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CHAPTER I 

 

INTRODUCTION 

 

Magnetic Resonance Imaging (MRI) is a modality commonly applied in 

medical clinical and research practice to provide visualization of internal biological 

tissue structures.  For human applications, this enables specific anatomical features 

to be identified and assessed for diagnostic purposes or to probe tissue 

physiological processes and pathologies.   Compared to other approaches such as 

x-ray, PET, and SPECT, MRI uses non-ionizing radiation while providing distinct soft 

tissue contrast for anatomical identification that can be customized for the 

application.  Functional and dynamic properties can also be investigated to explore 

topics ranging from brain activation under stimulus, cardiac function, and receptor 

uptake using exogenous contrast agents.  Unique characterization of diffusion 

behavior, vascularization, and relative tissue properties can also help to understand 

the effects of disease and potential treatments.   

Advancements in MRI technology are driven largely on improving image 

quality for these applications, enhancing methods of contrast to identify specific 

features of interest, and extensions to functional and dynamic applications that can 

be implemented for clinical use.  Image quality improvements specifically focus on 

enhancing detectable signal, increasing image resolution, and reducing corrupting 

artifacts.  Of these, resolution is central to image quality to enable discernment of 

specific anatomical features or to spatially and temporally define functional behavior.    
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In MRI, resolution is challenged by the trade-off between the image signal-to-noise 

ratio (SNR) and the achieved voxel size; smaller voxel sizes produce lower SNR 

values potentially diminishing overall quality.  In addition, high-resolution can require 

obtaining a large number of points for a specific field-of-view (FOV) size that is 

constrained to the dimensions of the object in the plane imaged to prevent fold-over 

or aliasing effects.  Such scan durations can become prohibitive and are sensitive to 

patient bulk and physiological motion effects, with acquisition of large data set 

increasing sensitivity to susceptibility variation causing image blurring and distortion. 

Attempts to counter these obstacles to high-resolution imaging has driven 

increments in the magnetic field to ultra-high field strengths, such as 7T, to provide 

additional signal to support resolution improvement.   However, 7T application for in 

vivo high-resolution imaging has not been unambiguously accomplished, and faces 

a number of challenges such as increased B1 inhomogeneity and shorter T2* values.  

Solutions to efficiency constraints and time-dependent artifact sensitivity have 

resulted in a variety of rapid imaging techniques such as echo planar imaging (EPI) 

and parallel imaging methods that reduce overall image data sizes.  Similar 

acceleration is possible by selectively restricting the signal to localized FOV 

dimensions using reduced-FOV methods, but this approach has currently not been 

optimized for human imaging at the 7T field strength.  Conceivably, such an 

approach is attractive when imaging experiments are isolated to specific regions of 

interest in the brain to enable high reduction of the FOV dimensions. 

In this work, we aim to address this later deficiency by implementing a variety 

of reduced-FOV approaches at 7T that have been optimized for the challenges at 
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this ultra-high field strength, with comparisons of relative performance to determine 

the best approach for high-resolution imaging.  This optimal approach will be applied 

to explore localized imaging in the human brain targeting in vivo 160 to 300 µm 

resolutions, with specific emphasis on improvements in scan duration and reduction 

of time-dependent artifacts to obtain high image quality.  Where applicable, reduced-

FOV will synergistically be combined with additional rapid imaging techniques such 

as EPI, parallel imaging, and partial fourier methods to achieve the highest 

accelerations possible in data acquisition.  Additional exploration of the benefits of 

this rapid imaging approach will be performed for high-resolution brain diffusion 

tensor imaging, and localized acquisitions of the cervical spinal cord. 
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CHAPTER II 

 

BACKGROUND 

 

1. Basic Principles of MRI 

Magnetic resonance signal is established by manipulation of atomic nuclei 

with magnetic moments, typically hydrogen protons due to water abundance in 

humans.  The proton contains spin angular momentum with a current about the spin 

axis that results in production of its own magnetic field and dipole moment.  

Exposure of the proton to an externally applied strong magnetic field causes the 

dipole moment to orient at an angle in relative alignment with the local field direction.  

The applied torque results in precession of the proton around the main field at an 

angular frequency that is dependent on the field strength, B0, and gyromagnetic ratio 

of the hydrogen proton, γ (42.6 MHz/T) as defined by the Larmor equation [1]: 

𝜔! = 𝛾𝐵!                                                                  2.1 

Here, the gyromagnetic ratio corresponds to the ratio of the proton magnetic 

moment and its angular momentum.  Since the spin angular momentum for the 

hydrogen proton is quantized, its magnetic moment alignment can only be in two 

states: parallel or anti-parallel to the applied external field.  The latter is the higher 

energy state; as a result, a small excess of protons in a specific volume will be in 

parallel alignment with B0.  For such a volume, the total excess of parallel moments 

defines the net magnetization, M0, as dictated by Boltzmann probability, the volume 

proton spin density, ρ0, and sample temperature T [1] : 
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𝑀! =
𝜌!𝛾!ℏ!

4𝑘𝑇 𝐵!                                                                 2.2 

2. Manipulation of Magnetization Using Applied RF Pulses 

Ultimately, this net magnetization is the source of signal in an MRI experiment 

used to provide information about the object imaged.  To initiate detection, the 

established magnetization vector is tipped away from B0 by applying a time-varying 

radiofrequency waveform over a specific duration.  The RF energy of this pulse is 

generated in a direction orthogonal to the main field by a transmission coil external 

to the object.  In order to effect the proton spin magnetization and induce a 

downward nutation of the magnetization into the transverse plane perpendicular to 

B0, the frequency of the RF pulse must be on resonance, matching that established 

for protons by the Larmor equation.  Typically, M0 is tipped 90º by the RF pulse to 

ensure the full magnetization is detected, but any specific 'flip angle", θ, may be 

targeted.  The achieved flip angle corresponds to the time integral of the RF pulse, 

B1(t), with the transverse magnetization determined by the resulting angle [2]:  

𝜃 𝑡 =  𝛾 𝐵! 𝑡 𝑑𝑡                                                          2.3
!

!!
 

𝑀!" = 𝑀! sin𝜃                                                               2.4 

Once tipped, it is the magnetization precession in the transverse plane that 

generates a detectable signal.  The time-varying magnetic flux caused by the 

rotating magnetization establishes an electromagnetic force in a nearby receive coil 

by induction which generates a voltage that has a dependency on the density of 

protons in the volume and the external magnetic field strength [1]: 

𝑆 ∝
𝛾!𝐵!!𝜌!
𝑇                                                                     2.5 
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3. Magnetization Relaxation Effects 

Immediately after RF pulse application, the established transverse 

magnetization begins to decay exponentially at a rate described by the time constant 

T2*.  This results from interactions between spins that cause local field variations 

and subsequent dephasing of the magnetization vector, and is dictated by local 

tissue properties.  Additional decay is caused by inhomogeneity of the externally 

applied field by the time constant T2' that can result from tissue susceptibility 

variations or main magnetic field errors that have not been properly addressed by 

shim gradients.  The T2  and T2’ effects define the overall T2* relaxation time [1]: 

1
𝑇!∗
=
1
𝑇!
+
1
𝑇!!
                                                                      2.6 

After spins are first exposed to the applied magnetic field or perturbed by an 

RF pulse to tip onto the transverse plane, recovery of longitudinal magnetization is 

described by the T1 relaxation time.  Spins in a magnetic field undergo interactions 

with the surrounding lattice environment as a result of thermal motion and vibrations, 

thereby losing energy and reorienting with the main magnetic field, B0.  The effects 

of relaxation times on the longitudinal and transverse magnetization, Mz and 𝑀!, can 

generally be described by the Bloch equations to establish their behavior over time, 

where M0 corresponds to the total equilibrium magnetization available [1]: 

𝑀! 𝑡 =  𝑀!𝑒!! !!                                                             2.7 

𝑀! 𝑡 =  𝑀! 1−  𝑒!! !!                                                     2.8 

4. Spatially Selective RF Pulses Using Gradients 

The transverse magnetization generated by application of an RF pulse affects 

all spins in a volume that are on resonance with the pulse frequency.  To provide 
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spatial localization of spin excitation, RF pulses are performed with simultaneously 

active gradients that induce an additional linear variation in magnetic field strength 

along a specific direction.  By the Larmor relationship, this translates to a spatial 

variation in the spin frequency as determined by the achieved field along each 

direction, Bx, By, and Bz, in combination with the external field, M0 [1]:  

𝜔 𝑟 =  𝛾𝐵!"" = 𝛾 𝐵! + 𝐵!𝚤 + 𝐵!𝚥 + 𝐵!𝑘                             2.9 

To excite spins only located within a specific slice width, an active linear gradient is 

applied in the slice direction that results in the spin frequency varying across the 

gradient profile.   Restricting the RF pulse to a specific bandwidth causes only those 

spins within that frequency range to tip toward the transverse plane.  To achieve a 

specific target slice thickness, Δz within which spins are excited, the gradient 

strength, GZ, and RF pulse bandwidth, BW, must be adjusted accordingly [2]: 

Δ𝑧 =  
𝐵𝑊
𝛾𝐺!

                                                                    2.10 

The added effect of the applied gradient is not only a distribution of frequencies 

while it is active but also a variation in the phase of spins as they precess due to 

their altered frequencies.  The specific phase encoded for a spin at a particular 

location within the gradient profiles is calculated from the gradient integral [1]: 

Δ𝜑 𝑟 =  −𝑟 ∙ 𝛾 𝐺 𝑡
!

!
𝑑𝑡                                                  2.11 

5. Pulse Sequence Design  

Achieving targeted imaging of a specific plane in an object or person requires 

combining the selective capability of gradients and RF pulses with the spatial 

frequency and phase encoding described above.  This is accomplished using pulse 
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sequences that describe the order of RF pulse and gradient activation relative to the 

time window over which signal information is acquired.  A common approach for 

image formation and acquisition is the gradient echo imaging method, pictured in 

figure 2.1.  This sequence initiates with simultaneous application of an RF pulse and 

slice selective gradient.  Resulting phase variations across the slice profile are 

corrected by a subsequent refocusing gradient that has half the area but the 

opposite amplitude to the selective gradient to ensure spins are all in phase when it 

is complete.   The subsequent applied gradients are used to perform both phase and 

frequency encoding of spins in the excited slice, with each spatial location in the 

plane possessing a unique phase and frequency value.  In the k-space formulation, 

the area of the applied gradient over a specific duration corresponds to a specific 

spatial frequency or k-value along the orientation that the gradient is active [2]: 

𝑘 𝑡 =
𝛾
2𝜋 𝐺 𝑡 𝑑𝑡                                                         2.12

!

!
 

The encoding performed by the combination of gradients along the x and y 

dimensions effectively provides coverage of the full spatial frequency definition of its 

Figure 2.1 – Gradient echo pulse sequence demonstrating relative timing of slice selective 
RF pulse, refocusing, prephasing, phase encoding, and readout gradients. Readout 
trajectory through k-space with a single line along kx acquired each TR. 
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image domain representation, which are related by Fourier transform [1]: 

𝜌!(𝑥,𝑦) =
1
2𝜋 𝑆! 𝑘! , 𝑘! 𝑒! !!!!!!! 𝑑𝑘!𝑑𝑘!                                2.13

!

!!
 

Here, ρm corresponds to the image domain proton density and Sm is the measured 

signal amplitude at the kx and ky spatial frequencies.  Specifically, acquiring the k-

space information is achieved after slice selection by applying a phase encoding 

gradient with amplitude iteratively adjusted from ±Gy each readout to cover the 

range of spatial frequencies in that dimension by establishing specific phase 

distributions.  The subsequent prephasing gradient along x dephases spins prior to 

readout, transitioning the acquisition to a minimum –kx value.  This dephasing is 

refocused by the following readout gradient to form an echo, establishing a 

frequency variation along the x dimension.  Each acquisition step while the readout 

is active corresponds to a step along the kx spatial frequency axis.  By properly 

defining the phase encoding, prephasing, and readout gradients, k-space is sampled 

to enable Fourier transformation of the acquired data to generate an image, with 

coverage of k-space in a cartesian sampling pattern depicted in figure 2.1.  Each line 

is acquired after a single application of an RF pulse, with the time between RF 

pulses defined as the repetition time, or TR, and the time between the RF and echo 

formation at the center of the readout gradient specified as the echo time, or TE.  

Alternatively, imaging can be described using a spin echo sequence as 

depicted in figure 2.2.  This sequence incorporates an additional RF pulse after the 

initial excitation is performed that is also slice selective, but adjusted to a 180° flip 

angle.  The purpose of this additional pulse is to refocus spins that have dephased 

due to field inhomogeneity or T2* relaxation effects after excitation.  By timing the 
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application of this refocusing pulse to correspond to a point at half the target echo 

time, the accumulated phase that has occurred since the initial RF pulse can be 

reversed to form an echo during readout, half the echo time later.  The benefit of this 

approach is that it enables the image to be T2 versus T2* weighted, providing an 

alternate contrast or to address the sensitivity to field inhomogeneity effects. 

6. Diffusion Tensor Imaging 

As described, the spin echo pulse sequence can be modified to establish 

images weighted by tissue diffusion properties using a pair of balanced gradients 

that have been positioned around the applied refocusing RF pulse (figure 2.2).  

Water molecules that are stationary between these gradients will have proton spins 

first dephased and then refocused, with no overall change in signal strength.  

However, these molecules are free to diffuse in their local environment, following a 

random walk or Brownian motion.  Proton spin spatial translations caused by 

diffusion will effectively result in spins achieving an altered position within each 

gradient, causing an overall dephasing effect the larger the diffusion distance to 

produce a corresponding loss in the observed signal magnitude [2]: 

Figure 2.2 – Spin echo sequence diagram incorporating a 180° selective refocusing pulse 
prior to readout at half the echo time. Diffusion weighted spin echo scan with EPI readout. 
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𝑆 =  𝑆!𝑒!!"                                                              2.14 

Here, S is the measured signal relative to the S0 reference signal, D defines the 

diffusion constant along a specific physical dimension, and b is a function of the 

applied strength, G, of the gradient pair and their separation in time, Δ, and duration, 

δ, that can be customized to increase diffusion weighting [2]: 

𝑏 = 𝛾!𝐺!𝛿! Δ− 𝛿 3                                                       2.15 

The local water molecule environment may possess a specific organization that 

constrains diffusion to favor specific directions.  Adjusting the orientation of the 

applied gradients enables enhanced directional sensitivity.  Repeating the sequence 

multiple times with different gradient orientations enables a tensor, 𝐷 , to be 

estimated that contains information about the localized diffusion properties to 

describe preferential diffusion directions [2]: 

𝐷 =  
𝐷!! 𝐷!" 𝐷!"
𝐷!" 𝐷!! 𝐷!"
𝐷!" 𝐷!" 𝐷!!

                                                       2.16 

The mean value of the trace of this matrix defines the apparent diffusion coefficient 

(ADC) that describes the magnitude of the diffusion properties. Translating to an 

alternate coordinate system that defines three axis of an ellipsoid is achieved by 

calculating the eigenvalues and eigenvectors from the tensor that correspond to the 

ellipsoid shape and orientation.  These eigenvalues, λ1, λ2, λ3, and eigenvectors 

provide mapping of the local anisotropy to demonstrate preferential diffusion 

directions that coincide with highly organized structures such as white matter fiber 

tracts that connect brain regions, quantified by fractional anisotropy (FA) values [3]: 
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𝐹𝐴 =  
1
2 ∙

𝜆! −  𝜆! ! + 𝜆! −  𝜆! ! +   𝜆! −  𝜆! !

𝜆!! + 𝜆!! + 𝜆!!
                            2.17 

As described, Diffusion Tensor Imaging (DTI) provides unique contrast reporting on 

diffusion properties and underlying brain white matter organization.  Diffusion 

weighting can additionally be used to assess tissue changes that can have specific 

pathologic implications. The challenge with this approach is a high sensitivity to bulk 

patient motion effects necessitating rapid acquisition strategies to minimize phase 

offset errors that induce image ghosting artifacts.  Acquisition of multiple directions 

of diffusion weighted images that ranges from 6 to 30 also necessitates long scan 

durations on the order of 10 to 20 minutes, constraining resolution. 

7. Image FOV and Resolution 

As previously described, the acquisition performed during a pulse sequence 

corresponds to sampling of k-space points that represent the Fourier transform of 

the spatial domain image.  Each step in k-space is accomplished by maintaining the 

gradient in that direction for an additional specific time step.  The k-space step size 

corresponds to the field-of-view (FOV) of the image in the phase encode and 

readout directions, defining the overall spatial dimensions of the image [1]: 

𝐹𝑂𝑉!" =
1

Δ𝑘!"
, 𝐹𝑂𝑉!" =

1
Δ𝑘!"

                                             2.18 

 
Discrete sampling of the continuous object k-space is a convolution of the 

object image and the Fourier transform of the sampling function, diagrammed below 

for the 1D case (figure 2.3).   This effectively replicates the object image at each 

transformed sample point in the spatial domain.  The distance between each 

replicated spatial image is dictated by the image FOV, which corresponds to the 
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inverse of the k-space sampling step size.  As a result, a reduction in Δk produces a 

larger acquired FOV and an increased separation between replications of the object 

in the image.  Large steps in k-space however, result in a smaller FOV and 

separation distance, which at some point will cause object image overlap or 

'aliasing'.  The Nyquist criterion puts a constraint on the maximum step size to 

prevent the aliasing effect; essentially this corresponds to the step size that 

translates to a FOV that fully captures the spatial dimensions of the object. 

For a specific FOV size, 

the length along a particular 

dimension and the number of 

discrete points sampled define 

the spatial resolution of the 

image.  The spatial resolution 

can be related to the k-space 

spatial frequency by the FOV 

definition, where N points 

sampled at a Δk step to achieve 

a specific FOV size result in a 

definable maximum spatial k-

space frequency being reached [1]: 

Δ𝑥 =  
𝐹𝑂𝑉
𝑁!

=
1

Δ𝑘!𝑁!
=

1
𝑘!"#

                                             2.19 

In essence, the resolution is inversely proportional to the maximum k-space spatial 

frequency reached by the sampling pattern, with higher spatial frequencies resulting 

Figure 2.3 – 1D aliasing.  Discrete sampling of the 
function S(k) is achieved by multiplying it with a train of 
impulses spaced according to the sampling rate.  This 
corresponds to the convolution of the fourier transform 
(FT) of S(k) and the discrete sampling train FT.  The 
function will alias causing fold-over if the sampling FT is 
narrowly spaced, indicating a low k-space sampling rate.  
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in a smaller spatial resolution.  High spatial frequencies in this case are intuitively 

necessary to define the sharp transitions in image spatial information that are 

apparent at the improved resolution.  Sampling definition thus is based on the 

desired resolution and FOV size, which determines the number of points required 

along a specific dimension and the resulting sampling frequency for the sequence.  

These parameters additionally define the scan duration when used by the applied 

pulse sequence, with NPE phase encoding lines acquired, one line each TR [2]: 

𝑇!"# = 𝑁!"𝑇𝑅                                                             2.20 

8. The SNR Equation  

Accounting for the discrete sampling of image signal information, generation 

and detection of magnetization, and signal corruption by various noise sources 

enables quantification of the overall image signal strength in excess of an 

established noise threshold.  The signal-to-noise ratio (SNR) is a fundamental 

component of image quality and must be properly managed to establish usable or 

interpretable images.  The signal fundamentally is driven by the established 

magnetization, with the underlying proton density within a voxel dictating the total 

regional magnetization available.  The resolution of the image determines the 

dimensions of an individual voxel and thus dictates the maximum potential signal [1]: 

𝑠 𝑘! , 𝑘! , 𝑘! = 𝑑𝑥𝑑𝑦𝑑𝑧𝜌(𝑥,𝑦, 𝑧)𝑒!!!!(!!!!!!!!!!!)                    2.21 

 The source of noise in the image is primarily thermally induced signal 

fluctuations resulting from resistances in the elements responsible for signal 

generation or detection.  The first of these includes resistances within the receptor 

coil circuitry, as well as interactions of the fluctuating magnetic field within the coil 
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and nearby conductive elements such as shielding or other coil elements.  Second, 

the receiver channel and electronics have additional resistances in cabling, 

amplifiers, and A/D convertors.  Third and finally, the subject is a conductive and 

lossy medium that interacts with the oscillating field.  Each portion can be quantified 

by a specific resistance value that defines the total noise voltage signal that is 

impacted by sample temperature and the bandwidth of the voltage, Δf [4, 5]: 

𝑉! = 4𝑘𝑇𝑅!"!#$Δ𝑓                                                             2.22 

𝑅!"!#$ = 𝑅!"#$ + 𝑅!"#$%&' + 𝑅!"!#$%&'(#)                                      2.23 

 From the corresponding ratio of factors contributing to signal and noise in a 

detected image, the SNR can theoretically be predicted for a given MR experiment 

based on selected scan parameters.  Specifically, the SNR in a single voxel will be 

dependent on the voxel dimensions as defined by the image resolution (Δx, Δy, Δz), 

the image dimensions (NPE, NRO), the total number of acquisitions (Nacq) combined to 

improve SNR, and the bandwidth of the data sampling at readout [1]: 

𝑆𝑁𝑅
𝑣𝑜𝑥𝑒𝑙 ∝ ∆𝑥∆𝑦∆𝑧

𝑁!"𝑁!"𝑁!"#
𝐵𝑊                                              2.24 

In general, MR imaging requires assessment of this equation to understand 

the impact of specific parameter choices that effect image quality, establishing a 

tradeoff between their values and the predicted SNR.  Specifically, improvements in 

resolution correspond to an overall loss in SNR; a two-fold in plane resolution 

improvement induces a 65% reduction in the obtained SNR, with slice thickness 

factor changes inducing a matching loss.  The extent to which resolution can be 

adjusted is dependent in part on the available signal to support it before the noise 
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threshold is reached and image quality is greatly diminished.  Incorporating 

additional acquisitions into the specified scan can counter resolution SNR losses, 

however, it results in a factor increase in the total scan duration [1]: 

𝑇!"# = 𝑁!"𝑁!"#𝑇𝑅                                                        2.25 

As resolution is improved from millimeters to microns, matrix sizes can significantly 

inflate, theoretically reaching several thousand along the phase encoding dimension, 

producing long scan durations.  Optimization of TR provides a degree of flexibility in 

scan duration but is constrained by desired contrast and limits on the energy 

deposited by RF pulses that induce heating effects.  These effects are compounded 

by the need to incorporate acquisitions to address SNR losses as resolution 

improves, dependent on the minimum SNR required to obtain a usable image. 

