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ABSTRACT

MAPPING INTER-SUBJECT AND INTER-REGIONAL BRAIN
CONNECTIVITY DURING FREE VIEWING OF NOVEL NATURAL SCENES

by
Sheela Nagaraj
Traditional functional magnetic resonance imaging (fMRI) studies have used controlled
tasks such as finger tapping to isolate function in distinct cortical. Recent studies have
examined the mechanisms involved during natural conditions by asking subjects to freely
view the presentation of a movie. The objective of our study was to further observe the
extent to which similarities are present between subjects during natural vision. It was
hypothesized that there would be a linear relationship between the percentage of region-
specific overlap, which is the percent of the anatomical region of interest which contains
spatial activation exhibited by all six subjects, and corresponding temporal correlation
values between subjects from those regions. In this study, a controlled experiment was
conducted in which all the subjects viewed a movie clip from the 2005 thriller Redeye for
the first time during the fMRI scan. Spatial and temporal correlations were examined
during a forty minute movie clip in which subjects casually viewed the stimulus.
Significant spatial overlap between the six scanned subjects was observed in many
regions during the viewing of the forty minute stimulus and this overlap was considerably
lower during the second ten minute viewing. Temporal correlation values as high as 0.8
were observed between subjects during the viewing of the forty minute clip. Inter-
regional correlation was also examined within subjects. The use of a movie clip allowed
for the activation of a numerous functional regions in a single duration to identify

similarity in cortical activation during a complex stimulus both spatially and temporally.
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CHAPTER 1

INTRODUCTION

1.1 Objective

The objective of this study was to investigate and develop novel methods in brain-
mapping using functional Magnetic Resonance Imaging (fMRI) and study similarities in
brain function within normal subjects. This procedure extends from research performed
by Hasson et al. [1], in which cortical synchronization between subjects was observed
during the casual viewing a movie. Conventional stimuli used in studying visual and
auditory responses are generally very controlled (i.e., flashing checkerboard) however, by
using a natural stimulus such as a movie the scenario created is quite similar to that which
is experienced on a daily basis allowing one to understand cortical processing of natural
vision and comprehension.

In this study, a controlled experiment was performed in which all the subjects
viewed a movie clip for the first time during the fMRI scan. For additional control, the
stimulus presented occurred entirely inside of an airplane and the scene focused on two
individuals, therefore minimizing new visual inputs. Spatial and temporal correlations
mediated by the stimulus were examined during a 40-minute movie clip, in which
subjects were asked to casually view the stimulus. The first 10 minutes of the 40-minute
clip were also presented for a second time to observe repeatability.

It is hypothesized that regions with significant overlap between the anatomical

region and spatial activation mediated by the stimulus and observed in all subjects will



also result in a corresponding high inter-subject temporal correlation from that region.
Specifically, we hypothesize that within regions that displayed significant region-specific
overlap (RSO), a monotonic relationship between RSO and temporal correlation from the

corresponding functional region exists.

1.2 Background Studies
From its development in the 1990’s, functional magnetic resonance imaging (fMRI) has
been used widely to understand human brain function in both healthy and patient
populations. In 1991, Belliveau et al. [2] used regional cerebral blood volume (CBV)
information in conjunction with the knowledge of hemodynamic and metabolic responses
to construct the first functional magnetic resonance activation maps resulting from a
visual task. The result was consistent with previous studies using Positron Emission
Tomography (PET) imaging involving cortical observation, in which the stimulus
produced increased activity in the primary visual cortex. Ogawa et al. [3] identified blood
oxygenation level dependent (BOLD) fMRI to also measure detectable responses to
visual stimuli in the primary visual cortex. Bandettini et al. [4] were one of the first
groups to develop processing strategies for fMRI data sets by temporally correlating
every voxel time series in the brain with an idealized reference waveform to detect
corresponding local increases in the BOLD fMRI signal during the performance of
particular task'paradigms. Visual stimuli were used by Kwong et al. in 1992 [5] in
addition to observing functional changes in humans during hand squeezing tasks and

hypercapnia in animals.



