action by Dr. John Mercer, Chai(j‘{v\\(’fj
Protocol Title: Investigation of the Reproducibility of Functional Magnetic

Resonance Imaging and Diffusion Tensor Imaging
Protocol #: 0703-2287

This memorandum is notification that the project referenced above has been reviewed by the UNLV
Biomedical Institutional Review Board (IRB) as indicated in regulatory statutes 45 CFR 46. The
protocol has been reviewed and approved.

The protocol is approved for a period of one year from the date of IRB approval. The expiration date
of this protocol is May 2, 2008. Work on the project may begin as soon as you receive written
notification from the Office for the Protection of Research Subjects (OPRS).

PLEASE NOTE:

Attached to this approval notice is the official Informed Consent/Assent (IC/IA) Form for this study.
The IC/IA contains an official approval stamp. Only copies of this official IC/IA form may be used
when obtaining consent. Please keep the original for your records.

Should there be any change to the protocol, it will be necessary to submit a Modification Form
through OPRS. No changes may be made to the existing protocol until modifications have been
approved by the IRB.

Should the use of human subjects described in this protocol continue beyond May 2, 2008 it would be
necessary to submit a Continuing Review Request Form 60 days before the expiration date.

If you have questions or require any assistance, please contact the Office for the Protection of Research
Subjects at OPRSHumanSubjects@unlv.edu or call 895-2794.

Oftice for the Protection of Research Subjects
4505 Maryland Parkway « Box 451047 « Las Vegas, Nevada 89154-1047
(702) 895-2794 « FAX: (702) 895-0805
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Brenda Durosinmi, MPA, CIP, CIM -Director
Office for the Protection of Research Subjects
University of Nevada Las Vegas

4505 Maryland Parkway Box 451047

Las Vegas, NV 89154-1047

Subject: Letter of Authorization to Conduct Resbaat Nevada Imaging Centers.
Dear Ms. Durosinmi:

This letter will serve as authorization for the UNEtesearcher/research team, Phillip W
Patton, PhD to conduct the research project etititterestigation of the Reproducibility
of Functional Magnetic Resonance Imaging and Difiad ensor Imagingt Spring
Valley Nevada Imaging Centers located at 5495 $idoav Blvd.

The research project has been reviewed by the ppate facility administrative entity.
Our legal advisor has also reviewed the projece dMy accepliability presented in th
research project. The research may be implemexntidx facility when the research
project has received approval from the UNLV Indidnal Review Board.

If we have any concerns or need additional inforomathe project researcher will be
contacted and/or the UNLV Office for the ProtectairResearch Subjects.

Sincerely,

AN w5

10/05/2006

Authorized Facility Representative Signature eDat

William W. Orrison Jr., M.D.
Print Representative Name and Title
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Appendix D: Permission to Use Images

From:; Glawniak, Jemy <jglowmismed wayne edu=
To: arosdnotiakendieol. com <anoad rotia kengl el come=
Bubject: RE: Pammission to usa image
Dabe: Sat, Des 12, 2008 8:31 pm

Hi, Jecemy

gorry for the late reply. It is okay to use the imags, but please note that this
12 a medified Frank Hebter illustration as noted on tha botton of the imaga on
the right. It should be noted that the entire program i=s my creation. Dr. Zak is
a neurcradiclogist who I listed as an auther since I needed his pemission to
use the research MRI scanner in the research are=a to obtain the MRI images. I
S@e that you are a CHHT. I am board cartificd by tha AEMH Ln nuclé&ar madicing.
Your research sounds interesting. Flease let me know how your thesis is going. I
would like wary much to know what eoad Lt 18 that hasn't been taken.

Elnceraly,

Terry Glowniak, WD

Chief, Dapartmant of Radiclogy

Dekbrolt Rec=iving Hospital

Oetrolt Hedical CenterfWayre Ptata Unlwvarsity

From: amadnuttal\:nnﬂ amol .oom | al.'mdnnttalcn-nﬂaol . am]
Bentr Saturday, Cotober 31, 2000 5:55 PH

To: Glowmiak, Jarrcy

Bubject: Permission to use image

Dr. Glowniak,

My name i= Jeremy Mangun from Las Yegas, N¥W. I am currently writing a
Master's thasis on Olfactory rasponse with fMRI at tha University of Havada Las
Vegas. I cam= across your "Limbic Systen” website and liked the image you
placed on tha main page. I would like your peemission to use this image in my
thesis when I discuss the limbic system. I will, of course site your name and
the name of your partner as mentioned on the webpage, De. Imad Zak. Thank you
for your help with this, and pleases continue dodng a great job. I appreciate
the rescurcas you've nade awallabla.

Youra,
Jeremy Mangum BS, CHMT, PET
arcadrottakandacl - comn
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