9. Ultra High Field MRI 

A number of MRI advancements target the parameters that directly improve 

the achievable SNR, with the goal of improving resolution.  Equation 2.5 above 

specifically predicts that signal is directly proportional to 𝐵!! , which has driven 

magnetic field strengths to be incrementally increased as technology warrants this 

improvement, with 3T systems now a common field strength for clinical diagnostic 

imaging.  For general human studies, scanners at 7T are now available and applied 

for research use but are currently not FDA approved for clinical applications.  7T 

predicts a 2.33 fold in SNR relative to 3T from field strength improvement alone.   

However, ultra high field MRI faces a number of technical challenges related 

to the change in frequency from 128 MHz at 3T to 300 MHz at 7T.  First, the 

wavelengths at the higher field approach dimensions of the human head and induce 
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dielectric resonance or interference patterns in RF waveforms applied by transmit 

coils.  The effect is a spatial variation in the achieved flip angle relative to that 

prescribed that can diminish observed signal in regions where the angle is 

substantially different.  Second, tissue T2* values are shorter producing a rapid 

dephasing of spins compared to lower field strength, which can induce blurring and 

distortion image artifacts.  Lastly, field strength increases the amount of power 

deposited to tissue when an RF pulse of a specific angle, θ, and bandwidth, Δf, is 

applied, as defined by the specific absorption rate (SAR), challenging the design of 

commonly used pulse sequences and RF pulses [1]: 

𝑆𝐴𝑅 ∝ 𝐵!!𝜃!∆𝑓                                                               2.26 

10. Time-Dependent Imaging Artifacts 

Beyond ensuring adequate signal for high-resolution imaging using parameter 

optimization or advanced ultra high field systems, a number of time dependent 

artifacts must be managed to obtain quality images.  First, for in vivo human subject 

imaging, patient motion often occurs despite the best efforts of the subject to control 

or minimize.  The specific sources of motion typically consist of head or body bulk 

movement, and physiological effects such as heartbeat, blood flow, swallowing, 

breathing, or blinking [6, 7].  The motion results in a specific region translating to 

another physical position where it experiences a different applied magnetic field 

between phase encodings.  This results in a “ghosting” or blurring artifact dependent 

on the nature of the particular motion.  Longer scans are required to obtain large 

matrix sizes for high resolution imaging and increase the opportunities for subject 
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motion effects to occur, thus making motion-based artifacts more prevalent in the 

final image.  The result of these effects is an overall loss of image quality. 

In addition to subject motion, artifacts can also be produced by localized 

variations in the magnetic field strength that are not due to actively applied 

gradients.  These are often caused by regions of sharp susceptibility difference in 

the object such as that occurring between tissue and air interfaces near sinuses.  

The produced field variations cause a localized dephasing of spins that is in addition 

to normal T2 effects, resulting in regions of signal voids or blurring depending on the 

T2* relaxation time.  The specific T2* value determines the extent of the blurring or 

filtering effect that is characterized by a particular point spread function (PSF) with a 

full-width-half-max (FWHM) value dependent on the sampling duration, TS, and 

target resolution along the specific direction sampled, Δx.  Assuming a gradient echo 

scan, the predicted PSF effect in the readout or x dimension translates to [2]: 

𝐹𝑊𝐻𝑀 =
3
𝜋

𝑇!
𝑇!∗

Δ𝑥                                                      2.27 

The blurring that results hinders the maximum possible resolution, significant for 

sampling times that exceed T2* as can occur when the matrix size is large for high 

resolution imaging. In addition to this effect on image quality, localized variations in 

the magnetic field translate to errors in the position encoding during a scan, resulting 

in geometric distortions in the final image that alter the apparent shape of an object.  

The shift of any point x can be characterized by the gradient in the magnetic field 

established by susceptibility variation, Gv relative to the applied gradient, Gx [2]: 

𝑥!!!"# = 𝑥 1+
𝐺!
𝐺!

                                                        2.28 
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11. Rapid Imaging Techniques 

Necessary temporal and spatial resolution increments as well as the impact of 

time dependent artifacts caused by susceptibility variations and physiological and 

bulk movement, have resulted in a number of techniques to diminish overall scan 

times.  Partial Fourier methods typically cut scan times in half by acquiring half the k-

space data, using k-space symmetry to fill in missing information [8].  Recent efforts 

have explored sampling patterns below Nyquist limits using so-called compressed 

sensing (CS) techniques that rely on sparsity of the data set and an incoherent 

sampling pattern to prevent a coherent aliasing of the undersampled data [9], but are 

computationally intensive and require further validation.  Most common of the rapid 

imaging approaches are echo planar imaging (EPI) readouts and parallel imaging 

methods, with similar reduction achieved using smaller imaging FOV sizes.   

12. Echo Planar Imaging  

The gradient and spin echo sequences described previously can be modified 

to incorporate a rapid readout strategy that obtains the full k-space information in a 

single acquisition using the EPI approach, providing significant reduction in the 

overall scan duration (figure 2.4) [2].  After readout prephasing, the readout gradient 

Figure 2.4 – SE scan with EPI readout using blipped phase encoding and oscillating readout 
gradients.  Single shot EPI covers full k-space after single RF pulse; multi-shot acquires a 
fraction of total k-space each TR, demonstrated here for two shots. 
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is modified to perform a waveform that alternates in polarity.  In this configuration, 

the positive and negative gradient sections correspond to acquisitions along the x 

dimension to obtain a single line of k-space. This polarity shift effectively alternates 

the readout direction, with an echo formed at the center of each acquisition window.  

The phase encoding gradient is additionally replaced with a prephasing gradient to 

initialize the acquisition to –kmax in the y direction, followed by a series of blips that 

occur between each readout polarity switch.  The blips effectively adjust the 

acquisition to alternate ky lines until k-space is fully sampled (figure 2.4).  Using one 

excitation before full k-space acquisition describes single shot EPI, with an alternate 

multi-shot method acquiring a fraction of the k-space lines after each RF pulse. 

As described, EPI is characterized by the spacing between echoes 

established by each gradient polarity shift, and the total time necessary to acquire all 

lines of k-space for one excitation, or the echo train length.  The minimum echo 

spacing (tesp) is defined by the number of readout points (Nx), the readout dimension 

FOV (FOVx), the maximum readout gradient strength (Gx), and slew rate (SR) [2]: 

𝑡!"# =
2𝜋𝑁!

𝛾𝐹𝑂𝑉!𝐺!
+
2𝐺!
𝑆!

                                                       2.29 

The echo spacing and echo train length for single shot EPI establishes a limit for the 

repetition time, which defines the scan time for a single slice acquisition.  For multi-

shot EPI, the scan time is dependent on the TR and the number of shots, Nshot, 

which is defined by the total number of k-space lines in the phase encoding 

dimension, NPE, and the factor of phase encoding lines acquired each shot, fepi [2]: 

𝑇!"#$ = 𝑇𝑅× 𝑁!" 𝑓!"# = 𝑇𝑅×𝑁!!!"                                         2.30 
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The relationships defined for echo spacing, echo train length, and scan duration 

have specific implications on the effects of image resolution increments.  Achieving 

the minimum echo spacing to maintain an overall short train length necessitates a 

broader readout bandwidth which yields lower SNR yet reduced sensitivities to T2* 

blurring and distortion effects described previously.  EPI is highly sensitive to T2* 

effects due the echo centered on each line of k-space occurring at a different TE 

times compared to a conventional cartesian readout where every line of k-space has 

a matched TE.  The disparity in echo times for for EPI increases the greater the 

number of points necessary to cover the full echo train length, increasing the echo 

spacing.  Generally, the echo spacing defines the phase encoding dimension 

bandwidth that is impacted by the number of shots performed [2]: 

𝐵𝑊!" =
𝑁!!!"
𝑡!"#

                                                             2.31 

Increasing the number of shots to greater than one results in a multi-shot 

configuration, where the bandwidth is effectively increased to reduce phase 

encoding artifact sensitivity, however at a cost of longer overall scan time.  The 

bandwidth is typically much smaller than the readout direction, as a result the 

geometric distortion artifacts are more apparent along the phase encoding 

dimension.  To effectively apply EPI, proper balance must be achieved between the 

total acceleration based on the number of shots, resolution for the target FOV size, 

gradient limitations, and resulting artifacts in the final obtained image.  The potential 

acceleration enabled by this approach acquires a single image in fractions of a 

second; however, typically requires millimeter resolutions to prevent image artifacts.  
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Improvements in EPI performance have been demonstrated using parallel imaging 

methods that lower the number of points sampled for shorter echo train lengths [10]. 

13. Parallel Imaging Methods 

Rapid acquisition using parallel imaging is accomplished by implementing 

multi-channel receiver coils for signal detection [11].  The individual elements are 

spatially positioned to provide coverage of unique portions of the object, defined by 

the individual coil sensitivity profile across the image plane.  From a signal 

perspective, receiver array technology is preferable to volume coil reception due to 

the relative shorter distances and areas over which the small coil elements are 

sensitive to, integrating less noise in the detected signal.   Proper coil organization 

enables the combined elements to provide the same overall coverage as a volume 

coil by combining the individual signals from each receiver channel. 

The distinct spatial weighting achieved by the sensitivity of each coil element 

has additionally been used for image acceleration.  As described previously, the 

object dimensions dictate the necessary step size along each k-space direction 

specified by the Nyquist criteria to prevent an aliasing artifact.  This artifact results in 

a superposition of intensities from distinct locations in the object, predicted by the 

sampling pattern used to acquire the image. Skipping every alternate line of k-space 

for a two-fold reduction, for example, results in two points superimposing at every 

image location.  Each coil element has a corresponding weight applied to these 

points in the image that is unique based on the defined sensitivity profile for a 

distinct element.  The superimposed points are thus a result of the combined 

underlying proton densities and effect of the coil profile at the locations 
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superimposed.  With multiple elements, a set of equations can be defined for any 

superimposed points that incorporate the spatial weights applied by each coil.  

Calculating the underlying proton density, ρ, requires solving: 

𝑆 𝑥,𝑦 = 𝐶 𝑥,𝑦 𝜌 𝑥,𝑦 + 𝑁 𝑥,𝑦                                            2.32 

Here, S corresponds to the superimposed signal intensity detected by each coil 

element, C the individual coil sensitivities at the overlapped point locations, and N 

the signal noise.  Using the Sensitivity Encoding (SENSE) approach [10], ρ is solved 

for by least squares regression, accounting for coil noise correlation, Ψ, with H 

corresponding to the transposed complex conjugate of the coil sensitivities: 

𝜌 = 𝐶!𝜓!!𝐶 !!𝐶!𝜓!!𝑆                                                  2.33 

To insure sufficient degrees of freedom to perform the unfolding process, the 

number of points superimposed must not exceed the number of coil elements, 

constraining the total reduction to the size of the array.  However, the SENSE 

reconstruction process by least squares results in an amplification of noise in the 

original aliased data set that is reflected in the final image.  The extent of this noise 

amplification is dictated by the so-called “geometry factor”, or g-factor as it is 

dependent on coil and object geometry, and increases with the reduction factor.  The 

measured SNR is decreased by the g-factor and the reduction factor, R [10]: 

𝑆𝑁𝑅!"#!" =
𝑆𝑁𝑅!"##
𝑔 𝑅

                                                      2.34 

As a result of the g-factor penalty to total SNR when using parallel imaging, SENSE 

based acceleration is typically limited to two to four fold reductions in the phase 

encoding dimension for human imaging applications at 3T and lower field strengths.  

The g-factor value however, is diminished as the field strength and number of coil 
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elements increases for a specific reduction factor targeted, potentially enabling 

higher accelerations for 7T systems and large array sizes [12]. 

14. Reduced-FOV Methods 

Rather than unfold the aliased image as performed in the parallel 

reconstruction approach, reduction of imaging data sets can similarly be 

accomplished by restricting signal excitation to localized areas using reduced-FOV 

techniques to prevent the fold-over artifact.  The principles behind this method are 

built off of the same techniques applied to achieve slice selectivity with RF pulses for 

standard imaging sequences.  In this case, the orientation of the RF pulse is applied 

along different spatial dimensions to achieve desired localization by adjusting the 

orientation of the simultaneously applied gradient.  This can effectively achieve 

phase encoding and readout direction selectively, with the gradient strength adjusted 

relative to the applied pulse bandwidth for a specific selection dimension width.   

Practical implementation of the described reduced-FOV pulse selectivity is 

typically accomplished using two different approaches.  The first set of techniques 

selectively excite spins in the target FOV only where imaging is to be localized.  In 

the second approach, excitation is performed in slabs external to the imaging FOV, 

with the excited signal then dephased by applying large gradients using so-called 

outer-volume suppression methods.  The end result is ideally preserved signal in the 

target area for subsequent readout with all signal external to that region absent.  In 

either case, multiple pulses may be applied to spatially localize the signal within a 

specific volume or to sufficiently suppress spins external to that region.  After 
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localization, standard imaging methods can typically be performed with the FOV 

diminished to the new boundaries achieved by the reduced-FOV preparation. 

A number of authors have explored this concept using a variety of techniques 

across applications.  Selective excitation was initially achieved using an inner-

volume imaging (IVI) approach that sequentially excited perpendicular planes for 

signal localization, demonstrated at 0.35 T for brain, chest and spine imaging [13].  A 

number of investigators have adapted this method to achieve two dimensions of 

localization with a single RF pulse using a formulation first described by Pauly and 

Hardy [14, 15] along spiral and blipped EPI trajectories through k-space [16-18].  

Additional selective excitation has been performed using Stimulated Echo Amplitude 

Modulated (STEAM) and Point Resolved Spectroscopy (PRESS) techniques [19, 20] 

that apply a combination of three RF pulses to localize signal to a volume, with 

STEAM adapted for human brain and cardiac imaging [21].   The OVS suppression 

based technique that removes spins in slabs outside the FOV of interest has been 

applied at 3T to measure regional anisotropy and apparent diffusion coefficients in 

the cervical spine [22], and for cardiac cycle imaging at 1.5T [23].  A B1 Insensitive 

Train to Obliterate Signal (BISTRO) permutation of OVS was developed using 

adiabatic pulses for excitation to decrease sensitivity to B1 inhomogeneity effects 

such as that caused by surface coils, implemented at 4T and later demonstrated at 

7T for functional studies [24, 25]. 

The benefit of these techniques is diminished scan durations for a fixed 

resolution as a result of the diminished FOV size, necessitating fewer acquired 

points.  However, it requires confining the imaging to restricted portions of an object.  
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As with SENSE, phase encoding FOV reduction incorporates a loss in SNR by 𝑅.  

Many of the selective techniques also result in saturation of off-slice locations for 

multi-slice scans as a result of the non-slice selective RF pulses affecting spins at 

nearby slice locations.  A number of authors have implemented adaptations to these 

techniques incorporating additional RF pulses or 2D confined pulses to minimize or 

restrict these effects for improved multi-slice SNR performance.   

In sum, the techniques to date have primarily demonstrated application at 

1.5T and 3T for brain, spine, and cardiac based studies, with resolutions as low as 

0.5 mm achieved.  A significant number have been used specifically for spinal cord 

DTI protocols sensitive to motion [17, 22, 26, 27].   In some cases, the results 

suffered from poor image quality due to low SNR, which may hinder the impact of 

reduced-FOV for these particular field strengths.  However, largely undemonstrated 

is a comprehensive study of performance at ultra-high field across similar 

applications or anatomical regions.  The higher signal obtainable combined with 

implementation of parallel imaging hardware previously not available for early 

studies may prove substantial enough to push achievable resolutions well below 1 

mm with proper optimization or introduction of new scan and reduced-FOV methods.   

15. High Resolution Human Brain and Spine Imaging 

To date, specific demonstration of high-resolution imaging at ultra high field 

using primarily traditional scan approaches has been performed across a variety of 

human brain studies.  At 7T in particular, investigators initially focused on post 

mortem ex vivo imaging to obtain the highest resolutions recorded over long scan 

durations. Soria performed multiple sclerosis (MS) lesion imaging in a postmortem 
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sample using a combination of T1 weighted and DTI scans to obtain 150 µm2 

resolutions with 0.6 mm slice thickness in 1 hour and 59 minutes [28].  Similarly, 

Geyer investigated post mortem cortical structure achieving 330 µm3 in 3 hours 50 

minutes [29].  Using hippocampus specimens, Weishmann obtained 64 µm2 

resolutions with a 1 mm slice thickness using a T2 weighted sequence and a 65 mm 

FOV, with images compared against 1.5T 469 µm2 in vivo results.  The analysis 

demonstrated that at 7T the resolution provided visibility of layers not observed at 

1.5T [30]. Augustinack obtained similar resolutions while imaging an autopsied 

human entorhinal layer, achieving 70 µm in a 36 mm FOV that enabled identification 

of entorhinal islands verified by histology.  The investigators predicted that similar in 

vivo results were possible using a combination of parallel imaging methods and 

motion correction to support the required longer scan durations [31]. 

The bulk of published high-resolution 7T human in vivo imaging studies have 

primarily occurred in the last few years, with resolutions as low as 200 µm reported.  

A number of these investigations have targeted specific assessment of MS lesions 

with comparison against similar measurements at lower field strengths to determine 

relative lesion counts, microvascular organization, and lesion appearance using 

different contrast types such as susceptibility and proton density weighting [32-35].  

Resolutions have ranged from 200 µm2 with a 1.5 mm slice thickness in 8:22 

minutes, to 330 µm2 and 1 mm thickness in 10:18 minutes.  Cho and Abosch 

separately achieved similar resolutions of 250 µm2 and 375 µm2 at 2 and 1 mm slice 

thicknesses, respectively, to assist placement of deep brain stimulation (DBS) 

electrodes for Parkinson’s Disease therapy [36, 37].  Among the highest in vivo 
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resolution results, Breyer demonstrated 200 µm2 to study hippocampus sclerosis in 

epilepsy patients using a 2:45 minute T2* weighted scan combined with parallel 

imaging [38]. Investigators have also explored use of 3D single shot EPI scans to 

achieve 0.5 to 1.5 mm isotropic resolution for full brain functional studies [39-41]. 

Additional application of EPI has been achieved for human DTI studies 

targeting both the brain and spinal cord.  At 7T, Heidemann obtained 0.7x0.7x3 mm3 

DTI resolutions in the brain using EPI with a segmented readout combined with the 

GRAPPA parallel imaging method, demonstrating a reduction in susceptibility based 

blurring and distortion artifacts [42].  Comparing results against 1.5T and 3T, Polders 

acquired 2 mm isotropic brain DTI data, with SNR at 7T higher than the other field 

strengths by an amount greater than predicted from the field increment alone [43].  A 

number of additional authors have combined SENSE with DTI in the whole brain at 

3T [44-46], observing reduced T2* effects and distortions at resolutions as low as 

0.8x0.8x3 mm3.  Similar findings were obtained at 2T in 50 diffusion weighted brain 

slices using a half-fourier acquisition approach to obtain 1.5 mm isotropic data [47]. 

For spinal cord diffusion imaging, imaging accelerations were primarily 

achieved using reduced-FOV methods without EPI.  At 1.5T, Saritas obtained axial 

images with 0.62x0.62x5 mm3 resolutions [27], and at 3T, Finsterbush achieved 

0.5x0.5x5 mm3 [26], both using an IVI technique with a 2D selective RF pulse.  7T 

results are confined to anatomical imaging only, with preliminary images by Sigmund 

demonstrating 180 and 220 µm at a 3 mm slice thicknesses without using reduced-

FOV methods [48].  The images provided excellent grey and white matter contrast 

using a single surface coil with resolutions exceeding recent 600 µm results obtained 
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with a 32 channel spine and brain array at 3T [49].  However, shading and distortion 

artifacts were apparent in the high-resolution 7T results using a TSE scan.  