In the last decade, attempts have been made to investigate cortical responses
through the implementation of fMRI and allowed researchers to identify and distinguish
between distinct functional regions in the cortex [6,7]. As a result, various scientific
studies have provided significant evidence that despite the unique anatomy and
processing ability of individuals, there is a remarkable inter-subject correlation between
brain regions during specific tasks. These tasks usually consist of a simple stimulus
aimed to target predicted responses as well as those that required the subject to endure
fixation. For example, Tootell et al. [8] used controlled visual tasks to examine
retinotopically categorized patterns within the cortex using fMRI. Using controlled
studies, researchers have been able to identify different regions of the cortex, which are
responsible not only for the overall visual experience but more distinct functions such as
color, motion, and contrast. DeYoe et al. [9] used fMRI to compare visual fields between
humans and macaque monkeys to identify and map the representation of the visual field
in seven areas of the human cerebral cortex and to identify at least two additional visually
responsive regions. Their results indicated that although there was considerable overlap
between the human and macaque monkey visual field, the cortical organization may
begin to differ in the extrastriate cortex beyond V3A and V4, which have shown to
respond to orientation, spatial frequency, global motion, color and other detailed visual
attributes.

fMRI has also proven to be a useful technique in observing abnormal functional
activity in patients afflicted with various medical conditions and for pre-operative
evaluation. fMRI is often used by surgeons to assess the degree to which a brain tumor

may have shifted cortical regions surrounding the malignancy and consequently the



regions that can be removed without resulting in excessive harm to a patient’s quality of
life. This is accomplished by presenting a number of functional activation studies that
would mediate activation in the corresponding functional regions adjacent to the tumor.
"Functional MR imaging has a significant effect on therapeutic planning in patients with
potentially resectable brain tumors and enables the selection of therapeutic options that
might otherwise not have been considered because of functional risk," reported Jeffrey R.
Petrella, M.D. and colleagues of Duke University, in the September 2006 issue of
Radiology [10]. Pre-operative mapping and distinguishing between cortical regions
during tasks is a key tool optimizing surgical removal of tumors. A study conducted by
Hou et. al. [11] has indicated a significantly lower BOLD fMRI cerebral blood flow
(CBF) response in brain tumor patients in comparison with healthy subjects thus,
producing a lower response in a functioning cortical area. These changes in functionality
due to malignant tumors may result in surgical removal of functioning regions presumed
to be non-functioning. Additional imaging studies by Quarles et al. [12, 13] utilized fMRI
parameters and the susceptibility to contrast to determine the characteristics of a tumor as
well as its responses to therapy.

In another clinical study [14], two minimally conscious subjects (MCS) who were
18 months post-brain injury and at the verge of cognitive recovery were studied during a
language paradigm using fMRI, PET and quantitave EEG. Results were compared to that
of seven healthy controls. The paradigm consisted of various tasks including a
personalized narrative spoken by a familiar voice and the time-revered version of the
same narrative. Activation was considerable in language related areas such as the

superior and middle temporal gyrus in both groups of subjects during the personalized



narrative task. During the time-reversed auditory stimulus, activation in the MCS patients
was observed to be significantly reduced in comparison with the healthy controls
indicating a decreased attention level during auditory stimulation with linguistically
insignificant content. Tactile finger-tapping stimuli elicited bilateral responses of equal
magnitude in both groups of subjects in the primary somatosensory area in the postcentral
gyrus in corresponding hemispheres during the task. fMRI responses to the language
related tasks were compared to results attained from FDG-PET and EEG and indicated a
lower than normal global resting metabolic rate in MCS patients as well as differences
between the normal and MCS subjects in the metabolic resting rates for each hemisphere
and baseline activity. Abnormal metabolic rates in patients in the persistently vegetative
state were observed in a study by Schiff et al. in 2002 [15] where PET and fMRI analysis
indicated a 30%-40% decrease in overall cerebral metabolism in comparison to normal
subjects. Several isolated cortical regions also demonstrated metabolic rates considerably
higher than normal and demonstrated a reduction of evoked responses and neuronal
firing. Also, a decrease in inter-regional correlation within the injured hemisphere
indicates decreased capabilities of functional integration in MCS subjects. It can be
predicted that understanding the functional mechanisms corresponding to the minimally
conscious state will provide guidance into rehabilitation strategies to offer patients with
the most excellent quality of life possible. A possible therapeutic application in
rehabilitating those in the minimally conscious state [16] is suggested to be deep brain
stimulation (DBS) in areas that were shown to be less reactive to stimuli in functional

imaging studies.



Recognizing the unique functional differences between various clinical
populations with neurologically related abnormalities will play an important partin
assessing the cognition and functionality of these patients although they may not be
apparent, and potentially provide them with an opportunity for full functional recovery.

Although controlled studies provide insight into brain function, natural vision
cannot be accurately modeled through these conventional methods due to its complicated
structure. Characteristics of natural vision include components which are embedded
within a dynamic, complex scene, no necessity for fixation, and often times visual cues
are associated with other components such as context or emotion [1]. Recently, Hasson et
al. [1] utilized a novel method of presenting natural sequences to observe responses from
subjects during the free viewing of a 30-minute clip from the movie “The Good, the Bad
and the Ugly (1966)”. On average they found that during the viewing of the movie there
was a 29% + 10 inter-subject overlap in spatial activation which covered not only the
audiovisual sensory regions but additional somatosensory areas. The study also indicated
similarities between subjects where there was an increase in temporal activity in
particular regions which corresponded directly to the components presented within the
stimulus such as faces, buildings, and hand gestures.

Bartels and Zeki [17], presented the first 22 minutes of the James Bond movie
“Tomorrow Never Dies” to subjects during the acquisition of fMRI images to understand
neural processing during natural vision. Subjects were asked to perceptually rate the
intensity of their visual experience based upon specific criteria such as colors, faces,
language and bodies. The subjective responses were convolved with the hemodynamic

response function and correlated to the fMRI BOLD activity from various regions within



the brain mediated by the presentation of the movie. Results indicated that despite the
complexly integrated nature of the stimulus, functional segregation was present and
observed, as each element correlated with its corresponding cortical region. Colors, faces,
language and bodies corresponded to activation in V4, fusiform gyrus, Wemicke’s Area
and the superior temporal cortex, respectively. Considerable inter-subject temporal
correlation was also seen between the subjects in the four distinct regions.

In a different study, Bartels et al. [18] hypothesized that the utilization of a natural
stimulus allows for a novel way of constructing activation maps based on the correlation
of BOLD signals between functional regions. fMRI was used to attain cortical activity
data as subjects freely viewed a movie clip with intermittent rest periods. Independent
Component Analysis (ICA) was used to separate signals based on BOLD dynamics. It
was concluded that during the viewing of the natural stimulus, correlation between
regions that were anatomically connected were considerably higher than between
unconnected regions and functional specificity within regions increased during natural
viewing in comparison to resting conditions. The authors hypothesized that these changes
between baseline and active states may provide insight into cortical connectivity during
relatively natural conditions.

To observe cortical functionality in natural settings, Malinen et al. [19] performed
fMRI on six subjects during 8-minute blocks of unpredictable auditory, visual, and tactile
finger tapping stimuli. Independent component analysis (ICA) and general-linear-model-
based analysis (GLM) were compared and used to identify significant components in the
brain. It was found that a significant component was found in the superior temporal

sulcus that reacted to auditory stimuli. Further analysis indicated various visual regions



that responded to visual stimuli and others that further discriminated between visual
objects in the presented stimuli (i.e., buildings, faces).

fMRI studies have introduced many possibilities of using the intrinsic blood-
tissue contrast basis of nuclear magnetic resonance to understand the spatial and temporal
aspects of brain function. fMRI scanning has permitted researchers to identify and map
changes relgted“ to perceptual, motor and cognitive function by relating metabolic and
hemodynarrﬁé éhanges during a particular task. fMRI has many benefits including
increased spatial and temporal resolution, in addition to being non-invasive in
comparison with alternative imaging modalities making it a useful tool in examining
cortical functionality. Spatial comparison denotes the capability to discriminate changes
across different spatial locations while temporal comparison refers to changes within the
same region over time. The spatial resolution can be further enhanced by sacrificing
coverage, increasing the scan time or by using higher field-strength magnets to increase
in signal-to-noise ratio (SNR). Prior to the popular use of fMRI as a functional neuro-
imaging tool, the most accepted modality was positron emission tomography (PET)
which requires the injection of radioactive tracers to quantify variations in the brain
through parameters such as glucose metabolism and blood flow. Although PET was a
powerful tool in understanding cortical functionality, there were numerous disadvantages
such as the invasive procedure which required the injection of radioactive tracers,
expenses of developing the radioactive isotopes and the sluggish image acquisition rate.
In comparison to fMRI, the spatial resolution of PET data sets is quite limited. The
temporal resolution of fMRI is several times better than the 30-45 sec of PET and further,

by decreasing the area of coverage, the number images that can be acquired per second



can be increased. The technological advances in fMRI have significantly increased
awareness of functional neuro-imaging studies over the last ten years and the clinical and
research applications of this imaging modality are countless.