Overall, the human studies performed to date indicate that 7T supports 

acquisitions targeting resolutions previously not attainable at lower field strengths, 

with distinctions specifically shown against 1.5T and 3T.  In some cases, this was 

accomplished with reasonable scan times ranging from approximately 3 to 10 

minutes.  However, a number of these investigations required as much as 

1024x1024 points to achieve the resolutions targeted, with artifacts reported near 

regions of high susceptibility variation. In general, scan times appeared to be 

minimized by applying primarily a gradient echo susceptibility weighted sequence 

with short TR and TE less than 25 ms.   Spin echo scans were less common and of 

those, primarily proton density weighted.  EPI scans suggested higher resolutions 

than similar 3T studies, but lower than the anatomical scans described at and 

greater than 0.5 mm isotropic.  As indicated by the postmortem imaging results, 

resolutions beyond the in vivo human imaging studies required scan times measured 

in hours versus minutes.  For a number of studies, investigation was localized to 

regions much smaller than the full FOV size such as the hippocampus and motor 

areas, necessitating the large data array sizes.  The results indicated the benefits of 

data reduction using parallel imaging, partial fourier methods, and reduced-FOV 

techniques at 3T and lower field, diminishing artifacts and scan times for anatomical, 

functional, and DTI based imaging studies. 
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16. Summary 

In sum, improvement in MRI resolution beyond prior investigations that 

approaches histological quality remains a realistic and worthwhile goal for clinical 

and research based human studies.   A variety of potential solutions exist that 

combat the current challenges faced when obtaining high-resolution data.  Reduced-

FOV imaging, in particular, enables the imaging experiment to focus on the target 

anatomy of interest, restricting the amount of data required to achieve a specific 

resolution.  This results in scan time reduction, lowering of time-based artifacts 

induced by susceptibility, motion, and physiological effects, while simultaneously 

enabling improvement in temporal resolution for functional studies.   

Combined with the use of ultra-high field strengths such as 7T, the potential 

exists for high resolutions to be obtained in a variety of human studies, to improve 

image quality for resolutions currently achieved, or to reduce overall scan durations.  

In the area of human brain imaging, both anatomical and functional localization, as 

well as feature contrast will potentially benefit from the improvement in obtained 

information, ultimately leading to progress in the diagnosis, understanding, and 

treatment of pathologies and disease.   As such, demonstrating and advancing 

reduced-FOV methods for human imaging at ultra-high field strength serves as the 

focus of the specific aims of this work.  
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CHAPTER III 

 

SPECIFIC AIMS 

 

1. SPECIFIC AIM 1  

The primary objective of this aim is to develop and compare multiple reduced-

FOV methods for use at 7 Tesla to determine the optimal approach for ultra-high 

field, high resolution imaging in the human.  Relative performance will be based on 

the ability to locally excite target regions, suppress unwanted signal, minimize power 

deposition, produce superior or comparable SNR in localized regions, and prevent 

artifacts caused by the selective pulses or fold-over of unsuppressed signal.  

Behavior and optimization in the presence of high B1 and susceptibility variation at 

7T are also of consideration, as well as relative performance between techniques 

when used with multi-slice protocols.  Ideal methods would demonstrate consistent 

ability to reduce the FOV for a variety of target FOV sizes, orientations, and 

subjects, while providing flexibility in imaging parameters and use of sequence types 

to achieve various contrast weightings.  This analysis will show optimization at 7T, 

demonstrate relative performance, and serve as the basis for the applied techniques 

used in the subsequent aims that are focused on in vivo human imaging.  

2. SPECIFIC AIM 2  

In this aim, the optimized methods determined from the relative comparison in 

the first aim will be applied to obtain high resolution images in the human brain.  The 

primary goal is to achieve reduced scan times and comparable or superior image 



 37 

quality to full-FOV acquisitions with resolutions targeted in the range of 160 µm to 

500 µm.  Here, the resolutions achieved would represent the highest published to 

date using a 7T or lower field system.  Along with reduced-FOV, the aim explores a 

combination of rapid imaging techniques including EPI and SENSE based parallel 

imaging to obtain the highest accelerations possible.  Relative benefits of these 

approaches to obtain high quality images devoid of artifacts and blurring with 

maximized SNR will be explored, with comparison against traditional full-FOV scans.  

Performance across resolutions with T2 and T2* weighting using highly accelerated 

single slice, multi-slice, and 3D volume image sets will also be explored.  Additional 

comparisons will be made to demonstrate the benefits of the highly accelerated 

reduced-FOV protocol to achieve reduced artifacts using single and multi-shot EPI 

protocols across a range of target resolutions.  Improvements in feature visibility and 

contrast will be investigated at the maximal resolutions accomplished in this aim. 

3. SPECIFIC AIM 3  

In the final aim, the optimized human reduced-FOV imaging protocol will be 

applied for localized DTI and spinal cord imaging applications that are highly 

sensitive to motion and susceptibility artifacts.  Use of accelerated imaging 

approaches will be applied to achieve high resolution acquisitions and demonstrate 

a reduction in artifacts as a result of obtaining smaller data set sizes in a localized 

FOV.  Specific targeting of regions previously only imaged in full-FOV scans will be 

performed throughout the brain to measure diffusion properties, with comparison at 

multiple resolutions and isolated to specific tract features.  Spinal cord imaging will 

attempt 300 to 500 µm resolutions localized to the cervical region.  
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CHAPTER IV  

 

COMPARISON OF REDUCED-FOV TECHNIQUES FOR 7 TESLA IMAGING 

 

ABSTRACT 

 

A comprehensive analysis of a variety of reduced-FOV techniques suitable for 7T 

imaging has been performed.   STEAM, PRESS, OVS, BISTRO, and multiple 

versions of IVI were each implemented, optimized and tested.  IVI approaches 

included a standard spin echo method, the implementation of a composite RF pulse 

to address effects of B1 inhomogeneities, use of a two dimensional Gaussian RF 

pulse for excitation along a spiral trajectory, and a double off-slice excitation method 

to diminish multi-slice losses.   Comparisons between methods focused on 

measurements of relative signal to noise ratio (SNR), power deposition (specific 

absorption rate, SAR), suppression of unwanted signal, artifact strength and 

prevalence, and sensitivity to B1 variation in slabs and small FOV excitations.  

Additionally, qualitative comparisons were performed between in vivo human scans.  

Multi-slice performance was assessed for STEAM, PRESS, and IVI by simulating 

the expected impact on signal in out-of-slice locations with various methods and 

pulse orders.  The predictions were verified experimentally, and potential solutions 

explored to diminish measured losses.  The ability to scale RF pulses applied in 

reduced-FOV methods to correct for B1 inhomogeneities was also demonstrated.   
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The combined results provide a basis for optimization and application of reduced-

FOV techniques for imaging small inner volumes with high spatial resolution at 7T. 

 

1. INTRODUCTION 

 

Increments in magnetic field strengths to 7T and beyond theoretically provide 

an increase in signal that may be used to improve image resolution in MRI.  

However, high-resolution imaging necessitates that a large array of data be acquired 

dependent on the object size.  Longer image acquisition times constrain the 

temporal resolution for functional studies, result in greater occurrence of 

physiological and motion based artifacts, signal blurring, distortion, and dropout 

induced by susceptibility effects, especially for single-shot EPI type scans.  A 

number of solutions have been developed to reduce scan times for applications 

sensitive to these effects.  Multi-channel receive arrays combined with parallel 

imaging methods such as SENSE and GRAPPA enable undersampling of phase 

encoded data typically by a factor of two to four in human studies [1, 2].  Surface 

coils constrain the signal intensity to localized regions to restrict overall FOV sizes 

and scan durations [3].  Partial Fourier methods rely on k-space symmetry to reduce 

the amount of data required to reconstruct an image [4, 5]. Recent efforts in 

compressed sensing use intrinsic MRI data set sparsity to incoherently sample a 

limited number of image points [6].  By contrast, reduced-FOV (rFOV) methods 

restrict signal excitation to smaller regions in order to lower acquisition times [7-21]. 
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Common to all of these methods is an intrinsic reduction in the sampling 

pattern that corresponds to a FOV size smaller than the object dimensions.  

Typically, this induces an aliasing or fold-over artifact because the Nyquist sampling 

criteria are not satisfied.  The solution to the aliasing problem distinguishes these 

methods; accomplished either through proper encoding of data to calculate missing 

k-space information or by suppressing signal that would induce this artifact.  In all 

cases, SNR is diminished in order to achieve the desired acceleration, which must 

be weighed against the diminished artifacts or improved efficiency, and the ability of 

the method to address aliasing without causing fold-over effects.  

Reduced-FOV imaging has been explored previously and may be 

implemented using various techniques that each exploit the spatial selectivity of RF 

pulses combined with a gradient to restrict excitation of spins to localized volumes.  

Selective excitation can be extended beyond the simple slice selection exploited in 

conventional imaging by also restricting effects along the phase encoding or readout 

dimensions.  The approaches used to achieve this may be generally divided into two 

categories: selective excitation methods that use multiple pulses for volume 

localization using methods such as STEAM, PRESS, and IVI [7, 12, 22, 23], and 

suppression-based methods that apply bands to saturate signal external to the 

target FOV such as OVS and BISTRO [15, 16].  Additional permutations have been 

developed to address losses in SNR caused by the excitation methods in out-of-slice 

locations for multislice scans [10, 11, 13].  The performance for all techniques has 

largely been demonstrated at field strengths from 0.35 T to 3 T. 
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The challenges with all these methods are a combination of decreased SNR 

due to smaller FOV (and, usually, voxel) sizes, the need for adequate suppression of 

signals from outside the FOV to prevent residual aliasing artifacts, restrictions on the 

imaging sequences that can be used to achieve a desired contrast, the introduction 

of additional RF pulses that increase power deposition (specific absorption rate, 

SAR), and the relative scan efficiency compared to other approaches.  With 

increased use of 7T human systems, the application of these methods and various 

other rapid imaging sequences may be more justified in order to achieve smaller 

voxel sizes and improve spatial resolution beyond that readily achievable with lower 

field systems.  However, 7T introduces a number of other field dependent 

challenges, such as increased B1 inhomogeneity, higher power deposition (SAR), 

and changes in relaxation parameters.  The combination of these factors 

necessitates a revised optimization of reduced-FOV imaging methods previously 

implemented at lower fields to fully benefit from their application in high-resolution 

high field imaging.  Here, we demonstrate how a variety of reduced-FOV techniques 

potentially of interest for 7T studies may be implemented and optimized, with a 

critical comparison performed using STEAM, PRESS, OVS, BISTRO, and IVI.  

Specific emphasis is placed on evaluations of the relative achieved SNR, 

suppression of unwanted signal, achieved SAR, residual artifacts, sensitivity to and 

correction of B1 variations, and applicability with multi-slice protocols.  
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2. METHODS  

 

2.1. STEAM Selective Excitation Method 

 The Stimulated Echo Acquisition Mode (STEAM) technique was implemented 

by the sequence shown in figure 4.1 to achieve reduced-FOV imaging based on the 

description provided by Frahm [12, 24].  Localization for this method relies on the 

subsequent application of multiple 90° RF pulses and gradient pairings to restrict 

excited signal to within a specific volume of interest, with three pulses applied 

sequentially to affect different dimensions independently.  For this implementation, 

the order of pulses was set to perform excitation along the phase encoding 

dimension first, followed by readout and then slice selection. To optimize STEAM for 

reduced-FOV imaging at 7T, various pulse shapes were empirically explored for the 

selective pulses applied in the phase encoding and readout dimensions.  Specific 

emphasis was placed on minimization of ripple effects in the pulse passband and 

sidelobe regions, achieving a sharp roll-off, confining the pulse duration to less than 

6 ms for a 90° flip angle, and demonstrating an appearance in the excited region 

consistent with that obtained using a spin echo sequence and no STEAM 

preparation.  In this case, the optimal pulse was determined to be a five-lobe SINC 

with a 15 µT amplitude and a 3.92 ms duration.  Spoiling gradients after readout 

were matched with those between the first two pulses and separated by half the 

echo time to form the desired stimulated echo centered on the acquisition window.  

All three spoilers were maximized to the 40 mT/m system limit with a 4 ms duration 

that was determined to establish sufficient dephasing to minimize residual signal in 
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the sideband regions.  Based on the applied pulse shape and spoiling gradient 

durations, the pulse ‘mixing time’ delay, TM, was 11.38 ms. The STEAM preparation 

was performed prior to the imaging sequence gradients, with a loss of half of the 

SNR expected due to the stimulated echo only refocusing half of the magnetization.   

Figure 4.1 - Pulse sequence diagrams for applied reduced-FOV imaging methods: 
STEAM, PRESS, IVI, IVI with composite RF pulse to address B1 inhomogeneity, OVS, 
BISTRO, IVI using 2D RF spiral Gaussian excitation, and IVI with double off-slice 
excitation to address multi-slice imaging losses (used for simulation only). 
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2.2. PRESS Selective Excitation Method 

 Point Resolved Spectroscopy (PRESS) for reduced-FOV imaging was 

implemented following the description provided by Bottomley [7] adapted for 

imaging.  As with STEAM, PRESS uses three pulses to localize the excited signal, in 

this case, a 90° excitation followed by two 180° refocusing pulses, with the order of 

the pulse directions the same as STEAM.  The complete PRESS combination 

ensures that only those regions that have experienced all three pulses will have 

refocused and unspoiled signal at acquisition.  A similar optimization of the pulse 

definitions was performed here to define the refocusing pulses, which required an 

alternate shape due to the expected bandwidth narrowing that would occur with a 

SINC when increased to a 180° flip angle.  For this implementation, pulses optimized 

for spin echo refocusing with short echo times as defined in the scanner library were 

applied for both 180° pulses.  Each was specified to have 15 µT amplitudes and 

5.40 ms durations with the shape based on observed minimization of ripple effects 

and sharp excitation boundaries. Symmetrical crushers surrounding both refocusing 

pulses were matched with 40 mT/m amplitudes and 4 ms durations as used for 

spoiling in the STEAM sequence.  For the initial phase encoding excitation, the 

previously optimized five-lobe SINC was applied.  The duration between the 

excitation and the first refocusing pulse was minimized based on the RF pulse, 

gradient refocusing, and spoiler lengths, for a total pulse delay of 10.98 ms.   

2.3. OVS Saturation Band Method  

 The Outer-Volume Suppression (OVS) technique [21] was implemented using 

two repetitions of RF pulses combined with gradients to saturate regions outside a 



 45 

targeted FOV in the phase encoding direction.  The pulse RF frequencies were set 

to target regions on either side of the desired imaging FOV.  To prevent overlap of 

these regions with the target image FOV, the frequency offsets were defined as: 

Δ𝑓! =  ±𝐵𝑊!"/ 𝑤!"#$ −
!!"#!
!

⋅ 𝐺!" ∙ 𝛾                                 4. 1 

The excited signals produced from the outer volume were then suppressed using 

large spoiling gradients after each repetition of the OVS pulses.  The widths of the 

outer suppressed regions, wslab, were set to 10 cm using a frequency modulated RF 

pulse from the scanner pulse library that had a linear phase profile, with a 90° flip 

angle for the first pair of pulses and 160° for the second, labeled α1 and α2, 

respectively (fig. 4.1).  Peak B1 amplitudes for each pulse were 8.32 µT and 15 µT, 

with 8.63 ms durations. The angles were empirically determined based on 

minimization of OVS band suppression in an FBIRN phantom, with angles iteratively 

adjusted from an initial 90°/90° combination.  Applied spoiling gradient amplitudes 

were similarly optimized to 40 mT/m, 16 ms in length, corresponding to the 

maximum system gradient limit, with the duration empirically adjusted to visibly 

diminish fold-over artifacts in a reduced-FOV phantom scan.  To assist with intra-

pulse spoiling, a single slice selective gradient was used for all suppression band 

pulses, with a total OVS duration of 76 ms. 

2.4. BISTRO Saturation Band Method  

 As with OVS, B1 Insensitive Train to Obliterate Signal (BISTRO) localizes 

signal by establishing suppression bands outside the targeted FOV [16].  The 

technique uses a sequence of adiabatic hyperbolic secant pulses with amplitudes 

scaled by half a secant profile to diminish sensitivities of the suppression to B1 



 46 

inhomogeneity.  Significant B1 variations would result in poor suppression and 

aliasing of residual signal into target regions.  The implementation of BISTRO 

developed here used eight hyperbolic secant pulses each having a 5.6 ms duration 

with a 15 µT amplitude for the eighth pulse.  The remaining in a train of N pulses are 

scaled using the specified max amplitude, B1,N, and a secant profile β value of 4: 

𝐵!,! =  𝐵!,! ∙ sech 𝛽 ∙ 1− 𝑛(𝑡) 𝑁                                      4. 2 

A single phase encoding gradient was used to establish a 10 cm wide suppression 

slab, with the secant train repeated twice to define slabs on both sides of the target 

volume.   The pulse frequency modulation was inverted every alternate pulse to help 

minimize unwanted echo formation.   Additional spoiling gradients were placed 

between each individual pulse with amplitudes of 35 mT/m and duration of 1 ms for 

additional signal dephasing, with an overall BISTRO duration of 103 ms. 

2.5.  IVI Method 1  – Spin Echo Selective Excitation 

 Inner-Volume Imaging (IVI) was implemented as first described by Feinberg 

[9].  With IVI, the number of combined pulses used is reduced to two versus the 

STEAM and PRESS methods, restricting excitation along the phase encode and 

slice directions only.  The combination of pulses ensures spins are appropriately 

refocused at acquisition only for a volume that experienced both.  This 

implementation of IVI differs from that described previously [9] by initiating with a 

phase-encoding excitation.  Pulse shape and duration were optimized using the 

same analysis performed for STEAM and PRESS to define the 90° phase-encoding 

direction excitation and the 180° slice selection refocusing pulse, which consisted of 

a five-lobe SINC with a 15 µT amplitude and 3.92 ms duration, and a scanner pulse 
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optimized for spin echo refocusing with a 15 µT amplitude and 5.40 ms duration, 

respectively.  The time between excitation and refocusing was set to half the echo 

time, with crusher gradients matched at a 40 mT/m strength and a 4 ms duration.  

2.6. IVI Method 2 - 2D RF Pulse for Spiral Gaussian Excitation  

 Simultaneous selective excitations in both the phase encoding and slice 

select directions were accomplished using a modified IVI technique that replaced the 

initial selective 90° excitation with a two-dimensional RF pulse.  Previous 

applications of this 2D RF approach have been developed to minimize the impact to 

off-slice locations by restricting excitation to the target slice [8, 10, 11, 14, 17, 19].  

For this implementation, the target excitation profile followed the formulation 

described by Pauly and Hardy [13, 25], and comprised a 2D Gaussian in the x-z 

plane excited along a spiral trajectory.  For any underlying magnetization, ρ(𝑟) that 

contributes to the image, a weighting function, W(𝑟) can be defined with a value of 1 

to localize signal within a specified dimensional constraint, which Fourier transforms 

into its spatial frequency form, W(K): 

ℱ 𝑊(𝑟) ∙ 𝜌(𝑟) ⟹𝑊(𝐾) ∗ 𝑃(𝐾)                                      4. 3 

W provides the phase and amplitude information for each spatial frequency 

necessary to establish the desired excitation pattern, and can be discretely and 

temporally sampled along a specific k-space trajectory, S(t): 

𝑊 𝐾 𝑡 =  𝑊(𝐾) ∙ 𝑆 𝑡                                             4. 4 

The trajectory through excitation k-space can take a number of forms, including 

cartesian, spiral, or blipped EPI type trajectories [10, 11, 17].  The target k-space 

points are translated into a time-varying gradient waveform for both dimensions, 
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G(t), and then combined with the weighting information, W{K(t)}, to define the 

necessary B1(t) function that will achieve the target spatial pattern: 

𝐵! 𝑡 =  𝑊 𝐾 𝑡 ∙ 𝐺(𝑡)                                              4. 5 

For the purposes of this study, the target excitation pattern was a 2D Gaussian with 

distinct σz and σx values to enable compression and extension along both the phase 

encode and slice select dimensions, scaled by α to achieve a specific flip angle: 

𝑊 𝐾 𝑡 =  𝛼 ∙ 𝑒
!!! !!!

!!!
!!!

!

!!!                                              4. 6 

For this implementation, σy and σz where selected to be 1.2 and 1.5, respectively for 

a narrower Gaussian dimension in the slice dimension, which achieved a full-width-

half-max (FWHM) value of 45.9 mm and 37.2 mm respectively. This pattern was 

sampled using an eight-pass spiral with maximum gradient strength of 8 mT/m that 

terminates at a (kx,kz) = (0,0) to ensure the pulse is self-refocusing.  The 

corresponding B1(t) calculated from this trajectory and target pattern had a peak 

amplitude of 2.5 µT and a duration of 6.4 ms to achieve a 90° flip angle.  The 

Gaussian excitation was followed by a slice selective 180° RF pulse as per the IVI 

method between matched crusher gradients.   

2.7. IVI Method 3 - Composite RF Pulse for Uniform Excitation  

 Methods that compensate for the spatial variations in achieved flip angles 

caused by B1 inhomogeneities at high field strengths have recently been described 

using composite RF pulses optimized for uniform excitation over a range of typical 

ΔB0 and B1
+ values [26, 27].  These composite pulses are constructed using a 

specific number of pulses of either block or Gaussian profiles each with fixed and 

matched durations.  A minimization algorithm is applied to iteratively adjust the 
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individual pulse amplitudes and phases.  The achieved flip angles at each iteration 

point are determined within specific ΔB0 and B!! limits and compared against a target 

angle to calculate the error in the established angle at any spatial location.  Local 

minimization is achieved when the incremental difference in the updated and target 

angle is below a specified threshold.  The applied non-linear constrained 

minimization algorithm takes into account maximum B1 and pulse duration 

constraints based on MR hardware, with the range of ΔB0 and B!! defined from 

values measured in human brain and phantoms at 7T. 

 This technique was applied to replace the selective SINC pulse executed at 

the start of the IVI reduced-FOV imaging sequence to achieve localization and 

uniform excitation [27].  In this case, the pulse was altered to be slice selective 

followed by a phase encoding selective 180° refocusing pulse.  Eight pulses each 

with a Gaussian profile were chosen for the RF pulse composite definition assuming 

a maximum B1 amplitude of 15 µT and 1.06 ms duration for each individual pulse.  

Slice selection employed trapezoidal gradients during each composite element in the 

train with a strength of 22 mT/m to achieve a target 3 mm slice thickness, and a 

positive and negative amplitude alteration between neighboring sub-pulses.  An 

additional refocusing gradient followed the composite train prior to the phase encode 

selective refocusing pulse between crusher gradients with 40 mT/m strength and 4 

ms duration.  As with the standard IVI, the duration between the composite and 180° 

refocusing pulse was half the echo time taken from the center point of the pulse 

train.   After optimization, the entire duration of the composite RF pulse was 12 ms. 
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2.8. IVI Method 4 - Small FOV RF Scaling to Reduce B1 Inhomogeneity Signal Loss 

 Additional corrections for B1 inhomogeneity effects in IVI, which take 

advantage of the small dimensions relevant for reduced-FOV experiments, were 

investigated.  For a given object which experiences an RF pulse, the resulting flip 

angle distribution within a target plane has a measurable and predictable pattern 

dependent on the object shape and RF frequency, with localized regions of peak 

and diminished intensity.  Figure 4.2A depicts the pattern observed in a 17 cm agar 

gel phantom using a standard SE sequence, and the measured profile (fig. 4.2B).  

Within restricted regions of the object, the total variation can potentially be much less 

than that experienced across the whole object, as demonstrated in regions 1 and 2.  

For the purposes of reduced-FOV imaging, correction of inhomogeneity concerns 

itself with only addressing the variation experienced in the localized region.  If the 

overall flip angle measured in a target area are reasonably uniform but too low or 

high, an RF scaling adjustment may be sufficient to compensate for corresponding 

Figure 4.2 – A.) Agar gel phantom SE image with regions depicting three 
inhomogeneity areas. B.) Profile of phantom image through center with regions 
identified demonstrating relative signal variation in each voxel. 
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signal loss in those locations by a factor unique to that area.  In the case of human 

or phantom imaging, the nature of the inhomogeneity potentially reduces to a small 

set of necessary scaling factors to address: 1.) low flip angle regions (area 1) 2.) 

high flip angle regions (area 2), and 3.) transitions between the two (area 3).  To 

investigate the potential for signal recovery by RF scaling in small regions, IVI was 

implemented to enable adjustment of both its excitation and refocusing pulses. 

2.9. IVI Method 5 – Double Off-Slice Excitation for Improved MS Performance 

Reduced-FOV methods that rely on the intersection of excitation planes along 

each dimension such as STEAM, PRESS, and IVI, are known to adversely affect off-

slice positions for interleaved, multi-slice scans.  This occurs particularly when 

excitation or refocusing pulses are used to accomplish localization in the phase 

encoding dimension.  The off-slice spins experience these pulses, which perturb 

magnetization at these positions.  Full recovery of this magnetization for subsequent 

scans of those slice locations is required to ensure maximal signal from the slice, 

and the recovery is dependent on the T1 relaxation times.  Increasing the number of 

slices interleaved in an MS scan will produce additional losses for each slice. 

To address this, IVI was modified to apply a second excitation pulse with a -

90° flip angle immediately after the initial excitation is gradient refocused (fig. 4.1).  

The additional pulse is selective in the slice direction and acts on the off-slice 

location only.  This restores longitudinal magnetization, enabling T1 recovery during 

the remainder of the interleave without impacting the current slice localization.  

Depending on the interleave sampling pattern, the position of the additional 

excitation can be localized to the next slice only, or to a block of off-slice positions in 
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ascending or descending patterns where the remaining slices reside on only one 

side of the current interleave slice location (fig. 4.3).   The feasibility of this technique 

to address MS signal losses was characterized in simulations described in the 

subsequent experimental methods.  

 

3. EXPERIMENTAL METHODS 

 

3.1. Phantom Experiments Configuration 

Comparisons between these methods were performed using a 60 cm bore 

Philips 7T Achieva system (Philips Healthcare, Best, The Netherlands) with a 32 

channel Nova parallel head array for reception (Nova Medical, Wilmington, MA), and 

a single channel volume coil for transmission.  The system has a maximum gradient 

strength, slew rate, and coil peak B1 amplitude of 40 mT/m, 200 mT/m/ms, and 15 

µT, respectively. Phantom experiments were performed using a 17 cm spherical 

agar gel FBIRN (Functional Biomedical Information Research Network) [28].  

  

Figure 4.3 – Spin impact for proposed 
double excitation approach to address 
off-slice signal loss with IVI for MS 
scans.  A and B depict two distinct slice 
locations, A corresponding to the current 
imaging slice, B the out of slice position.  
After the initial 90X, spins in all slices are 
tipped in the transverse plane.  A 
subsequent -90Z acting only on the off-
slice position restores longitudinal 
magnetization in the target voxel. 
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3.2. Comparison 1 – Method Slab Excitations 

 The implemented reduced-FOV methods were first compared in terms of the 

relative SNR in a localized signal region, the suppression of unwanted signal 

external to this region, the power deposition as determined by the SAR used, the 

relative intensity of image artifacts, and the sensitivities of each method to overall B1 

inhomogeneity effects.  For each of the methods, the phase encoding selection 

pulses and gradients were adjusted to achieve a 42 mm thick slab, with scan 

parameters for acquired spin echo images summarized in Table 1A.  Noise was 

estimated by acquiring 10 “images” of noise only data by executing the SE scan with 

no active RF.  The scanner calculated SAR value was recorded for each acquisition, 

expressed as a percentage of the 3 W/kg limit for the head.   

3.3. Comparison 1 – Method Slab Excitation Analysis Metrics 

The SNR was measured by dividing each slab image pixel by the standard 

deviation of the noise across the 10 noise acquisitions.  The final SNR map was 

expressed as a percentage of the maximum SNR calculated for the full SE image: 

𝑆𝑁𝑅!,!"#$ = 100 ∙ !!,!"#$ !!,!"#$%
!"#!",!"#

                                     4. 7 

A map of the suppression achieved outside the selected slab was determined by 

taking the difference between the full and reduced-FOV images and converted to a 

percentage of the full image signal, where 100% indicates complete suppression: 

𝑆𝑃 =  100 ∙ !!"!!!"#$
!!"

                                                4. 8 

Artifact power (AP) maps were calculated from the squared difference 

between the slab image for each method and the expected slab intensity, Sbase, 

which is predicted to produce equal values across the slab due to the uniformity of 
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the FBIRN phantom.  The calculation was confined to the slab region only, with 

mean AP values subtracted to eliminate SNR differences between the slab and 

uniform base signal estimate.  A similar AP map was generated for the scan without 

preparation, with all rFOV maps expressed as a percentage of its maximum AP.  

The complete calculation is summarized as follows: 

𝐴𝑃!"#$ =
!""

!"!",!"#
∙ !!"#$!!!"#$ !

!!"#$
! − 𝐴𝑃!"#$                           4. 9 

 The mean SNR and AP values were calculated for each method confined to 

pixels within the slab, with mean suppression determined for object regions external 

to the central 42 mm width that excluded the image background.  The standard 

deviation of the slab image signal was also calculated to provide a measure of 

relative image intensity uniformity as potentially impacted by B1 inhomogeneities. 

3.4. Comparison 2 – Reduced-FOV Method Analysis in Small FOV Sizes 

 Additional comparisons between methods were made by applying each rFOV 

technique to obtain a 60x60 mm image within the FBIRN phantom center.  All seven 

methods used intrinsic anti-aliasing filters to minimize the readout dimension, with 

images acquired using a spin echo sequence (Table 1B).  A full image SE scan was 

also performed with matched resolution and imaging parameters for method 

comparisons, as well as noise only data captured by performing 10 acquisitions with 

no active RF and matched dimensions to the 60x60 mm area.  SNR and AP were 

both calculated as described previously, with the reference corresponding to a 

matched sized square with value of 1 at all locations, representing an ideal uniform 

intensity in the small region.  Mean SNR, AP, and standard deviation were all 

determined from the derived maps.  
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3.5.  Comparison 3 - Simulation of Reduced-FOV Method Off-Slice Effects 

 To assess the multi-slice impact on out-of-slice signal using selective rFOV 

approaches, the longitudinal magnetization was simulated using Matlab (Mathworks, 

Natick, MA) for STEAM, PRESS, and IVI preparations.  The simulation assumed a 

TR = 1700 ms, nine interleaved slices, and a T1 value of 370 ms (as measured for 

the FBIRN phantom).  Magnetization was predicted for only the first pass through 

the sequence (prior to steady state).  For comparison, off-slice MZ was simulated for 

each method starting with a slice selective excitation versus the described phase 

encoding localization.  IVI was additionally simulated to predict the effect of a second 

180° refocusing pulse as described by Jeong to minimize loss [14] and the double 

off-slice excitation proposed here in the methods.  The impact of relative changes in 

MZ caused by brain T1 variation was also assessed by repeating simulations at TR 

values of 250, 500, 1000, 2000, 3000, and 5000 ms for gray and white matter, 

assuming T1 values of 1500 and 500 ms, respectively.  Contrast was then predicted 

by calculating their MZ difference. 

Table 1 – Scan parameters for the various experimental tests of the reduced FOV 
techniques: A.) 42 mm slab excitation, B.) 60x60 mm FOV reduction, C.) Impact of multi-
slice scans on off-slice SNR, D.) SNR impact of IVI RF scaling, and E.) human imaging 
reduced-FOV slab excitations (EPI factor = 9). 
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3.6. Comparison 4 - Measurement of Reduced-FOV Method Off-Slice Effects 

 To verify the simulated rFOV impact on multi-slice magnetization in off-slice 

locations, an MS-SE scan was executed with STEAM, PRESS, and IVI, that 

incorporated 1 to 9 interleaved slices (Table 1C).  For relative SNR comparisons, a 

standard SE scan without preparation was also executed, with a noise matrix 

recorded as described previously.  SNR was calculated in the central slice for each 

slice stack, with a mean SNR derived from the percentage SNR maps.   The IVI 

imaging experiment was repeated at TR values of 900, 1000, 2000, and 3000 ms to 

verify the simulated TR effects.  To demonstrate potential minimization of MS off-

slice effects with the 2DRF-IVI approach, the spiral Gaussian σZ values were 

incremented and the resulting slice profile measured.   

3.7. Comparison 5 –SNR Assessment of IVI Using Scaled RF Pulses 

 To test the feasibility of RF pulse scaling to locally correct for errors in the 

applied RF, three different regions were individually imaged using the standard IVI 

method.  Each region was confined to a 40x40 mm area and targeted the phantom 

center, the periphery not overlapping the edge, and a transition region between the 

edge and center where the signal variation due to B1 inhomogeneity had a non-

uniform profile.  For each region, the IVI refocusing pulse was maintained at 180° 

and a single image acquired (Table 1D). The same sequence was then repeated 

with refocusing angles of 135° and 270°.  For each region, the mean signal was 

calculated and normalized against the 180° mean for the matched location, 

expressed as percentage. 
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3.8. Comparison 6 – Reduced-FOV Method Human Imaging  

As a final comparison, the seven reduced-FOV methods were applied to 

human brain imaging using the 7T Philips Achieva and the 32 channel parallel 

receive array with single volume coil transmission.  A healthy human subject 

provided informed consent prior to scanning per an existing Institutional Review 

Board protocol approved by the Vanderbilt University Medical Center (Nashville, 

TN).  Each rFOV method was individually applied to establish a 42 mm wide slab 

along the phase encode dimension that targeted a transverse view through the head 

at the level of the ventricles with a SE scan (Table 1E).  An additional image was 

acquired with no preparation using a standard SE sequence.  Comparisons between 

techniques were qualitative only, denoting appearance of slab boundaries, artifacts, 

suppression, visible noise, and relative contrast. 

 

4. RESULTS 

 

4.1. Comparison 1 – Method Slab Excitations 

 Images for each reduced-FOV method and a standard SE scan, along with 

calculated suppression, SNR, and AP maps are shown in Fig. 4.4, and mean 

statistics and measured SAR values are summarized in Table 2.1.  In terms of SNR, 

STEAM was lowest as expected due to losses that occur with stimulated echo 

formation, measured below 50%.   The use of three pulses for STEAM versus two 

for an SE scan also provides a compounding effect of B1 errors that results in the 

underlying observed intensity variation.  The three IVI methods had SNR values 
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consistent with the SE sequence as both used the same number of pulses, timings, 

and flip angles.  The standard IVI and 2DRF produced the highest mean SNR values 

of all techniques, with OVS, BISTRO, and PRESS 15% to 30% lower than the 

standard scan.  Inspection of the intensity and SNR maps reveals regions of signal 

dropout that exceed the other approaches. PRESS in particular, as with STEAM, is 

sensitive to compounding errors caused by the extra pulse applied for localization, in 

this case, two refocusing pulses along the phase encode and readout directions.  

BISTRO also appears to show an additional signal loss towards the center of the 

object in a region of high non-uniformity.  Overall, with the exception of STEAM and 

BISTRO, the signal deviation was fairly consistent between approaches; lower 

STEAM and BISTRO variation is consistent with both techniques having lower SNR 

than the other approaches within the excited slab.  

 

Figure 4.4 – Measured reduced-FOV image intensity in excited slab, percentage suppression 
of external signal, SNR in slab region, and artifact power using and FBIRN phantom and the 
following methods: A.) SE scan with no rFOV preparation, B.) STEAM, C.) PRESS, D.) IVI, E.) 
Composite RF IVI, F.) OVS, G.) BISTRO and H.) IVI with a 2D RF spiral Gaussian excitation.  
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In general, the selection based methods STEAM, PRESS, and IVI have 

higher suppression and lower SAR values than the slab saturation methods OVS 

and BISTRO.  With the exception of 2DRF-IVI, selective excitation methods produce 

near 100% suppression and SAR values approximately twice that experienced with 

the SE scan.    Lowered 2DRF-IVI suppression was attributed to Gaussian roll-off 

along the phase encode direction versus the sharper transitions of the other 

approaches, visible in the Gaussian slice plane profile (fig. 4.5A), slab width profiles 

(fig. 4.5B), and suppression maps (fig. 4.4) as broad edge transitions.  OVS 

produced a higher suppression with similar SAR to BISTRO, both with SAR values 

more than 10 times a SE and near system limits due to large flip angles required for 

saturation bands.  The suppression maps were also asymmetric when comparing 

suppression levels on both sides of the slab, visible in slab width profiles (fig. 5B), 

greater for BISTRO.  For both techniques, saturation bands are performed 

sequentially targeting first the left side then the right, repeated for OVS.  The time 

between the final pulse application for a particular side and readout provides a delay 

Table 2 – Measured SNR, percent suppression, power deposition (SAR), artifact power, and 
standard deviation of signal in an excited slab and 60x06mm reduced-FOV region for tested 
reduced-FOV imaging methods compared to the standard SE scan. 
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for T1 recovery of the saturated signal, with OVS and BISTRO each having long 

preparation times relative to the other techniques at 76 ms and 103 ms, respectively.  

In particular, the left slab in BISTRO experiences the longest delay before 

acquisition and experiences greater recovery.  This effect is diminished with OVS 

due to the relatively shorter preparation time and slab repetition.  

The AP maps and mean AP values largely reflected the impact of B1 

inhomogeneity on the measured signal, which was the dominant contributor to the 

artifacts identified.   PRESS produced the highest AP values that peaked towards 

the center of the slab and above and below center.  These correspond to increased 

intensity at the object center and dropout beyond, reflecting again errors introduced 

by using multiple refocusing pulses.  STEAM had the lowest measured AP, with a 

similar but diminished pattern to PRESS.   Among the IVI approaches, the 

composite seemed to have the broadest central intensity region, which reflects a 

Figure 4.5 – A.) Slice plane excitation distribution for IVI using a 2D RF spiral Gaussian 
excitation. B.) Central profile across 42 mm excited slab for each tested reduced-FOV 
method and the full object with an SE scan using no preparation. 
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margin of intensity correction, but it did not span the entire length of the slab.  The 

refocusing pulse in this case is not designed for diminished B1 inhomogeneity effects 

and can corrupt the profile in the same manner as the other IVI techniques.  In 

addition, the composite pulse is intended to address variation in the pulse excitation 

profiles only and not non-uniformity intrinsic in the coil reception profile.  Lastly, 

BISTRO saw a higher AP than OVS that reflected a pattern of intensity peaks and 

dropout through the slab not observed with OVS.   

4.2. Comparison 2 – Reduced-FOV Method Analysis in Small FOV Sizes 
 
 The 60x60 mm images and corresponding SNR and AP maps are presented 

in figure 4.6, with statistics summarized in Table 2.2.  Overall, a 60 mm FOV size 

corresponds to a reduction of the FOV by a factor of 3.5 compared to the full 210 

mm image, which alone is expected to diminish the SNR to 53%.  Standard IVI 

produced an SNR closest to this value, with the remaining techniques generally 

having similar relative SNR values that were observed in the slab comparison.  The 

exception in this case was primarily the composite IVI approach, which produced an 

SNR 35% higher than the standard IVI approach, 43% higher than what is expected 

from FOV reduction.  This reflects the correction of B1 variations that cause the 

central dropout visible with all other methods and the normal SE image.  This central 

dropout was most pronounced in the images and SNR maps for BISTRO and the 

2DRF pulse resulting in lowered SNR and higher AP values.    However, the 

composite IVI approach was also determined to have the highest mean AP.  

Inspection of the AP map demonstrates a general roll-off from a peak center to the 

edge versus the dropout observed with other methods.  This reflects the 
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performance of the phase encode refocusing five-lobe SINC pulse used for this 

experiment, which has a narrower effective bandwidth when used as a 180° pulse 

resulting in a narrowed and rounded profile.  Close inspection of BISTRO and OVS 

reveals slight aliased edge effects throughout the images and AP effects not present 

with the other approaches caused by inferior suppression with these methods.  

4.3. Comparison 3 - Simulation of Reduced-FOV Method Off-Slice Effects 

 Matlab simulation results for off-slice longitudinal magnetization behavior in 

an interleaved multislice scan are summarized in fig. 4.7 for PRESS, STEAM, and 

IVI.  In all cases, the applied pulse order is expected to produce a drop in the 

available MZ for subsequent excitations performed on a slice for imaging.  For 

PRESS (fig. 4.7A), the preparation is initiated with an x selective excitation that 

Figure 4.6 – Measured image intensity, percentage SNR, and artifact power for a 60x60 
mm reduced-FOV in an FBIRN phantom using A.) SE scan (cropped) B.) STEAM, C.) 
PRESS, D.) IVI, E.) Composite RF IVI, F.) OVS, G.) BISTRO and H.) 2DRF-IVI. 
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results in a zeroing of the magnetization with a short T1 recovery by the time of the 

subsequent y-selective refocusing pulse, which inverts recovered magnetization.  MZ 

undergoes additional recovery for the remainder of the 188 ms prior to the next 

interleave, lowered by 33% after one pass. Modifying the sequence to initiate with z-

selective excitation has no effect initially on the off-slice position, but then results in 

Figure 4.7 – Simulated MZ for off-slice position during a nine slice interleaved scan, using A.) 
PRESS, B.) STEAM, and C.) IVI.  All comparisons assume a TR of 1700 ms, TE of 60, T1 of 
370 ms, T2* of 40 ms. Includes simulation based on initial x or z selection and introduction of 
double refocus and double off-slice excitation for IVI.  D.) STEAM, PRESS and IVI compared 
for the pulse order sequence used during imaging experiments. 
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an inversion of the magnetization two times due to the subsequent x and y 

refocusing pulses, ending aligned with B0.  MZ will undergo a margin of loss due to 

inversion recovery during the delay between the first and second refocusing pulse, 

but ends at 89% of its initial value after one interleave. 

 STEAM follows a similar progression to PRESS (fig 4.7B) when initiated with 

a 90X, affectively zeroing MZ followed by T1 recovery.  In this case, the second 90Y 

pulse zeroes the magnetization assuming the transverse component was sufficiently 

dephased prior to application of the pulse.  The final slice select pulse has no effect 

on the off-slice position, with T1 recovery restoring the MZ to 34% at the start of the 

next interleave.  Reordering of the pulses to a 90Z results in a slight decrease in the 

magnetization by delaying the zeroing of MZ provided by the x and y selective pulses 

providing less time for it to regrow prior to the next interleave, ending 29% of start. 

 For IVI (fig. 4.7C), an initial 90X results in zeroing of MZ as with the other two 

methods.  However, it spends the remainder of the time recovering over a longer 

duration than PRESS or STEAM, ending at approximately 36% of its starting value.  

Reordering to a 90Z affectively inverts the longitudinal magnetization, which then 

undergoes an inversion recovery with MZ decreasing to -30% over this time.  