This Master of Science thesis utilizes fMRI to investigate the extent of spatial and
temporal inter-subject synchronization during a complex stimulus using multiple analysis
methodologies. Following the background studies described previously in Chapter 1,
Chapter 2 presents the fundamentals of functional magnetic resonance imaging including
a description of the scientific principles behind the generation of the fMRI signal, as well
as the biological properties represented in the signal. Chapter 3 provides a detailed
outline of the investigational study performed for this thesis and an interpretation of the
results obtained. Chapter 4 concludes the work presented and offers thoughts on future

applications.



CHAPTER 2

FUNDAMENTALS OF FUNCTIONAL MAGNETIC RESONANCE IMAGING

2.1 Foundations of Nuclear Magnetic Resonance

Studies surrounding the nuclear magnetic resonance signal initiated during the 1940’s in
an attempt to uncover applications in chemistry and biochemistry. During the late 1960’s,
it was identified that water molecules, regardless of whether or not they were present in
living tissue, could be imaged using nuclear magnetic resonance techniques. In the
1970’s, American chemist Paul Lauterbur (whose joint work with Peter Mansfield in the
development of magnetic resonance imaging (MRI) awarded him the Nobel Prize in
Physiology/Medicine in 2003) manipulated the magnetic field gradients to localize the
magnetic resonance signal in space and generate an image. Clinical applications were
identified in the mid-1980’s giving way to what is known today as magnetic resonance
imaging (MRI). The development of MRI provided researchers and clinicians with major
advantages over existing imaging modalities including its non-invasive procedure,
excellent resolution in both bones and soft tissue as well as the ability to attain images
through any plane within the body. The basis of the formation of the MR signal can be
summarized through a series of physical principles. Understanding the magnetic
properties of the atom is fundamental in comprehending the generation of the magnetic

resonance signal.

Many biologically abundant elements are capable of producing magnetic

resonance images, hydrogen being the most plentiful and magnetic. Water content is
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largely present throughout the human body and accounts for 70.6% of gray matter within
the brain, 84.3% of white matter in the brain, 12.2% of bone, 93% of blood and 80.3% of
the heart. Protons of these elements can be modeled as an extremely small bar magnet
with poles on either end, as seen in Figure 2.1. A fundamental theory is that of the
nuclear spin, in which atomic nuclei that possess a magnetic moment and angular
momentum (denoted as spins) demonstrate fast gyroscopic precession when placed in an
external magnetic field. The axis about which the spins precess is known as the
longitudinal direction while the plane in which precession occurs is known as the
transverse plane. In the presence of a strong magnetic field, the spins of the protons

within the material are arranged in two energy states. The lower state is parallel to the

Magnet Spuming Proton

Figure 2.1 Comparison of bar magnet and proton.

applied magnetic field and the higher state is anti-parallel to the magnetic field. The
energy difference between both states is proportional to the strength of the magnetic field.
Within the two energy levels, the protons precess at an angular frequency dependant upon
the strength of the magnetic field. The relationship between magnetic field strength and

precessional frequency is given below in Equation 2.1 by the Larmor equation, where @
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is the precessional angular frequency, y is the gyromagnetic ratio which is dependant
upon the element and gives the proportionality constant between the magnetic moment
and the angular momentum, and By is the strength of the magnetic field. For fMRI, the
strength of the magnetic field used is usually between 1.5 to 4.0 Tesla with greater

strengths for research applications.

o= YBo 2.1

As the protons precess based upon their orientation in the parallel and anti-parallel
directions, there is no net magnetic field at equilibrium due to the random circulation of
protons. As energy is applied in the form of radiofrequency electromagnetic radiation at
the particular precessional frequency proportional to the energy difference between the
two states, (also known as the Larmor frequency) the energy is absorbed and more spins
are converted from the lower to the higher energy anti-parallel state. After the applied
energy is absorbed, the system attempts to reach equilibrium once more, resulting in the
release of the magnetic resonance signal. During equilibrium, more spins are in the
parallel (low energy) state causing a maximal longitudinal magnetization. As the energy

is applied to the system (Figure 2.2), there is a gradual increase of the protons in the high
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Figure 2.2 Quantum mechanics description of changes in longitudinal magnetization and
proton spin orientations due to application of RF waves at Larmor frequency.

Duration of RF pulse

energy state causing a maximal decrease in longitudinal magnetization (along the z-axis).
To measure this variation in magnetization, it is necessary to displace it to the transverse
plane (the x-y plane) from its perpendicular position in respect to the magnetic field and
thus quantify the changes within the magnetic flux. To do so, a 90-degree RF pulse is

used, resulting in the largest transverse magnetization possible [21].