Corrections in the initial z-selective configuration as demonstrated by Jeong using 

an additional 180X after readout [14], restores the magnetization along the positive z 

direction for additional regrowth via T1 recovery to 89%. Similarly, use of a second 

off-slice excitation pulse as described in the methods restores MZ to approximately 

90%, with a longer recovery duration compared to the double refocus technique.  
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Overall, the simulation results for PRESS, STEAM, and IVI with similar pulse 

orders demonstrate that MZ in off-slice positions is less impacted by a small margin 

using IVI, followed by STEAM, then PRESS (fig. 4.7D).  However, all three suffer 

approximately a 65% loss in MZ after the first interleave.  Increments in TR are 

simulated to diminish this loss substantially (fig. 4.8A), lowered from 70% to 20% by 

increasing from 1000 to 3000 ms.  Tissue T1 differences are also predicted to 

Figure 4.8 – A.) Simulated affect of TR on IVI offslice MZ loss as the number of slices is 
increased.  B.) Predicted MZ difference between gray and white matter across TR for 
various number of slices in a multi-slice scan using IVI.  C.) Comparison of measured SNR 
loss with incremental number of slices using STEAM, PRESS, and IVI, all SNR values 
normalized to the one slice SNR measurement for each method.  D.) Measured IVI SNR for 
a multi-slice scan with incremental number of slices and a range of TR values.   
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encode gray and white matter contrast based on the number of slices and TR values 

(fig. 4.8B), with as much as a 50% difference in the expected residual MZ using IVI. 

4.4. Comparison 4 - Measurement of Reduced-FOV Method Off-Slice Effects 

 Multi-slice simulations were confirmed via imaging and are summarized in fig. 

4.8.  All methods show a decrease in the measured SNR as the number of slices in 

a single interleave are increased, by as much as 40% to 50% with nine slices (fig. 

4.8C).  The relative behavior matches well with predicted simulation results (fig. 

4.7D), with IVI measured to have a higher SNR profile than STEAM and PRESS, 

and IVI (90X) superior to IVI (90Z).  STEAM also showed a slightly lower SNR drop 

than PRESS from starting values as simulated.   Improvement in the SNR profiles 

was demonstrated for IVI with incremental steps in TR (fig. 4.8D), increasing from 

50% to 80% by using a TR of 3000 ms versus 1000 ms.  Likewise, forcing an 

additional interleave package by dropping the TR to 900 ms resulted in a 15% 

increase in SNR at nine slices relative to 

the 1000 ms case due to the increased 

separation time between interleaves.  

Attempts to lower 2D RF slice profiles 

with higher σZ values to restrict off-slice 

affects produced notable profile 

reductions, with FWHM values of 37.2 

mm, 26.3 mm, and 6.6 mm (fig. 4.9).  

However, side lobes and ringing effects 

were observed at the narrower FWHM.  

Figure 4.9 – Measured slice profile using 2D 
RF spiral Gaussian excitation with 
incremental steps in σY value achieving 37.2 
mm, 26.3 mm, and 6.6 mm FWHM values. 
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4.5. Comparison 5 –SNR Assessment of IVI Using Scaled RF Pulses 

 Comparisons of the mean signals between regions with the FOV reduced to 

40x40 mm using standard IVI are summarized with three different angles for the 

slice selective refocusing pulse (fig. 4.10).    For each targeted location, a distinct 

improvement in signal was observed at specific refocusing angles.  For the center 

region, 135° provided a 35% 

improvement in mean signal versus 

the targeted 180° angle.  For the 

edge, the optimal flip angle for 

refocusing transitioned to 270°, here, 

29% better than using 180°.  For the 

‘mix’ region which contained portions 

of the object center and edge, 180° 

proved slightly better than the other 

two tested options, 4% better than 

135°, 19% better than 270°.  

4.6. Comparison 6 – Reduced-FOV Method Human Imaging  

In human brain scans, the reduced-FOV methods produced distinct 

localization of defined slabs with no visible signal in suppression bands (fig. 4.11).  

Contrast was consistent between each method and the normal SE scan image with 

no notable signal dropout, blurring, or distortion of slab boundaries or intensities 

within the localized region.  STEAM had a notable lower signal with visible noise 

throughout the slab, and BISTRO demonstrated slight residual signal along the brain 

Figure 4.10 – Measured mean signal in three 
distinct 40x40 mm regions selected using IVI 
with three different refocusing angles. 
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edge in the left targeted suppression area, which was observed in phantom slabs to 

have lower suppression.  The 2DRF IVI had a slightly more diffuse boundary than 

the other techniques, though slab intensity was distinct from suppressed areas. 

 

5. DISCUSSION 

 

Each reduced-FOV method tested demonstrated the ability to localize signal 

in the specified target regions, but several important differences between the 

techniques considered became apparent in the various metrics used for 

comparisons.  Slab saturation based methods OVS and BISTRO both did not 

suppress unwanted signals as well as the other selective excitation approaches, as 

much as 10% to 12% lower.  The high SAR of OVS and BISTRO is largely a result 

of an attempt to improve suppression results by using higher flip angles and 

Figure 4.11 – Acquired 0.50 x 0.50 x 3 mm in vivo human images with TR of 3000 ms, 
TE of 64 ms, and 42 mm wide slabs, using: A.) SE scan, B.) STEAM, C.) PRESS, D.) IVI, 
E.) OVS, F.) Composite-IVI, G.) BISTRO, and H.) 2DRF-IVI. 
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numbers of pulses in the presence of B1 inhomogeneties.  The need to keep SAR 

within limits translates to constraints on the minimum TR, at 950 ms for OVS, and 

1200 ms for BISTRO.  Additional optimization of these preparations for improved 

suppression did not readily produce a significant change in performance despite 

doubling SAR output levels beyond those recorded here.  In contrast, the selective 

methods can use a much lower minimum TR of 150 to 250 ms at greater than 98% 

suppression, and still stay within SAR limits, with higher SAR for PRESS and 

STEAM compared to the IVI methods due to requiring an additional pulse for 

selectivity along a third dimension.  The 2DRF-IVI approach produced a lower SAR 

than the standard SE scan due to the overall low amplitude and duration of the 2D 

pulse.  Overall, unwanted signal must be suppressed enough to prevent aliasing 

artifacts in the reduced image.  These artifacts were not visible in images or AP 

maps with the selective methods, and were marginally observed with OVS and 

BISTRO at 90% suppression.   

From an SNR standpoint, it is expected that STEAM will lose half of its SNR 

because it refocuses only half of the magnetization.  All other methods, however, are 

expected to produce comparable SNR measurements.  However, the SNR values 

achieved in practice are in part, complicated by B1 errors that affect the accuracy of 

both the excitation 90° and refocusing 180° pulses.  The particular phantom tested 

demonstrated high variations in B1 with a central dip caused by refocusing errors.  

These corresponded to high variations in the AP maps. Methods such as PRESS 

that use multiple refocusing pulses see a compounding effect of both pulses having 

erroneous angles with additional peripheral loss and complex AP patterns.  The 
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SNR in the Composite-IVI case improved notably beyond the remaining methods, 

but would benefit from extension to both the excitation and refocusing pulse to 

achieve better uniformity for larger FOV sizes or regions of high variation.  In this 

context, scaling of RF provided a way to improve SNR in small regions without using 

such pulses, by as much as 35%.  This improvement correlated well with the 

measured SNR increase achieved with the composite pulse in the 60x60 mm region, 

suggesting the composite similarly improved signal performance.  Overall, scaling of 

the RF combined with use of fewer pulses to achieve localization, such as with the 

IVI approach, produces superior SNR and diminished AP performance due to fewer 

compounding errors. 

Despite generally superior SAR, suppression, and AP measurements, the 

STEAM, PRESS, and IVI based methods constrain the contrast to a spin echo 

weighting, with T2 decay initiated at the beginning of all of these preparations.    OVS 

and BISTRO, on the other hand, do not affect the contrast weighting of the 

sequence they precede, except to the extent to which the TR is appropriate based 

on staying within SAR limits.  Additionally, the suppression-based approaches 

enable other target flip angles for selection within the primary sequence to be 

optimized to the desired Ernst angle or specific contrast desired.  Methods such as 

STEAM and PRESS also induce additional constraints on the minimum TE possible 

due to the additional pulses required to prevent overlap between neighboring pulse 

pairs and gradients.  With the SINC pulses applied for excitation and refocusing in 

these cases, this minimum TE value was 24 ms, which constrains scans optimized 
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for shorter values.  In general, OVS and BISTRO synergize well with a variety of 

scan types since the preparation is separated from the imaging scan. 

The multi-slice performance establishes a significant distinction between the 

various methods and potential uses at 7T.  As implemented, the STEAM, PRESS, 

and IVI based approaches produce up to a 65% loss in available longitudinal 

magnetization for a nine slice interleaved acquisition.  However, as demonstrated, 

the extent of the loss is largely dependent on the TR value, number of slices, and T1 

of the tissue being imaged.  Longer TR settings and shorter T1 or fewer interleaves 

can substantially reduce the off-slice impact of the selective excitation approaches.  

This property also has an impact on the contrast within a slice that has experienced 

these preparations because of T1 differences between tissues in a target region, 

which could be exploited to achieve specific contrast, but primarily demonstrates the 

impact of rFOV for MS imaging. 

The simulated results demonstrate the potential improvement provided by 

methods that correct for this effect, including the addition of a second refocusing 

pulse for IVI techniques initiated with a slice selective excitation to reduce off-slice 

losses [14], and the use of a second excitation to restore magnetization in impacted 

slices.  The combination of two refocusing pulses in this case closely resembles the 

PRESS approach, which also predicts improved MS performance when initiated with 

a slice select 90°, reducing loss to only 10% for the configuration simulated.  The 

benefit of the PRESS versus the double refocus IVI sequence is that the final 

inversion occurs earlier in the interleave time frame, prior to readout, allowing for 

greater signal recovery before the next interleave occurs.  2DRF pulses offer an 
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ideal approach to improve MS performance by preventing saturation of the 

interleaved slices with narrow profiles in the slice direction.  The method 

implemented here requires additional optimization to achieve this, either through 

further adjustment to the Gaussian scaling or use of rectangular functions.  

In sum, the reduced-FOV method selected for any application is based first 

on the desired contrast and imaging parameter constraints.  When spin echo 

weighting is acceptable, for single slice or 3D scans, an IVI based approach puts the 

fewest limits on TE and TR, has the lowest SAR, and introduces no negative SNR 

impact such as STEAM.  Though it is designed only to constrain the FOV in the PE 

dimension, readout reduction is readily accomplished using anti-aliasing filters.  

Combining the IVI approach with composite RF pulses and scaling of the RF 

amplitudes provides a means to further improve selectivity while simultaneously 

correcting for B1 inhomogeneity in the target area.  However, if gradient echo based 

sequences are required to produce T2*contrast, suppression methods are the 

primary option using OVS.  Compared to BISTRO, the implementation here 

produced better suppression, lower SAR, and fewer artifacts.  OVS is also 

preferential for MS scans because other approaches suffer from off-slice affects as 

long as SAR constraints produce acceptable TR values and interleave slice 

numbers. Otherwise, PRESS or IVI compensated with additional pulses or 2D RF 

with narrow slice profiles offer preferable alternatives. 
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6. CONCLUSIONS 

 
 The analysis described here provides the first comprehensive assessment of 

a variety of reduced-FOV techniques for imaging localization at 7T.  Specific 

optimizations are uniquely defined for techniques such as OVS and IVI.  A number 

of potential improvements for reduced-FOV multi-slice performance are also 

identified.  The SNR, suppression, SAR, AP, signal distribution, and MS behavior 

combined provide a foundation for improved reduced-FOV development and 

application for 7T high- resolution studies that would benefit from its use. 
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CHAPTER V  

 

HIGH RESOLUTION BRAIN IMAGING WITH REDUCED SCAN TIMES 

COMBINING REDUCED-FOV, PARALLEL IMAGING, AND EPI AT 7T 

 

ABSTRACT 

 

In this study, we describe the combination of SENSE parallel imaging and 

reduced-FOV techniques with echo planar imaging (EPI) to rapidly obtain high-

resolution images of the human brain at 7T. EPI is attractive because of the 

significant reduction in scan durations possible versus standard readouts.   

However, achievable resolution is limited due to geometric distortion, signal blurring, 

and dropout artifacts that compound as resolution increases because of sensitivity to 

susceptibility variations and T2* losses.   By combining SENSE and reduced-FOV, 

the number of phase-encoding lines can be restricted to shorten echo train lengths 

and minimize these effects, while also reducing patient motion or physiological noise 

artifacts.  Use of a 7T field strength provides additional signal to counter losses due 

to the resolution increase and use of the SENSE and reduced-FOV methods.  

Reduced-FOV provides the added benefit of performing higher accelerations not 

possible with SENSE alone, which is constrained in practice by g-factor noise 

amplification.  Here, IVI and OVS methods are specifically developed and tested 

with SENSE for imaging in a variety of human brain regions at 160 to 500 µm 

resolutions using single and multi-shot EPI, and combined to provide rapid 3D EPI 
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images.  Compared to full scan approaches, SENSE-IVI demonstrates a lowering of 

motion, susceptibility, and distortion artifacts. The contrast allows high-resolution 

visualization of a variety of features in small regions, including localized imaging of 

the hippocampus.  Scans are performed in 2 to 15 minutes with acceleration factors 

of 122 to 1,400 in acquisition times compared to full-FOV protocols.  The results 

support wide application of the combined approach for human brain imaging. 

 

1. INTRODUCTION 

 

Echo planar imaging (EPI) techniques enable rapid acquisition of a significant 

portion of k-space within a single readout time.  In a single-shot configuration, full k-

space is covered potentially in small fractions of a second; in a multi-shot approach, 

a fraction of the total image is acquired each shot as determined by the specified 

EPI factor, and the time between shots may dominate the total scan time.  The 

achievable reductions in imaging duration obtained using an EPI readout with an 

entire image acquired in a very short time has resulted in the widespread adoption of 

this method for diffusion imaging and for functional MRI studies that attempt to 

temporally resolve the BOLD activation in the brain resulting from external stimulus.    

However, applications to high resolution anatomical imaging face challenges that 

constrain its use.  This is primarily due to the nature of the acquisition, which can 

often result in degraded image quality due to geometric distortions, blurring, and 

signal dropout induced in regions of high susceptibility variation.  These effects are 

compounded as the resolution is increased due to the resulting increment in the 
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echo train length relative to tissue T2* values.  As such, the resolution achieved with 

this technique is often limited to greater than a millimeter scale where contrast and 

feature definition may be diminished. 

Simultaneous application of parallel imaging based methods such as SENSE 

with EPI can result in a reduction in the observable artifacts [1, 2].  Parallel methods 

use the extra encoding provided by the additional coil elements in parallel receive 

arrays to reduce the number of lines of k-space that are required to generate an 

image.  Typically, this would result in an aliasing or fold-over artifact, because the 

FOV is lowered to within the object dimensions.  This effect is removed by proper 

reconstruction of the undersampled data using knowledge of coil sensitivities and 

the aliasing pattern.  Acquisition of fewer lines of k-space results in shorter echo 

train lengths for EPI relative to T2* values, enabling higher resolutions before 

susceptibility based artifacts are similarly apparent.  The parallel approach, however, 

comes at the cost of diminished SNR by the square root of the reduction factor.  

Additional loss is also caused by amplification of noise attributed to the 

reconstruction method quantified by the “geometry factor”, so-called because of its 

dependence on coil and object geometries, which increases the higher the reduction 

value.  For this reason, SENSE based accelerations are typically constrained to two 

to four fold reductions to minimize g-values. 

Similar reductions in image acquisition have also been obtained by 

constraining signal to localized regions using reduced-FOV (rFOV) imaging 

techniques.  These methods apply a combination of RF pulses that each select 

along different dimensions to spatially localize excitation to restricted areas.  
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Specifically, Inner Volume Imaging (IVI) techniques apply phase encoding excitation 

and slice selective refocusing to achieve two dimensional signal restrictions [3, 4].  

Likewise, with Outer Volume Suppression (OVS), multiple pulses are applied 

external to the region of interest with the excited signal then dephased while 

preserving signal intensity located in the target area for subsequent imaging [5].  The 

end result of both methods enables the FOV to be reduced to the new signal 

dimensions without inducing aliasing effects.  Though it also results in a loss in SNR, 

the benefit over SENSE based acceleration is the absence of a g-factor loss at 

higher reduction values, constrained by dimensions of regions targeted. 

The combination of parallel and reduced-FOV imaging together may 

potentially be used synergistically with rapid EPI scans [6-8], enabling it to used in a 

number of high resolution studies that target either specific anatomical or functional 

applications.  The use of ultra-high field 7T is motivated in part to improve resolution 

by providing the additional signal strength required when voxels are small. 

Increasing the number of parallel array elements also serves as a source of 

additional signal, and provides improved SENSE performance due to lowered g-

factor values.  Ultra high fields, however, face a number of challenges such as 

increased B1 inhomogeneity and shorter T2* values.  In addition, high-resolution 

acquisitions necessitate acquisition of large array sizes that create efficiency 

constraints and introduce greater sensitivity to physiological and motion artifacts that 

corrupt image quality.  These are mitigated by the combination of parallel and 

reduced-FOV to diminish data sizes and lower imaging times. 
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Despite these challenges, a number of investigators have demonstrated the 

benefits of 7T to achieve improvements in resolution approaching 200 to 400 µm in 

the brain, with specific application in hippocampus and multiple sclerosis lesion 

imaging [9-12].  In this study, we aim to demonstrate the benefits of synergistically 

combining SENSE and reduced-FOV imaging with multi-shot and single-shot EPI to 

achieve 160 to 500 µm resolutions in localized brain regions using a 7 Tesla system 

with reduced imaging times.  The method will be compared with standard scans 

specifically applying IVI and OVS reduced-FOV methods to demonstrate image 

quality improvement at high resolution and scan time reductions for spin echo and 

gradient echo scans.  Specific applications of small FOV hippocampal imaging will 

also be demonstrated where resolution improvements enable identification of 

hippocampal sub-regions.  Lastly, IVI and OVS will be combined with EPI and 

SENSE to perform efficient high-resolution 3D imaging in localized brain volumes.    

 

2. METHODS 

 

2.1 SNR Analysis of Reduced-FOV Methods for High Resolution Imaging at 7T 

The combination of methods applied in this study incorporate a number of 

potential sources of signal improvement compared to traditional scans at 3T to 

support resolution enhancement.  B0 Field strength increases to 7T in particular, 

theoretically provide an increase in achieved SNR versus, for example, 3T imaging:  

𝑓!"#$% =
𝐵!,!"#
𝐵!,!"#

=
7𝑇
3𝑇 = 2.33                                                   5.1 
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7T imaging in the human brain, however, is challenged by an increase in B1 

inhomogeneity due to so-called “dielectric resonance” or interference effects that 

result in spatial variation of the achieved flip angle, θ, causing a reduction in the 

achieved SNR when comparing the actual versus target angle.  At 7T, this error has 

been determined to produce as much as a 31% loss in achieved SNR [13]:   

𝑓!! =
sin (𝜃!"#$!%)
sin (𝜃!"#$%!)

= 0.69                                                   5.2 

SNR performance of parallel arrays used for imaging experiments has been 

demonstrated to improve as the number of receiver elements increases [14].  The 

SNR adjustment corresponds to the relative SNR for each individual array size.  

From simulations provided by de Zwart, the mean SNR of 15.32 and 3.64 were 

calculated for a 32 channel and 8 channel parallel array, respectively, for a ratio of: 

𝑓!"#$ =  
𝑆𝑁𝑅!"
𝑆𝑁𝑅!

=
15.32
3.64 = 4.21                                              5.3 

Parallel receive arrays enable SENSE based imaging acceleration, with SNR 

lowered due to established undersampling of k-space and g-factor based noise 

amplification [1].  The magnitude of this factor has both receiver array size and field 

strength dependence, diminishing as both increase enabling potential SNR 

improvements over 3T use [15-17].  Simulation results from these studies predict 

mean g-values of 1.13 and 1.86 at an R-value of 4, for an increase in SNR: 

𝑓!"#!" =  
𝑆𝑁𝑅!!,!"
𝑅𝑔!!,!"

𝑆𝑁𝑅!!,!
𝑅𝑔!!,!

=
𝑔!!,!
𝑔!!,!"

=  
1.86
1.13 = 1.65                      5.4 

Image accelerations can also be accomplished using the described reduced-FOV 

signal localization technique that does not have a g-factor component to the 

resulting SNR loss.  In this case, SNR is diminished by the factor reduction of the 
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phase encoding FOV, which can be countered by increasing the number of 

acquisitions.  Relative to a SENSE only acceleration, rFOV combined with SENSE to 

lower g-values improves SNR as defined by the relative g-factors, SENSE 

acceleration R, Z-factor FOV reduction, and reduced and full acquisition numbers, 

NARFOV and NFULL.  Assuming equal R and Z values to achieve a total reduction of 

four and equal acquisition numbers, the electrodynamic simulations predict [15, 16]: 

𝑓!!"# =
𝑔!"#!"
𝑔!"#$

𝑁𝐴!"#$ ⋅ 𝑅
𝑁𝐴!"#!" ⋅ 𝑍

=  
1.20
1.00 1 = 1.20                                5.5 

Applying SENSE or reduced FOV imaging with an EPI readout results in a reduction 

in the applied echo train length, enabling the center of k-space to occur at a shorter 

echo time shifted by ΔTE, establishing lowered T2* blurring effects and reduced 

distortion.  The readout lengths are also shortened translating to a broader sampling 

bandwidth, BWRFOV, compared to the full acquisition, BWFULL [18-20].  For a diffusion 

weighted single shot EPI protocol using SENSE, Jaermann demonstrated up to a 

1.7 factor increase in achievable SNR due to reduction of the loss effects: 

𝑓!"# = 𝑒!∆!" !!∗ 𝐵𝑊!"##

𝐵𝑊!"#$
= 1.70                                                 5.6 

Lastly, applying reduced-FOV with EPI can potentially diminish motion or 

physiological effects due to shorter acquisition times [21].  Prior studies 

demonstrated as much as an 8.8% SNR improvement using partial fourier methods 

to diminish data sizes [22], dependent on the relative extent of physiological noise, 

σRFOV and σFULL, and the relative number of points obtained for each acquisition: 

𝑓!"#$"% =
𝑆𝑁𝑅!"#$
𝑆𝑁𝑅!"##

=
𝜎!"## 𝑁!"##
𝜎!"#$ 𝑁!"#$

= 1.088                                 5.7 



 83 

In sum, the combination of these described factors translate to a total potential 

impact on the established image SNR that is based on their product: 

𝑓!"!#$  = 𝑓!"#$% ∙ 𝑓!! ∙ 𝑓!"#!" ∙ 𝑓!"# ∙ 𝑓!"#$ ∙ 𝑓!"#$"%                             5.8 

This factor describes the SNR improvement for a 7T system using a 32 

channel array when combined with SENSE, reduced-FOV techniques, and EPI, 

relative to that obtained with a 3T system using an 8 channel coil, SENSE, and EPI, 

assuming comparable resolutions. The factor improvement in SNR can be translated 

into: 1.) a higher in-plane resolution by taking the square root of this value, 2.) a 

direct improvement in the slice thickness or achieved SNR for a fixed resolution, or 

3.) a reduction in the scan duration by using higher SENSE or rFOV factors or 

lowering the number of acquisitions.  Table 1 predicts potential values for ftotal 

assuming comparable signal contribution from relaxation effects and applying 

described theoretical values, predicting as high as a four-fold resolution 

improvement. The scan duration depends upon the TR, SENSE and reduced FOV 

factors that lower the number of phase encoding lines, and number of acquisitions: 

𝑇!"#$ = 𝑇𝑅 ∙ 𝑁𝐴 ⋅ 𝑁!" 𝑅 ∙ 𝑍                                                  5.9 

Table 1 – Factors adjustment in SNR for 7T with 32 channel coil, SENSE-IVI-EPI versus 3T 
with an 8 channel coil, using SENSE-EPI. Factors assume A.) field strength dependent 
improvement only with B1 inhomogeneity loss, B.) Moderate improvement due to lowered g-
factor values, C.) 10% improvement for all factors with B1 correction, D.) maximum 
anticipated values based on published theoretical results.     
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2.2 SNR Efficiency of Reduced-FOV Approach for High Resolution Imaging 

The SNR efficiency of rapid imaging methods such as SENSE are known to 

be less than standard imaging approaches due to compounding g-factor values that 

increase the higher the SENSE acceleration [23].  However, efficiency has been 

demonstrated to be greater for similar rapid imaging methods that rely on half scan 

or partial k-space sampling when it results in diminished physiological and motion 

based effects [22]. Similar noise reduction is predicted for use of the described 

SENSE-IVI approach by potentially lowering distortions that occur with high-

resolution rapid EPI scans.  Assuming SENSE-IVI combined with EPI for multi-slice 

imaging, the SNR efficiency for this combination and for a SENSE only protocol are: 

𝑆𝑁𝑅!"#$ =   ΔxΔyΔz 𝑔!"#$ 𝑇𝑅 𝐵𝑊                                      5.10 

𝑆𝑁𝑅!"#!" =   ΔxΔyΔz 𝑔!"#!" 𝑇𝑅 𝐵𝑊                                    5.11 

The relative efficiency of these approaches then translates to: 

𝑆𝑁𝑅!"#$
𝑆𝑁𝑅!"#!"

=  
𝑔!"!"#
𝑔!"#$

                                                          5.12 

This comparison indicates that using SENSE-IVI or IVI only versus SENSE predicts 

superior SNR efficiency as long as the established g-factor value for SENSE-IVI is 

lower for similar accelerations that use only SENSE.  For high reduction factors, the 

difference could be significant, with g-factor values potentially inflating two to four-

fold for SENSE when accelerations increase [15, 16].   In either case, compared to a 

standard scan, incorporating potential reduction of physiological and patient motion 

effects, as well as distortion and signal dropout, SNR efficiency is potentially 

enhanced for SENSE-IVI, based on the extent of established g-factor values: 
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𝑆𝑁𝑅!"#$
𝑆𝑁𝑅!"

=  
𝑓!"#$"% ⋅ 𝑓!"# ⋅ 𝑓!!

𝑔!"#$
                                        𝐸5.13 

This equation also incorporates a factor improvement resulting from reduced B1 

variations across a smaller FOV.  In small regions, the B1 variation is potentially less 

than that experienced across the entire object, and correctable using localized 

power calibration or RF scaling techniques [24].  In sum, the value of the combined 

three factors can vary based on the location within the brain, subject compliance 

with the scan, and physical dimensions of the region.  However, these improvements 

need only exceed the established g-value for SENSE-IVI, which can be minimized 

by using a lower contribution to the 

acceleration by SENSE.  Figure 5.1 plots 

the potential improvement in SNR 

efficiency based on the magnitude of the 

combined factors, assuming 0% to 30% 

potential improvement for each to cover 

the theoretical range predicted previously 

for each, over a range of g-values 

spanning from 1.0 to 1.6.  Here, 

significant improvement in efficiency is 

realistically achievable if the g-factor is 

well managed, with relative efficiencies 

greater than one indicating superior 

performance for implementation of reduced-FOV techniques.  A 10% improvement 

in SNR at a g-value of 1.1 is sufficient to demonstrate greater SNR efficiency.  

Figure 5.1 – Simulated SNR efficiency using 
a combination of reduced-FOV and SENSE 
across g-factor values ranging from 1.0 to 
1.6 and combined improvements of B1 
inhomogeneity, reduction in geometric 
distortion and physiological noise.  A 
combined SNR factor of 220% corresponds 
to a 30% improvement in each.  A ratio of 
one indicates superior SNR efficiency using 
rFOV imaging versus a full acquisition. 
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2.3  IVI Reduced-FOV Method for 7T Human Imaging 

 The Inner-Volume Imaging 

(IVI) reduced-FOV technique was 

implemented as described by 

Feinberg (Fig. 5.2) using a 

combination of a 90° selective and 

180° refocusing pulse applied 

along orthogonal directions to 

achieve signal localization in a 

restricted region [3].  Spins in a 

volume that have experienced 

both pulses as dictated by their 

corresponding bandwidths and 

simultaneously applied gradients 

will be appropriately excited and 

refocused.  The region is defined by the intersection of two planes; for this 

implementation, the excitation pulse is restricted to selectivity in the phase encode 

dimension, and refocusing is confined to the slice profile.   

To optimize IVI for reduced-FOV imaging at 7T, a variety of pulse types were 

empirically explored for excitation and refocusing for a range of localization 

dimensions spanning 1 to 200 mm.  Specific emphasis was placed on minimizing 

ripple effects in the pulse passband and sideband regions and obtaining sharp 

profile roll-off.  This corresponded to a five-lobe SINC pulse for x-dimension 

Figure 5.2 – Pulse sequence diagrams for IVI 
and OVS methods.  IVI incorporates intersection 
of phase encode selective 90 and slice selective 
refocusing.  OVS applies saturation pulses 
external to target FOV to localize signal. 
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selectivity with a 15 µT amplitude and 3.92 ms duration, and a 5.40 ms duration 

pulse for refocusing with the same amplitude.  The refocus pulse was performed 

between two balanced crusher gradients maximized to the 40 mT/m system strength 

limit and 4 ms durations to ensure all unwanted signal was sufficiently spoiled.  As 

described, IVI was executed prior to imaging phase encoding and readout gradients.  

2.4 OVS Reduced-FOV Method for 7T Human Imaging 

Outer-Volume Suppression (OVS) was implemented as diagrammed in fig. 

5.2 to achieve a suppression based reduced-FOV technique to enable T2* weighted 

imaging.  Here, two saturation bands were sequentially applied on both sides of the 

target region where localization is achieved by selectively exciting spins confined 

along the phase encoding dimension followed by large spoiling gradients to dephase 

the excited signal.  To improve saturation performance, the pulse pairs were 

repeated twice with different flip angles. The OVS preparation was optimized using 

three different pulse types to explore relative suppression ability and achieved power 

deposition (specific absorption rate, SAR), including a frequency modulated (FM) 

pulse with a linear phase distribution, a SINC pulse optimized for 90° flip angles, and 

a REST slab developed for saturation techniques. These pulses were empirically 

optimized to reduce SAR, minimize sideband ripple that would affect localized region 

signal quality, achieve sharp edge roll-off, and demonstrate at least 90% signal 

suppression.  Angles for the new pulses were determined by iteratively adjusting 

from a 90°/90° combination with each pulse type until signal suppression was 

minimized.  The resulting angles were 90°/160°, 135°/135°, and 135°/135° for the 

FM, SINC, and REST pulse combinations, respectively.  Spoiling gradient durations 
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were maximized to the 40 mT/m system limit and a duration of 16 ms to sufficiently 

dephase signal that potentially would produced fold-over artifacts.  The achieved B1 

amplitudes and durations were 8.32 µT/15 µT with 8.63 ms durations for the FM 

pulses, 15 µT and 6.16 ms durations with SINC pulses, and 15 µT and 4.12 ms with 

REST.  Respective preparations times for each case were 76, 52, and 60 ms. 

2.5 Combination of OVS and IVI for Rapid 3D EPI Acquisitions 

Reduced-FOV methods such as IVI are known to produce a loss in SNR for 

multi-slice acquisitions due to saturation of neighboring slice positions when 

localizing to a target region.  However, this effect is not expected for 3D scans which 

excite the entire slice volume each acquisition within a specific repetition time.  The 

additional obtained slices in 3D scans are beneficial not only due to the increased 

coverage provided, but also result in improved SNR.  Phase encoding is also 

performed in two dimensions, which for some coils is readily accelerated in both 

directions using parallel imaging methods.  However, 3D volumes if constrained 

within the object dimensions rely on sharp end profiles to prevent fold-over artifacts 

from occurring.  Often, oversampling factors are applied to extend the obtained 

number of slices beyond the pulse restricted profile to account for pulse roll-off that 

could resulting in aliasing effects, increasing scans times by as much as 40% to 

80%.  In some applications, the entire object is sampled instead. 

To address this, simultaneous constraint of the in-plane FOV and sharpening 

of end volume profiles is achieved by combining the described IVI and OVS 

techniques for 3D scans (Fig. 5.3).  Here, the x-dimension profile is constrained by 

IVI, the y-dimension is restricted by use of intrinsic anti-aliasing filters, and the 
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volume profile is improved by adding OVS 

saturation bands at the end of the volume using 

the method described previously.  This 

combination is intended to rapidly accelerate 3D 

scans by reducing the FOV in both the slice and 

in-plane phase encoding dimensions, further 

suppressing unwanted external slice signal that 

may otherwise fold into volume slices, with 

potential reduction of over-sampling factors 

[25].  The proposed technique potentially 

enables several slices to be obtained constrained within a smaller sub-volume of an 

object without relying on multi-slice scans where IVI performance may be degraded. 

 

3. EXPERIMENTAL METHODS 

 

3.2 Human Imaging Experiments 

All experiments were performed using a 7 Tesla Philips Achieva System 

(Philips Healthcare, Cleveland, Ohio) and a Nova 32 channel parallel receive head 

coil with separate quadrature volume transmission (Nova Medical, Wilmington, MA).  

The 7T system has a 60 cm bore size, maximum gradient strength of 40 mT/m, slew 

rate limit of 200 mT/m/ms, and the peak B1 amplitude was limited to 15 µT.  Human 

scans were performed on awake male and female healthy subjects between the 

ages of 20 and 54, with females of child-bearing age screened for a negative 

Figure 5.3 – Placement of OVS 
saturation bands at end of 3D volume 
using EPI confined by IVI, and SENSE 
along both phase encode dimensions. 
 



 90 

pregnancy test result.  Each subject provided informed consent as defined by the 

Institutional Review Board (IRB) protocol approved by the Vanderbilt University 

Medical Center (Nashville, TN).  The phantom scans described for protocol 

optimization were performed using an agar gel FBIRN (Functional Biomedical 

Information Research Network) with a 17 cm diameter. 

3.3 Assessment of SENSE and Reduced-FOV Combination for Rapid Imaging 

 Prior to performing human imaging scans, two phantom experiments were 

performed to compare parallel imaging and reduced-FOV techniques and 

synergistically optimize the combination of both rapid methods.  In the first 

experiment, 10 independent acquisitions of a phantom were acquired across a range 

of SENSE factors, ‘R’, from 1 to 8 with no rFOV preparation. The same scan was 

then repeated reducing the phase encoding dimension size using IVI by a factor ‘Z’: 

𝑍 =
𝐹𝑂𝑉!"##
𝐹𝑂𝑉!"#$

                                                           5.14 

SNR was measured for both scans across the 10 acquisitions as the mean signal 

over the standard deviation at each pixel location.  Mean SNR at each independent 

R and Z value was then computed in the non-zero pixel locations at each factor. 

 In the second experiment, SENSE and IVI based reductions were 

simultaneously applied to obtain a total reduction, RTOTAL, of 8, which corresponds to 

the product of R and Z.    The SENSE factor was incrementally increased from 1 to 8 

and the IVI factor correspondingly decreased to always maintain the same RTOTAL.  

As with the prior experiment, 10 independent acquisitions were acquired at each R 

and Z combination that spanned from fully SENSE to fully IVI accelerated.  SNR was 
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calculated as described, with mean SNR values computed.  The resulting profile 

across R and Z values was inspected to determine the point of maximal SNR. 

3.4 High Resolution Imaging Using IVI Reduced-FOV 

The optimized parallel imaging SENSE-IVI technique was applied with an 

EPI readout for human imaging experiments to achieve the following objectives: 

1. Compare relative image quality between IVI rFOV imaging and full SE scan 

using multi-shot EPI at 500, 300, and 160 µm in various brain regions. 

2. Compare relative image quality between IVI reduced-FOV scans and a full 

SE scan with single shot EPI at 500 and 300 µm in various brain regions.  

3. Demonstrate image quality obtained by using IVI in high resolution scans 

ranging from 160 to 300 µm and with 1 to 2 mm slice thicknesses. 

4. Apply SENSE-IVI and EPI to target the hippocampus using small 40x40mm 

FOV sizes for 160 to 500 µm image resolutions. 

The regions targeted for the first two tests consisted of the frontal cortex, midbrain at 

the level of the substantia nigra, lentiform, thalamic region, and midbrain with 

bilateral coverage of the hippocampus, with imaging parameters summarized in 

Table 2.  Full and reduced images collected with multi-shot and single-shot EPI were 

compared in these regions at the specified resolutions by cropping the full data to 

the same position and dimensions as the reduced data set.  Both sets were acquired 

with parameters configured to result in approximately the same SNR and scan 

duration by adjusting the number of acquisitions.  For multi-shot EPI, the applied EPI 

factor was matched between the two data sets, with the partial fourier halfscan 

percentage value maximized when necessary to achieve target TE values at higher 
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resolutions.  Comparison focused on relative SNR, scan time, contrast, feature 

distinction, and presence of blurring, motion, or distortion artifacts in each image 

region between matched resolutions.  A similar assessment was performed for the 

IVI high-resolution data in the range from 160 to 300 µm as well as the targeted 

hippocampus data to determine relative changes in image quality across the 

resolutions acquired.  Hippocampus assessment focused additionally on 

identification of sub-regions or layers across the various resolutions.  Where 

obtained, larger FOV bilateral midbrain hippocampal images were cropped to 

localize the hippocampus at the various resolutions for additional assessment of 

images and identification of hippocampus features. 

 

Table 2 – Scan parameters for IVI reduced-FOV comparison using multi-shot EPI readout 
sequence in various human brain regions at 500, 300, and 160 µm. 
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3.5 Gradient Echo Imaging of the Human Brain Using OVS 

Use of the three pulse options for OVS to reduce SAR applied was tested in 

human subjects to visibly determine that suppression was maintained.  This was 

accomplished by collecting images in a 60x60 mm region centered on the lentiform 

using sequence with a single shot EPI readout.  The frequency modulated, REST, 

and SINC pulses were individually applied with the scanner calculated SAR value 

recorded expressed as a percentage of the 3 W/kg limit for the head.    This 

assessment was used to define the pulse applied for subsequent imaging of the 

head using OVS, which implemented the pulse that produced the lowest SAR values 

without any visible foldover in the collected images.  The optimized OVS was applied 

with a gradient echo sequence using a multi-shot EPI readout and SENSE to collect 

300 µm images of the brain targeting the lentiform, frontal cortex, and a cortical 

region overlapping the visual area.  Regions were assessed for established contrast, 

visibility of features, and extent of diminished FOV artifacts in the localized area.   

3.6 Rapid 3D Imaging Using a Combination of IVI and OVS  

The described 3D imaging protocol was tested in human subjects using a 

mutli-shot and single-shot EPI readout.  The imaged volume targeted separately 20 

slices through transverse and sagittal views of the midbrain area, spanning across 

the ventricles and thalamus for the former, and down through the lentiform to the 

substantia nigra in the latter.  Here, a 60x60 mm in plane FOV was constrained 

using the IVI method, with additional OVS saturation bands placed at the end of the 

3D slice stack using the SINC pulse.  For each region, 500 and 300 µm resolutions 

were acquired with 2 mm slice thicknesses and SENSE acceleration along both the 
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slice selective and x direction phase encoding dimensions.   Oversampling factors 

were applied at values of 1.4 and 1.1.  Slice images were inspected for residual fold-

over artifacts, general contrast, and feature quality within each region. 

 

4. RESULTS 

 

4.2 Assessment of SENSE and Reduced-FOV Combination for Rapid Imaging 

Both SENSE and reduced-FOV based acceleration produced comparable 

SNR losses up to a reduction of approximately five, beyond which, IVI had a higher 

SNR than SENSE, as much as seven times for 10-fold accelerations (fig. 5.4).  This 

was a result of increasing g-factor values for SENSE, which was visible as high 

Figure 5.4 – A.) SNR measured across reduction using SENSE and IVI only.  B.) SNR 
measured with combined SENSE and IVI to achieve total reduction of 8, with increasing 
contribution of SENSE. Phantom image with C.) R = 8, Z = 1.  D.) R = 1.68, Z = 4.77 
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noise artifacts in the SENSE reconstructed image relative to the uniform appearance 

of rFOV images confined to narrow slabs (fig 5.4 C, D).  Combining SENSE and IVI, 

the lowest SNR was observed with fully SENSE accelerated scans and no IVI FOV 

reduction.  The highest SNR occurred at R = 1.68 and Z = 4.77, with SNR between 

R = 1.5 and 2.5 higher than the fully IVI accelerated case with RTOTAL of 8 (fig 5.4B).    

4.3 Comparison of Full-FOV and Reduced-FOV IVI for Human Imaging 

Comparisons between IVI reduced-FOV images and full acquisitions are 

presented in figure 5.5.  In sagittal midbrain images through the third ventricle and 

thalamus into the brain stem, cropped full acquisitions (figure 5.5 D-F) demonstrate 

notable motion artifacts that degrade visible features, significantly at 160 µm.  Motion 

artifacts are in contrast absent from the IVI images across all resolutions.  Specific 

contrast is achieved in the mammillary bodies, anterior commissure, red nucleus, 

pons, superior and inferior colliculus, and thalamic region, with fine vasculature 

apparent at 300 µm, diminished at 160 µm.  Similar comparisons of transverse 

images of the lentiform region (Figure 5.5 G-L) demonstrate consistent appearance 

between the IVI and cropped full images across all three resolutions.  No visible 

motion artifacts or distortions are apparent, with good contrast between the globus 

palidus, putamen, internal capsule, and pulvinar.  Fine vasculature and internal 

capsule striations become visible at 300 µm, but are diminished at 160 µm.   

 The frontal cortex region demonstrates consistent image quality between the 

IVI and full data sets, with distinct contrast between gray and white matter, and 

cerebral spinal fluid.  Fine white matter striations with local stripes of CSF become 

localized at 300 µm, as well as fine vessels passing through the ventricle not visible 
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at 
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500 µm.   Image quality is again distinct between full and IVI acquisitions when 

comparing coronal midbrain images with bilateral view of the hippocampi.  Full 

images show a pronounced ghosting artifact of the ventricles across the slice, 

diminished in the IVI images.  Here, the globus palidus, putamen, and internal 

capsule are again distinctly defined, as well as the red nucleus.  The hippocampus in 

both hemispheres demonstrates visibility of layers pronounced at 300 µm in the IVI 

image, but degraded in the cropped full images. 

Lastly, transverse images of the midbrain (figure 5.5, M, P, S, V) produce 

contrast of the substantia nigra, red nucleus, mammillary bodies, peduncles, 

cerebral aqueduct, and periaqueductal gray. The full images demonstrate a 

corrupting noise below the red nucleus that is absent with IVI images.  As with the 

prior regions, this area shows primarily an improvement in vasculature visibility with 

resolution improvement.  Specific use of SPIR fat suppression demonstrated no 

visible fat fold-over artifacts in the reduced IVI data sets.  Overall across all regions, 

scan times ranged from 1m30s for 500 µm data, 4m 30s for 300 µm, and 6m 40s for 

160 µm.  The total achieved acceleration for the IVI reduced data was approximately 

122 fold compared to a factor 46 acceleration for the full data set which applied 

SENSE and EPI only.  FOV reduction accounted for additional 3.5 factor 

Figure 5.5 (Previous Page) – A-C) IVI sagittal ventricle at 500, 300, 160 µm, matching full 
images cropped (D-F).  G-I) IVI coronal midbrain with bilateral hippocampus, 500, 300, 160 
µm, matching full images cropped (J-L). M,P) IVI substantia nigra at 500 and 300 µm, 
matching full images cropped (S,V).  N,O) IVI frontal cortex images at 300 and 160 µm, 
cropped full cortex images (Q,R).  T,U) IVI transverse lentiform, 300, 160 µm, matching full 
images cropped (W,X).  Noise apparent in full images in the sagittal ventricle, coronal 
midbrain with visible ghosting, and substantia nigra, absent or diminished in the IVI. 
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acceleration in the scan times, with a single acquisition acquired in 57 sec for a full 

acquisition versus 17 sec for the reduced case at a resolution of 160 µm. 