2.2 T1 & T2 Parameters

As a 90-degree RF pulse is applied, it results in a phase coherence of protons causing a
maximal transverse magnetization in the sample. As this magnetization precesses at the
Larmor frequency, the protons dephase producing an electronic signal which can be
represented as a damped sinusoid called Free Induction Decay (FID). Internal (spin-spin
interactions) and external (inhomogeneities in the magnetic field) cause the damping to

occur even faster. T2 represents an exponential relaxation time (between peak transverse
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signal and 37% of the peak level) due to the intrinsic properties for the given sample. If
the extrinsic properties are also considered (such as irregularities in the magnetic field),
the loss of coherence occurs much more rapidly and therefore the T2 time is shortened to
T2*. The value of T2 is influenced by the structure of the sample for example, T2 in
amorphous fluids is long because the rapid motion of the molecules allows for the
intrinsic homogeneities to be negligible. Also as the size of the molecule increases T2
becomes shorter due to the restriction of their motion. The relationship between T2 and

transverse magnetization following an RF pulse can be described by Equation 2.2:

Mxy(t):MOe-t/Tz (2.2)

T2 decay occurs at a much quicker speed in comparison with T1, which is the
return from excited magnetization (M, = 0) to the equilibrium (M), maximum
longitudinal magnetization. T1 relaxation is longer than T2 because the excited protons
must discharge their energy into the surrounding tissue lattice, depending upon the spin-
lattice characteristics for interaction. The T1 constant is the time needed to improve to
63% of the maximum longitudinal relaxation after a 90-degree RF pulse has been
applied. T1 depends on various factors including the energy absorbed by surrounding
tissue, the structure of the surrounding lattice, and directly to the strength of the magnetic

field. Longitudinal magnetization is described by the following given in Equation 2.3:

M,()=M, (1-e"™") (2.3)

Figure 2.3 illustrates the changes corresponding to the properties of transverse and

longitudinal magnetization.



15

Att=0 Att=c0

Att=0 Att=w Mz= 0, Mry=max Mzsmngy-u

Mxy = max, Mz=0 Mxy= U,le=max
2 . !
i? z

100% - 100% —-
63%
I\Ixy
37% Mz
> time > time
T2 T1

Figure 2.3 Comparison of T1 and T2 relaxation parameters. During the initial time after
the RF pulse is applied, transverse magnetization is at a maximum and longitudinal
magnetization is at zero. As time progresses, transverse magnetization decreases causing

a maximal longitudinal magnetization.
(Source: http://wbs-med.imib.rwth-aachen.de/cbt/Radiologie/Skript/allgemein/relax4.gif)

After the application of the radiofrequency energy, the changes in the magnitude
of the transverse magnetization vector can be quantified over time allowing for the
measurement of the MR signal through the external detector coil. The Bloch equation
(provided in Equation 2.4) provides a quantitative summation of the magnetic resonance
phenomena described. The Block equation describes how the net magnetization of a spin
system varies over time when exposed to a time varying magnetic field:

dM 2.4

1 1
—=YMXB+—(Mo—M-)——(M:+ M,
dt 4 Tl( ’ ) Tz( ")

Where dM indicates the change in net magnetization, dt is the change in time, 7y 1s
the gyromagnetic ratio, M is the net magnetization, B is the total magnetic field
experienced by the spin system, T, is the constant that expresses the longitudinal
component of the net magnetization over time, My is the initial magnetization, My, My

and M, are the net magnetizations in the x, y, and z directions, respectively and T2 is the
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time constant that describes the decay of the transverse component of the net
magnetization over time.

T1 is quite longer than T2 and factors that effect the values of T1 and T2 include
molecular motion, size and interactions. For example, within a soft tissue, T1 is usually
around 500 msec and a T2 value about 5 to 10 times shorter. The variations in T1, T2 and
T2* values are responsible for the high resolution in MRI, which allows it be a non-
invasive diagnostic tool. All molecules can be categorized into three categories: small
sized moving at fast speeds, medium sized with medium speeds and large slow
molecules. Small molecules tend to have long T1 and T2 values, medium sized molecules
have short T1 and T2 values and large slow molecules have long T1 and short T2 times.
A majority of the molecules being imaged within the body have a tendency to be small to
medium in size. T1 values are also heavily influenced by the strength of the magnetic
field while there are negligible effects on the T2 value. In addition, another constant
parameter that defines the contrast of the acquired images is proton density within the
material being imaged. Variations in these contrast parameters based on the
characteristics of tissue create a measured signal which is specific to the type of tissue
being observed.