4.4 Comparison of Single-Shot EPI using Full-FOV and Reduced-FOV IVI 

The relative performance of full image acquisition and use of IVI with a single 

shot EPI readout are presented in figure 5.6.  Here, C-E demonstrate the relative 

appearance of the full transverse slice compared to 42 mm IVI slabs centered on the 

slice midline and left edge.  The full image has notable geometric distortion 

pronounced at the object edges despite application of a SENSE factor of 2 that is 

visibly reduced in the IVI data with greater consistency to the expected shape in 

these regions.  The 42 mm width corresponds to a five-fold reduction in the FOV, 

combined with the simultaneous SENSE factor of 2, results in a 10-fold total 

reduction, with the water-fat-shift (WFS) reduced 3.3 times and the EPI factor 

diminished to 25.   Figure 5.6 also shows the relative image appearance in a sagittal 

view through the ventricles, comparing the full image (A), cropped (B) then imaged 

using IVI (F).  The full and cropped image demonstrate significant distortion at the 

frontal cortex and brain stem, with visible stretching and hyper-intensity that results 

in loss of portions of the pons.  This is notably reduced using IVI and SENSE in the 

60x60 mm FOV, which corresponds to a 3.5 reduction factor, seven total due the 

combination with SENSE, with the WFS reduced 4 fold. 

IVI across 500, 300, and 240 µm largely maintains quality of the ventricles, 

corpus collosum, thalamic area, and large blood vessels.  However, stretching of the 

mammillary bodies is apparent as the resolution is increased with the pons and brain 

stem distorting to create the increasing hyper-intensity near the cerebellum.  These 
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Figure 5.6 – A.) Full sagittal view using single shot EPI with SENSE R = 2, cropped (B).to 
region imaged using IVI at 500 µm (F), 300 µm (G), and 240 µm (H) with FOV reduced by 
factor of 3.5.   Transverse single shot EPI image at full 210x210 mm FOV (C), imaged using 
IVI with 210x42 mm FOV centered on midline (D) and right edge (E). I-K) IVI images of 
sagittal frontal cortex at 500 and 300 and 240 µm with 50x50 mm FOV size. 
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effects with IVI up to 240 µm are less pronounced than the full image at 500 µm.  

Likewise, the frontal cortex acquired using the single shot EPI with IVI-SENSE in a 

50x50 mm FOV demonstrates consistency again at 500, 300, and 240 µm 

resolutions, with good contrast between grey and white matter, as well as the CSF, 

with visibility of the corpus collosum and no notable distortion. 

4.5 High Resolution Imaging of the Human Brain Using IVI with Multi-Shot EPI 

Localized brain images with resolutions ranging from 160 to 300 µm and 1 to 

2 mm slice thickness using SENSE-IVI with multi-shot EPI are presented in fig. 5.7.   

The imaging focuses on regions explored for the single and multi shot comparisons.  

Sagittal images of the medial hemisphere surface passing through the third ventricle 

provide coverage of the cingulate cortex with visibility of the pericallosal artery and 

branches.   These branches are narrowly defined with a decrease in slice thickness 

as well as at the higher 180 µm resolution.  Geometric distortion of the pons is 

apparent at all three resolutions, with visible contrast in the cerebellum, and 

definition of the choroid plexus at the center of the image.  Likewise, the transverse 

images provide localization of the head of the caudate nucleus, anterior nucleus, 

thalamus, internal capsule, pulvinar and putamen.  Hyper-intensities external to the 

third ventricle is indicative of Virchow-Robin spaces.   These spaces are also well 

resolved in 160 µm frontal cortex images at three different slice thicknesses, with a 

diminished grey and white matter contrast.  200 and 240 µm images of the 

transverse midbrain again isolate the red nucleus and substantia nigra, with visibility 

of the internal carotid and posterior cerebral arteries.   Scan times range from 2m54s 

to 12m01s, with the FOV reductions spanning factors from 2.1 to 3.5. 
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Figure 5.7 – High resolution IVI images: A) Sagittal view of midbrain at 0.3x0.3x3 mm, 
lowered to 1 mm slice thickness (B), and repeated at 0.18x0.18x1.5 (C).  Lentiform 
imaged at 300 µm (D), 240 µm (E), and 200 µm (F). Transverse midbrain at 2 mm slice 
thickness and 300 µm (G), 200 µm (H), and 160 µm (I) resolutions. Frontal cortex with 
160 µm resolution and 3 mm (J), 2 mm (K), and 1.5 mm (L) slice thicknesses. 
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4.6 Small-FOV High Resolution Hippocampus Imaging Using IVI 

Multi-slice IVI acquisitions of coronal bilateral hippocampus images are 

presented in figure 5.8, with six slices obtained at 500 µm, and three slices at 350 

µm.    Slice numbers were maximized to that obtainable within SAR constraints while 

maintaining one interleave package.  Despite expected signal losses with IVI due to 

saturation by selective pulses of spins in neighboring slices, both resolutions 

produced sufficient image quality to localize features identified in prior single slice 

acquisitions.  However, imaging acquisition times were increased to compensate for 

diminished SNR from 1.5 minutes to 5 minutes and 4.5 minutes and 9 minutes for 

the 500 and 350 µm resolutions, respectively. Single slice images localized to one 

hippocampus in 40x40 mm FOV corresponding to a 5.25 reduction in the FOV 

combined with SENSE R of 2, produced images with no apparent distortions or 

Figure 5.8 – A.) IVI 6 slice acquisition of coronal hippocampus at 500 µm, B.) three IVI slices 
at 350 µm.  C.) 240 µm hippocampus with 2 mm slice thickness reduced to 40x40 mm using 
IVI, repeated at 160 µm (E). IVI contralateral hippocampus at 240 µm (D) and 160 µm (F). 
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motion artifacts with scan times ranging from 3 to 15 minutes (Figure 5.7), for 240 

µm and 160 µm resolutions. Specific hippocampal features were identified in figures, 

as indicated by dashed lines (5.8 D,F - left hippocampus, 5.8 C,E - right) including 

the temporal horn, dentate gyrus, CA1 to CA4, collateral sulculs, alevus, subiculum, 

pyramidal cell layer, parahippocampal gyrus, and stratum radiatum [10, 26]. 

4.7 Gradient Echo Imaging of the Human Brain Using OVS 

Reduced-FOV images acquired with the OVS technique using a gradient 

echo sequence are presented in figure 5.9.  Comparisons between the FM, REST, 

and SINC pulses produce consistent appearance in the images with no visible 

residual fold-over artifacts.  At a fixed TR of 1000 ms, the three pulses have SAR 

values of 87%, 78%, and 34%, respectively, enabling minimum TR values of 874 

 
Figure 5.9 – A.) OVS 500 µm images of gradient echo lentiform using A.) FM pulse, B.) 
REST pulse, C.) SINC pulse, with no visible fold-over artifacts.  Scan repeated with SINC 
pulse at 300 µm in C) lentiform, D.) visual cortex area, E.) frontal cortex. 
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ms, 564 ms, and 345 ms.  Remaining images collected using the lower SAR SINC 

pulse  (Figure 5.9 D-F) maintained performance at 500 and 300 µm resolutions, with 

T2* weighting established.  Gray and white matter contrast is visible, with 

localization of a striated internal capsule, portions of the visual cortex, corpus 

collosum, head of the caudate, and the choroid plexus in the third ventricle.  

Resolution improvements enhanced definition of white matter striations, choroid 

plexus, and blood vessels passing through the brain midline as well as branches 

entering visible cortical regions.  Scan times were 1.5 minutes and 3.5 minutes for 

500 and 300 µm imaging, respectively, with 86 and 104 acquisitions performed. 

4.8 Rapid 3D Imaging Using a Combination of IVI and OVS  

Single and multi shot EPI images using the combination of SENSE with IVI 

and OVS for localized 3D imaging are presented in figures 5.10.  For both data sets, 

the sagittal and transverse images demonstrate consistent quality across all 20 

slices with sufficient signal at 300 µm to identify a number of features localized in the 

single slice acquisitions, including the red nucleus, substantia nigra, globus pallidus, 

putamen, hippocampus, and choroid plexus.  The combined FOV reduction from 

SENSE along two dimensions and IVI is 14, accounting for MS and SS EPI factors, 

the achieved acceleration is 332 and 1,428, respectively.  Additional reduction is 

provided along the slice dimension by restricting the number of slices to 20 versus 

full coverage of the object in that dimension.  Reducing the OS factor from 1.4 to 1.1 

produced consistent image performance with 500 µm 3D images acquired in 2m19s 

(fig. 5.10C).  Likewise, single shot EPI acquisition in demonstrated no visible or 

additional distortion in this particular region (fig. 5.10D). 
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Figure 5.10 – 3D multi-shot EPI combined with IVI-OVS and 2D SENSE acceleration 
demonstrated to acquire 20 slices with 300 µm sagittal (A), and 500 µm transverse (B) 
orientation, C.) with transverse OS factor lowered from 1.4 to 1.1.  Scans repeated using 
single shot EPI readout (D, E). 
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5. DISCUSSION 

 

The combination of SENSE with IVI and OVS based reduced-FOV imaging 

techniques demonstrated improvement in both single shot and multi shot EPI scans.  

This was visible in regions where there is an increased amount of susceptibility 

variation or sensitivity to motion, particularly near sinuses or the brainstem.  Any 

applied FOV reduction, whether SENSE or reduced-FOV based, effectively lowers 

the number of lines of k-space that must be acquired in a shot, lowering the echo 

train length.  T2* effects have a shorter duration over which dephasing effects can 

translate to a distortion in the geometry and minimizes potential signal loss.  

Increments in resolutions would otherwise increase these effects due to the added 

number of points that must be acquired, both in terms of the readout dimension and 

added phase encoding lines.  A corresponding step down in the FOV size translates 

into a comparable step up in the achievable resolution to accomplish comparable 

extent of the artifacts observed.  As demonstrated, this trade-off is especially 

important in single shot EPI scans or those requiring high EPI factors in multi-shot 

protocols which requires large amounts of data be acquired in a single TR. 

Use of SENSE for this protocol assists not only with this reduction but also 

enables the FOV to be maintained at a slightly larger size while incorporating the IVI 

or OVS based reduction.  At a common SENSE factor of two, this translates to a 

FOV size two times larger with comparable reduction when combined with rFOV 

approaches.  The added benefit of the measured SNR improvement at this reduction 

for the FOV sizes tested with IVI further supports the applicability of the combined 
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SENSE and IVI approach.  The enhanced SNR performance here in part may reflect 

the general benefit of the reconstruction to optimally combine coil intensities when 

there is acceleration.  The g-factor aspect of SENSE based approaches puts an 

intrinsic limit on the potential reduction achieved using SENSE alone.  Increments in 

field strength and coil element numbers provide a means for lowering these effects. 

However, at some point, the noise amplification significantly degrades image quality, 

at a reduction beyond 5 or 6 for the 32 channel array used here.  Reduced-FOV 

methods are not similarly constrained by a g-factor, only by the acceptable SNR loss 

due to the reduction and the minimum FOV size before desired information is lost. 

As long as the FOV size is sufficient to provide coverage of the target area, 

the reduction losses can be countered by increasing the number of acquisitions 

while benefiting from the acceleration of each individual acquisition.  The 

comparison data demonstrated the reduced sensitivity to intra-scan motion and 

susceptibility effects of the IVI images versus full scans while maintaining the same 

SNR between the comparisons.  In this respect, SNR does not have to be sacrificed 

to achieve improved image performance when targeting localized regions in a small 

FOV. The resulting improvement in quality that typically would degrade at higher 

resolutions with full scans enables these resolutions to be targeted up to 160 µm 

resolutions, as demonstrated here.    In these cases, the efficiency improvement 

does not directly result in a reduction in scan time, but corresponds to an 

improvement in the obtained quality.   Necessitating high numbers of acquisitions to 

recapture lost SNR further assists with observed quality improvement by diminishing 

incoherent noise sources when they are combined. 
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In terms of minimizing scan duration, the fact that each acquisition contributes 

a smaller amount to the total SNR enables a finer adjustment between scan time 

and achieved signal quality.  In addition, the reductions of artifacts that EPI scans 

are particularly sensitive to enables higher EPI factors to be targeted for a given 

resolution and image quality for even faster scans.  It likewise enables resolutions to 

be obtained for anatomical scans that previously would not have been applied due to 

significant artifact degradation.   In this study, 240 µm resolution single shot EPI 

scans were performed with full scans significantly degraded at 500 µm.  Likewise, 

multi-shot imaging demonstrated 160 µm with no visible features for full scans at 

these same resolutions due to the presence of significant artifacts.   

The use of IVI and OVS enables multiple types of contrast to be obtained to 

support a variety of studies.  IVI in particular, provides T2 weighting of images that 

uniquely identified a number of features in the regions imaged with susceptibility 

effects diminished.  OVS provides greater flexibility with the image contrast type with 

T2* weighted images demonstrated here without residual fold-over effects.  Power 

deposition can be typically high with OVS methods; the testing here demonstrates 

this can be minimized with appropriate pulse selection and optimization.  For both 

IVI and OVS, resolutions ranging from 160 and 300 µm were readily performed with 

consistent quality throughout the brain.  IVI faces the additional unique challenge of 

off-slice saturation effects that diminish SNR in multi-slice scans.  Here we 

demonstrated quality images can be obtained with multi-slice up to 350 µm, however 

compensated with additional acquisitions that extend scan durations. 
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Combining IVI with OVS, SENSE, and EPI with a 3D scan, addresses the 

multi-slice losses while improving EPI performance for high acceleration without 

adding acquisitions to improve SNR.  The up to 1400-fold improvement in scan time 

with this combination provided quality images with no discernable distortion artifacts 

across confined areas of the brain and short overall scan durations.  Volume 3D 

scans provide additional SNR gains by a factor of 𝑁! and enable two dimensions 

of SENSE acceleration.  The combination of IVI and OVS provide sharp delineation 

of the volume boundaries to minimize the number of slices required.  This was 

demonstrated for both multi and single shot acquisitions that provide potential 

application for both anatomical and functional based volume scans obtained within 2 

to 6 minutes.  Reduction of over-sampling provides an additional source of duration 

reduction, with scan times here lowered by 20% with no visible loss in image quality. 

The benefit of the described techniques in combination with 7T is the 

obtainment of improvements in achieved image resolution, demonstrated in the 

variety of 160 to 300 µm images presented here.  In each target area, contrast is 

visible between grey and white matter regions, with localization of features such as 

the globus pallidus, putamen, mammillary bodies, hippocampus, choroid plexus, 

peduncles, cingulate cortex, pons, and cerebellum, with definition of major arteries, 

their branches, and fine vessels.   Localized hippocampus images in a small 40x40 

mm FOV highlight the potential for both high resolution and improved image quality 

using the describe techniques.  Lack of visible artifacts or motion effects enabled 

identification of hippocampal layers and structures including the pyramidal cell layer, 

dentate gryus, and temporal horn.  Specific imaging of this structure could support 
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study of the effects of a variety of disease states that target or have impacted the 

hippocampus.  The achieved accelerations enabled practical scan times ranging 

from 2.5 to 15 minutes with this approach. 

 

6. CONCLUSIONS 

 

The described combination of SENSE, reduced-FOV methods IVI and OVS, 

with multi and single shot EPI provides rapid obtainment of high resolution images in 

localized human brain regions at 7T for single slice, multi-slice, and 3D scans.  This 

technique diminishes physiological and patient motion effects, reduces susceptibility 

induced geometric distortions and signal loss, enabling higher resolutions to be 

targeted and higher EPI factors to be applied compared to full acquisitions.  Specific 

optimization of OVS for diminished SAR with gradient echo scans has been 

described, and combination of IVI with OVS for rapid 3D scans demonstrated with 

potential reductions in applied over-sampling factors.   
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CHAPTER VI 
 

DTI OF THE HUMAN BRAIN AND IMAGING OF THE CERVICAL SPINAL  

CORD USING PARALLEL MRI AND REDUCED-FOV TECHNIQUES AT 7T 

 

ABSTRACT 

 

Reduced-FOV methods combined with SENSE parallel imaging and single 

shot EPI were applied at 7 Tesla to achieve localized spinal cord imaging and 

diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) in a variety of 

targeted human brain regions.  The focus of this combination of rapid imaging 

techniques was to diminish sensitivities of diffusion and spinal cord imaging scans to 

motion, susceptibility variation, and EPI artifacts at ultra-high field.  To accomplish 

this, the inner-volume imaging (IVI) and outer-volume suppression (OVS) reduced-

FOV methods were specifically optimized and applied for the DWI and DTI scans 

with in-plane single slice resolutions as high as 1 mm2, using b-values of 1000 

s/mm2, and six diffusion directions and acquisition times of 14 minutes.  Mean 

apparent diffusion coefficient (ADC) and fractional anisotropy (FA) values were 

measured in a number of fiber tract locations at different resolutions and compared.  

Additional reduced-FOV imaging was performed in the cervical spinal cord using the 

OVS technique to obtain 500 and 300 µm resolution images in times of 1.5 to 5 

minutes.  For both applications, the combined acceleration achieved with the parallel 

reduced-FOV technique resulted in images devoid of motion and EPI based artifacts 

in diffusion scans, with high resolution achieved in reduced imaging times.  The 
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higher resolutions resulted in improved localization of fiber tracts, mean FA and ADC 

values with lowered partial volume effects, and achieved contrast of neurological 

tissue in the cervical spine.  These approaches have broad application for imaging 

localized anatomical regions at high resolution in reasonable times. 

 

1. INTRODUCTION 

 

A common problem encountered in high-resolution MR imaging is the impact 

of local field variations caused by B0 inhomogeneities or rapid susceptibility 

changes, as well as the effects of physiological and patient bulk motion.  These 

problems result in a number of artifacts that degrade image quality in the form of 

ghosting, distortion, blurring, and signal dropout that can be severe enough to make 

image data unusable if not managed or minimized.  Certain protocols have a higher 

sensitivity to these effects due to the nature by which signal is generated and 

acquired.  Diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI), in 

particular, have constraints on achievable resolution in part due to the need to use 

single shot methods that avoid ghost artifacts caused by small physiologic or patient 

motions.  Such motions may generate large phase shifts in the presence of the 

strong gradients used to impart diffusion weighting that induce artifacts. 

To partially counter motion sensitivity, DWI and DTI make use of highly 

accelerated EPI readouts that can acquire full k-space information in a single 

repetition time.  As resolution increases, the number of data points acquired is 

correspondingly larger, which requires longer echo train lengths relative to T2* 
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values, resulting in a greater occurrence of image blurring and distortion caused by 

off-resonance effects.  Ultimately, a tradeoff is established between the spatial 

resolution, signal bandwidth, and the occurrence of EPI based artifacts.  Partial 

compensation can be achieved by using multi-shot EPI to lower the percentage of k-

space data covered in a single TR, but multi-shot diffusion imaging typically requires 

navigator information to correct for phase offsets.  Due to low SNR of diffusion-

weighted images, resolutions are typically constrained to millimeters with scan 

durations of 10 to 20 minutes, increasing overall sensitivity to gross movements.  

Similar motion and susceptibility constraints occur in high-resolution imaging 

and diffusion experiments that target the cervical spinal cord.  Field variations are 

often worse because of increased presence of bone surrounding the relatively small 

cross-sectional profile of the spinal cord.  The articulation of the neck, and proximity 

to the lungs and throat, make these scans additionally sensitive to respiratory, 

cardiac and swallowing physiological motion as well as bulk motion effects.  

Application of EPI becomes much more challenging in the presence of high B0 

inhomogeneities.  Again, increments in resolution further compound these issues, 

and diffusion weighted imaging in the spine becomes especially difficult. 

 To address these imaging constraints, previous authors have applied parallel 

imaging techniques such as SENSE combined with multiple receiver arrays [1-4].   

Here, data set sizes are lowered by a factor of typically two to four, and aliasing 

artifacts are removed by using sensitivity encoding in the reconstruction.  Parallel 

imaging reduces motion effects, echo train lengths, and EPI artifacts, while 

potentially enabling higher resolutions for DTI and spinal cord imaging.  However, 
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the reduced SNR from SENSE noise amplification places practical limits on the 

acceleration achieved to prevent significant loss in image quality. 

A number of authors have achieved similar accelerations using reduced-FOV 

techniques to spatially localize signal to smaller regions of the full FOV [5-10].  This 

is accomplished using a combination of RF pulses selective along specific 

dimensions using approaches such as inner volume imaging (IVI) [11], or can be 

similarly achieved by saturating signal with outer volume suppression techniques 

(OVS) [5].   As with SENSE, the benefit of using these techniques is lowered data 

set sizes for a given resolution, potentially diminishing scan times, motion sensitivity, 

susceptibility effects, and EPI based artifacts.  To date, applications of this technique 

have largely been confined to diffusion imaging measurements in the spinal cord at 

field strengths of 3T and lower.  Introduction of higher field 7T systems provide 

additional signal strength to improve resolution, but also produces shorter T2* 

values, greater B1 inhomogeneity, and higher SAR values that have to be managed. 