Since the 1990’s, as fMRI studies became prominent, there has been an emphasis
on T2* weighted images due to the importance of BOLD contrast. A majority of fMRI
studies currently utilize T2*-weighted pulse images. A schematic of the pulse sequence

often used for T2* weighted images is given in Figure 2.4. T2* weighted images are
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Figure 2.4 Pulse sequence used for T, -weighted images, most commonly used for
BOLD-contrast fMRI due to sensitivity of deoxygenated hemoglobin level.

especially sensitive to the quantity of deoxygenated hemoglobin present within a tissue
and susceptible to minor variations in the BOLD signal which correspond to metabolic
activity. T2* contrast is emphasized by influencing pulse sequences (see Section 2.4) to
have a long TR and medium TE value. By doing so, there is an increase in the field

homogeneity which is a major factor that effects the T2* parameter [21].

2.3 Localization of the Magnetic Resonance Signal
When protons in a material are exposed to an external magnetic field and specific radio
frequency waves are applied, they result in the release of signals dependant upon the
excitation and relaxation attributes of that material. An essential concept in understanding
MR imaging involves the use of additional magnetic gradients imposed upon a uniform

magnetic field to allow for spatial localization within the subject.
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Uniform magnetic fields are produced in a coil wire and supplied with energy
through a specified direct electric current. Magnetic field gradients are created by
overlaying the magnetic fields with coils in a particular configuration to create a field that
varies in strength linearly proportional to distance along the magnetic field. The
surroundings of the magnet bore contain gradients along the x, y and z directions and
each result in a linear change in corresponding precessional frequency of protons based
upon their spatial location relative to the null frequency, a reference point which causes
no net change in the magnetic field. Protons present in a particular location are identified
by their spatial location within magnetic field and the unique strength of the field at that
region created by the configuration of gradients.

When radiofrequency waves are applied at a particular precessional frequency,
there is a change in the magnetic moment that occurs within the tissue causing the
orientation of residing protons to deviate from the equilibrium state to the anti-parallel
orientation. As the protons return to the equilibrium state, MR signals can be detected

based upon the amount of excited protons in a particular region of the tissue.

The function of the RF coil is to produce RF pulses that are used in conjunction
with the slice select gradient (SSG) in MRI to identify the particular slice within the body
that needs to imaged and excite those regions by turning RF coils on and off speciﬁed to
the Larmor frequency corresponding to that area. The gradient used in slice selection
creates a net positive and negative magnetic surrounding that adds and subtracts from the
main magnetic field (Figure 2.5). Due to this change in the field, corresponding

precession frequencies are also altered based upon their location within the gradient
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Figure 2.5 The gradient magnetic field generates a net magnetic field that alters the main
magnetic field in a positive and negative way depending upon the position within the
field of view. The proportional difference in magnetic field over distance results in a
proportional change in corresponding precessional frequencies.

proportional to the magnetic field strength at that region. The specific RF pulse is utilized
to activate a particular rectangular slice of protons in the sample using a “sinc” pulse.
This function is used because it is focused at a center point at time zero as well as
positive and negative oscillations that decrease in amplitude prior to and following the
peak. To attain a perfect rectangular slice, it is necessary to generate an exact sinc pulse
that has an infinite period of time before and after the pulse, which is not practically
feasible. Because short pulses cause a cutoff of the sinc function, longer RF pulses
provide better slices. The width of the sinc pulse identifies the corresponding bandwidth
of the slice so a large pulse width corresponds to a wide band width. It is however better
to have a narrow bandwidth to improve the signal to noise ratio conversely, signal to

noise ratio is also improved when in the presence of a higher external magnetic field.

The second component used for spatial identification is the phase encode gradient

along the y axis for axial images. Following the application of the slice selection gradient,
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all spins within that particular region of tissue have coherence of phase. As the phase
encode gradient is activated a linear change in precessional frequency occurs along the
slice in the direction of the newly introduced gradient. Subsequent to the phase encode
gradient being turned off, all precessions go back to the Larmor frequency however, all
spins differ in phase with protons toward the positive pole undergoing a forward phase
shift and the backward shifts to those toward the negative pole. The degree of the phase
shift is based upon the spatial location with respect to null frequency region, as well as
the strength of the strength of the phase encode gradient field. The final component in
spatial encoding is the frequency encode gradient. As the name implies, the f