Reduced-FOV methods have not previously been applied to improve performance of 

techniques highly sensitive to motion and susceptibility at 7T and have specific 

potential benefits for imaging a variety of brain and spinal cord regions. 

The goal of this study was to optimize inner-volume imaging (IVI) and outer-

volume suppression (OVS) reduced-FOV techniques for diffusion weighted imaging, 

diffusion tensor imaging in the brain, and for anatomical cervical spinal cord imaging 

at 7T.  The study aimed to combine the reduced-FOV technique with parallel 

imaging acceleration to achieve higher quality diffusion images in a variety of 

localized brain regions at high resolution using single shot EPI.  The combination of 
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techniques is intended to reduce artifacts despite the resolution improvements, while 

making use of the enhanced signal at 7 Tesla.  Specific DTI measurements to 

visualize the organization of fiber pathways in localized brain regions will be 

performed, as well as observed contrast within the cervical spine. 

 

2. METHODS 

 

2.1  Inner-Volume Imaging Diffusion Weighted Imaging Pulse Sequence 

Diffusion weighted imaging (DWI) was combined with an inner-volume 

imaging (IVI) reduced-FOV technique (figure 6.1) as described by Feinberg [11].  To 

accomplish this, the standard spin echo DWI sequence was modified to alter the 

initial 90° pulse to excite 

selectively along the phase 

encode dimension.  The 

gradient strength was 

adjusted match the 

bandwidth of the RF pulse to 

select the FOV.  Subsequent 

refocusing by a selective 

180° pulse was executed 

between crusher gradients to 

eliminate unwanted echoes.  

The combination of these two 

Figure 6.1 – Inner-volume imaging (IVI) and outer 
volume suppression (OVS) methods for reduced-FOV 
diffusion weighted scans using a single shot EPI 
readout. 
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pulses ensures that only those spins located within their intersection will be diffusion 

weighted and refocused for imaging.  To improve restricted FOV edge sharpness, a 

five-lobe SINC with 15 µT amplitude and 3.92 ms duration was used for excitation. 

2.2  Outer-Volume Suppression Reduced-FOV Pulse Sequence 

The combination of an outer volume suppression (OVS) reduced-FOV 

technique [5] with a diffusion tensor imaging (DTI) sequence, as well as a gradient 

echo scan for imaging, was accomplished as demonstrated in figure 6.1.  Here, the 

DTI scan consisted of a spin echo sequence with a single shot echo planar (EPI) 

readout, with a standard cartesian acquisition without EPI applied for the gradient 

echo scan.  OVS was achieved using two repetitions of RF pulses that excited object 

spins left and right of the desired target area, with the second repetition overlapping 

the position of the first in a 100 mm wide band.  The excited signal was dephased by 

spoiler gradients set to the system maximum of 40 mT/m and 16 ms durations that 

occurred between the RF pulse repetitions and at the end of the OVS preparation.  

Each RF pulse consisted of an FM pulse with linear phase distribution with pulse 

pairs set to 90° and 160° flip angles.  This corresponded to 8.63 ms durations with 

8.32/15 µT amplitudes, resulting in a total OVS time of 76 ms. 

 

3. EXPERIMENTAL METHODS 

 

3.1  Human Imaging Experimental Setup 

Human imaging experiments were performed on a 7T Philips Achieva System 

(Philips Healthcare, Cleveland, Ohio) with a 60 cm bore size, maximum gradient 
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strength of 40 mT/m, slew rate limit of 200 mT/m/ms, and peak B1 amplitude of 15 

µT.  Scans were performed on two male and two female subjects between the ages 

of 20 and 54, with females of child bearing age screened for a negative pregnancy 

test result.  Subjects all provided informed consent as per the protocol described by 

the Institutional Review Board (IRB) approved by the Vanderbilt University Medical 

Center (Nashville, TN).  Two different coils were used.  For DTI brain imaging, a 32 

channel Nova receive head array with single volume coil transmission was used; for 

spine imaging, a 16 channel receive Nova cervical spinal cord array with quadrature 

saddle coil transmission was applied (Nova Medical, Wilmington, MA). 

3.2  Reduced-FOV DTI and DWI in the Human Brain 

DTI-OVS and DWI-IVI imaging were both performed using a spin echo scan 

with single shot EPI that targeted various human brain regions.  Performance was 

specifically demonstrated in the transverse lentiform, brain stem at the level of the 

red nucleus and substantia nigra, sagittal midline passing through the thalamus, 

transverse frontal cortex, visual cortex, and coronal midbrain with bilateral visibility of 

the hippocampus.  For both DWI and DTI scans, the FOV size was reduced to 

dimensions ranging from 60 mm2 to 90 mm2 (readout and phase encoding).  DTI 

images were acquired using six diffusion directions along (0, 1, ±1), (±1, 0, 1), and 

(±1, 1, 0) and a b-value of 1000 s/mm2, with DWI applied using two directions (0, 0, 

0 and 0, 1, 0).  In-plane resolutions of 1.0 mm2 were targeted using 1.0 and 2.0 mm 

slice thicknesses, with additional 2.0 mm2 data collected for the DTI scans.  Tables 

1.1-1.2 summarize the imaging parameters applied, with scan durations of 7m6s and 

14m3s for the 2 mm2 and 1 mm2 targeted DTI resolutions, respectively.  
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3.3 Diffusion Map Image Reconstruction Methods 

For each DTI-OVS data set corresponding to a specific localized brain region, 

diffusion values along each of the six directions were calculated for every pixel [12]: 

𝐷 𝑖, 𝑗 =
ln 𝑆 𝑖, 𝑗 𝑆! 𝑖, 𝑗

−𝑏                                                      6.1 

Here, S0 corresponds to the non-diffusion weighted signal intensity for b = 0, and S 

contains the diffusion-weighted intensities along each direction defined by b.  From 

the calculated diffusion values, the apparent diffusion coefficient (ADC) was 

Table 1.1 – Scan parameters for four brain regions targeted using diffusion weighted IVI 
sequence for 1 mm2 resolutions, two diffusion directions, with b = 0, 1000 s/mm2. 
 

Table 1.2 – Scan parameters for five target brain regions using diffusion tensor imaging 
OVS sequence with single shot EPI for 1 mm2 and 2 mm2 resolutions, six diffusion 
directions with b-value of 1000 s/mm2. Halfscan (HS) only applied if resolution resulted 
in a TE value greater than 70 ms, with highest HS percentage applied for target TE. 
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determined at each pixel as the mean value of the diffusion matrix trace, with a 

fractional anisotropy (FA) map generated from the principal eigenvalues (λ1 λ2 λ3): 

𝐴𝐷𝐶 𝑖, 𝑗 = 𝐷!! + 𝐷!! +  𝐷!! 3                                            6.2 

𝐹𝐴 𝑖, 𝑗 =  
1
2 ∙

𝜆! −  𝜆! ! + 𝜆! −  𝜆! ! +   𝜆! −  𝜆! !

𝜆!! + 𝜆!! + 𝜆!!
                          6.3 

A color-coded map was then constructed from the FA values and principal 

eigenvectors for each region to identify fiber tract primary diffusion directions, where 

red corresponded to right-left, green anterior-posterior, and blue foot-head direction.  

The color-coded map was used to identify specific fiber tract locations.  An ROI was 

drawn manually and mean ADC and FA values calculated. 

3.4  High Resolution Reduced-FOV Imaging of the Human Cervical Spinal Cord  

Imaging of the cervical spinal cord was performed using OVS with a gradient 

echo scan with cartesian readout.  An axial slice through the cord was acquired at 

500 µm and 300 µm resolutions using a 4 mm slice thickness at a level near the C2 

vertebrae.   OVS achieved a reduction of the FOV by a factor of 3.0 to 4.2 centered 

on the cross section of the spinal cord.  Fat suppression was accomplished using 

the Spectral Presaturation with Inversion Recovery (SPIR) technique with an offset 

frequency of 500 Hz.  The applied OVS technique necessitated a TR no shorter than 

400 ms, with a TE out of phase with fat of 11.34 ms, and a total of 2 to 6 acquisitions 

for each of the respective resolutions.  A comparable full-FOV acquisition in the 

same plane was also acquired at 500 µm resolution and two acquisitions, cropped to 

the spine for comparison, as well as an OVS reduced image of a sagittal view 

localized on the cerebellum.  Images from two subjects were inspected to determine 
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presence of residual tissue or fat fold-over, gray and white matter contrast in the 

spinal cord, presence of geometric distortions, and motion artifacts. 

 

4. RESULTS 

 

4.1 Reduced-FOV DTI and DWI of the Human Brain 

The reduced-FOV images obtained using both the IVI and OVS approaches 

for diffusion imaging are presented in figures 6.2-7.  Across all regions and 

resolutions, no visible fold-over artifacts or modulation of signal intensity across the 

reduced-FOV were observed that was inconsistent with anatomical contrast.  FOV 

reductions corresponded to a 2.6 to 3.5 factor acceleration in acquisition times, 5.2 

to 7.0 when combined with a SENSE factor of 2.0.  Geometric distortions were 

insignificant in each of the targeted areas, apparent only in the coronal pons, and as 

a slight warping of the edge of the frontal cortex and visual cortex.   IVI diffusion 

images (figure 6.2) provided contrast that distinguished gray and white matter, limbs 

of the internal capsule, and corpus collosum.  DTI images using OVS localized a 

number of prominent fiber tracts and features at the 1.0 mm x 1.0 mm resolution with 

diffusion orientations matching expected directions based on anatomy, with features 

labeled in each region figure.  These included specifically portions of the corpus 

collosum (CC), internal and external capsule (IC), optic chiasm (OC), pons, middle 

and superior cerebellar peduncles (MCP/SCP), fornix (FN), brain stem, optic 

radiation (OR), substantia nigra (SN), and crus cerebri (CXC).  Resolution 

improvement from 2.0 mm to 1.0 mm produced no change in distortions or artifacts 
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and improved visualization of a number of tract features, including striations in the 

internal capsule limbs, corpus collosum, and optic radiation.  Smaller tracts such as 

the optic chiasm and branches in the cerebellum became apparent that were not 

seen or lacked detail to define at the lower resolution.  Hippocampal features were 

also identified in coronal images, with a sharper pathway boundaries in all areas.      

 

 

 

Figure 6.2 – Diffusion weighted IVI of various brain regions at 1 mm2 for A-D) b = 0, E-H) b 
= 1000.  A,E.) Lentiform, B,F.) frontal cortex, C,G.) coronal bilateral hippocampus, D,H) 
sagittal midline with view of thalamus and lateral ventricle. 
 

Figure 6.3 – Diffusion weighted OVS transverse images at A.) 2mm x 2mm x 2mm, 
and B.) 1mm x 1mm x 2mm, showing each diffusion direction for b = 1000 s/mm2, b=0 
s/mm2 image, ADC map, and color-coded FA map showing principal eigenvectors. 
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The measured mean FA and ADC values are summarized in table 2 for a 

number of regions at both resolutions.  Overall, mean FA values were 6.7% higher 

and ADC values 5.5% lower at the 1 mm2 resolution versus 2 mm2, indicative of 

increased partial volume effects on the 2 mm2 data.  In regions that had smaller 

overall sizes, where partial volume is likely to highly influence values, the difference 

was pronounced.   Specifically, the optic chiasm had a mean of FA of 0.387 at 2 

mm2 versus 0.660 at 1 mm2 for a 70% difference.  Similar differences were seen 

when attempting to distinguish the periaqueductal grey, substantia nigra, and 

portions of the hippocampus.  In some cases, the ROI was difficult to define due to 

poor contrast and small size in the low-resolution color-coded vector map.  Across 

all areas, average FA values of 0.625 and ADC of 1.5x10-3 mm2/s corresponded well 

with measurements recorded in prior studies [3].  

Figure 6.4 – Diffusion weighted OVS sagittal midline images at A.) 2mm x 2mm x 2mm, 
and B.) 1mm x 1mm x 2mm, showing each diffusion direction for b = 1000 s/mm2, b=0 
s/mm2 image, ADC map, and color-coded FA map showing principal eigenvectors. 
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Figure 6.5 – Diffusion weighted OVS coronal hippocampus images at A.) 2mm x 2mm x 
2mm, and B.) 1mm x 1mm x 2mm, showing each diffusion direction for b = 1000 s/mm2, 
b=0 s/mm2 image, ADC map, and color-coded FA map showing principal eigenvectors. 
 

Figure 6.6 – Diffusion weighted OVS visual cortex images at A.) 2mm x 2mm x 2mm, 
and B.) 1mm x 1mm x 2mm, showing each diffusion direction for b = 1000 s/mm2, b=0 
s/mm2 image, ADC map, and color-coded FA map showing principal eigenvectors. 
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Table 2 – Mean FA and ADC values for each OVS-DTI brain region at 1 mm2 and 2 
mm2 resolutions for ROI’s corresponding to specific fiber tracts.  Figure numbers 
correspond to subsequent figures showing each region image set. 
 

Figure 6.7 – Diffusion weighted OVS substantia nigra images at A.) 2mm x 2mm x 2mm, 
and B.) 1mm x 1mm x 2mm, showing each diffusion direction for b = 1000 s/mm2, b=0 
s/mm2 image, ADC map, and color-coded FA map showing principal eigenvectors. 
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4.2 High Resolution Reduced-FOV Imaging of the Human Cervical Spinal Cord 

Axial localization of the cervical spinal cord is displayed in figure 6.8 at 500 

and 300 µm resolutions at different spinal cord locations, with additional rFOV 

imaging of the cerebellum.  Axial images corresponded to a three-fold FOV 

reduction for six-fold total when combined with SENSE.   OVS provided distinct 

reductions without aliasing.  However, despite use of SPIR fat suppression, some 

images show evidence of residual fat fold-over artifacts.  Slight distortions at the 

edge of the cord cross section are apparent as a shading effect, but are not worse at 

the higher resolution.  Contrast is sharply defined between cerebro-spinal fluid (CSF) 

and spinal cord neurological tissue, with slight grey and white matter contrast and 

visibility of dorsal and ventral roots.  Cerebellum rFOV images demonstrated distinct 

grey and white matter contrast enabling identification of branches throughout.  300 

µm demonstrated no additional artifacts compared to the 500 µm images.  Total 

scan durations for the 500 and 300 µm data were 1m30s and 4m50s, respectively. 

Figure 6.8 – OVS cervical spinal cord images: A.) full axial 500 µm, B,C .) 60x60 mm2 
reduced 500 µm axial, two spine levels, with visible dorsal and ventral roots (DR/VR) and 
gray matter (GM), D.) 60x60 mm2 300 µm axial, E.) full sagittal 500 µm, F.) 70x70 mm2 500 
µm sagittal cerebellum, G.) 50x50 mm2 500 µm axial, and H.) 50x50 mm2 300 µm axial. 
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5. DISCUSSION 

 

Application of the IVI and OVS reduced-FOV techniques demonstrated that 

specific regional localization can be achieved for DWI and DTI that are largely 

absent of EPI based distortion artifacts.  This was consistent despite a two-fold 

increment in resolution, resulting in no increase in observable artifacts while 

providing visible improvements in feature identification.  The combination of the 

reduced-FOV methods with SENSE resulted in as much as a seven fold acceleration 

in acquisition, with a corresponding reduction in echo train lengths for single shot 

EPI.  The short scan times for each individual acquisition provided by both the EPI 

and rFOV accelerations produces a high degree of motion insensitivity versus other 

approaches, such as multi-shot EPI techniques, with no visible physiological or 

patient motion artifacts in the images collected.  Typically, multi-shot EPI is applied 

to reduce distortions that occur with single shot readout; the image quality obtained 

here for the particular resolutions targeted was not substantial enough to indicate 

that the EPI based acceleration should be lowered using the multi-shot approach 

with a lower EPI factor.  However, the IVI and OVS methods would readily work 

without modification with a multi-shot scan, potentially supporting higher resolutions 

if necessary.  Increasing the number of acquisitions to compensate for FOV 

reduction losses to 20 to 40 as used here does increase sensitivity to inter-scan 

motion effects.  Despite not using registration methods to address this effect, there 

appeared to be no artifacts suggesting it was significant. 
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The benefit of the IVI approach for FOV reduction versus OVS for diffusion 

imaging is a lower overall power deposition as defined by the specific absorption 

rate (SAR).  Here, the system 3 W/kg threshold for human brain imaging 

necessitated a minimum TR of 900 ms for a single readout when applying OVS.  

Though well exceeded by the applied TR of 3000 ms, this constraint restricts the 

number of slices that can be interleaved within a single TR for multi-slice 

acquisitions without necessitating additional packages that would greatly increase 

scan times.  As described, the DTI application of OVS was optimized with a high 

SAR FM pulse due to superior suppression performance.  Additional pulse types 

have been tested with the described OVS, including a REST and SINC pulse, which 

greatly reduce SAR values, and will be applied in future DTI applications.  Though 

IVI has superior SAR performance, multi-slice acquisitions suffer from signal losses 

due to off-slice saturation effects, which constrained testing to a single slice.   IVI 

also requires additional optimization to properly balance applied spoiling and 

selection gradients that could impact diffusion weighting across multiple directions 

beyond the two applied for use with DWI.  This will be completed in future work. 

Compared to prior studies, to our knowledge, these images represent the first 

specific localization of diffusion imaging using reduced-FOV methods in many of the 

regions targeted here in the human brain.   Prior investigations applying reduced-

FOV have largely been constrained to imaging of the spinal cord where motion and 

susceptibility issues are problematic.  EPI based artifacts are prevalent in a variety 

of brain areas especially at high field, where the combination of EPI, SENSE, and 

rFOV can be of benefit when the region of interest is restricted.  Images at 1.0 mm x 
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1.0 mm resolutions match or exceeded a number of reduced-FOV DTI studies that 

have focused on the spine [5-7], and compare favorably with a number of previous 

high-resolution full brain DTI scans [3, 13, 14].  The 2 mm slice thickness is larger 

than an optimal 1.0 mm isotropic resolution, but the signal quality of the acquired 

DTI images as well as the maximal scan duration of 14 minutes suggests that higher 

resolutions are possible, which will be the focus of future work.  Despite the larger 

slice thickness, resolution changes from 2 to 1 mm2 in-plane produced notable 

improvements in the visibility of features that benefited from the higher signal levels 

as a result of the thicker slice and decreased partial volume effects.  Overall, signal 

levels remained high despite cutting the resolution in half, with no visible increase in 

noise levels between the two resolutions within each targeted region.  Doubling of 

the number of acquisitions from a total of 20 to 40 did not fully compensate for the 

expected SNR loss caused by the resolution improvement, but was sufficient for 

isolating specific areas and tracts for ADC and FA measurements. 

Application of OVS for cervical spinal cord imaging demonstrated similar 

benefits to that achieved with the DWI and DTI data.  Reducing the FOV in this case 

provides lowered sensitivity to motion, which was not prevalent in any of the images 

acquired, while potentially shortening scan durations.  Suppression based signal 

localization in this case is challenged by a number of factors, including sufficient 

saturation of signal, performance in the presence of high susceptibility variation or 

field inhomogeneity, specific suppression of higher concentrations of fat compared to 

the scalp for brain imaging, larger amplitude physiological and patient motion effects, 

and consistent performance across a greater variability in regional properties 
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between subjects (neck and spine dimensions, and muscle and fat distribution).  The 

suppression challenge of tissue and fat resulted in some case, slight fold-over 

artifacts.  Managing this, in part, requires proper optimization of the shim volume to 

balance uniform B0 in the targeted reduced region as well as external to the FOV to 

insure that applied pulses could sufficiently saturate signal.  High degree of field 

variations in the non-imaged regions that could fold-over often resulted in poor 

suppression.  These variations also induced errors in the scan frequency calibration 

causing signal losses, as well as potential residual fat signal due to poor 

performance of fat suppression techniques. A number of these effects potentially 

have pronounced impact at the 7T field strength.  Despite these challenges, the 

obtained 300 µm resolution represents, to our knowledge, among the highest 

resolutions cervical spinal cord images at 7T, exceeded only by recent preliminary 

results by Sigmund at 180 and 220 µm [15, 16].  Future work will incorporate 

additional slices, resolutions from 160 to 300 µm, and improved suppression.   

 

6. CONCLUSION 

 

In sum, the use of reduced-FOV and SENSE for DTI, DWI, and cervical spinal 

cord imaging produces high quality high-resolution images in localized regions in 

reasonable times.  For diffusion based protocols in particular, single shot EPI based 

artifacts are minimized or not apparent, enabling identification of a number of fiber 

tracts throughout the brain with visible improvement compared to lower resolution 

scans.  This provided targeted FA and ADC measurement in specific fiber tract 
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locations identified.  Similarly, cervical spinal cord imaging using OVS enabled 300 

µm resolutions to be obtained with visible contrast of neurological tissue.  The 

combination of IVI, OVS, and SENSE provided as much as a seven-fold acceleration 

in imaging scans for improved imaging performance. 
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CHAPTER VI 

 

DISCUSSION 

 

The work presented above describes the implementation and optimization of 

reduced-FOV MRI techniques at ultra-high field strength and demonstrates the 

benefits of this approach for high-resolution human imaging to achieve quality 

images with scan times greatly diminished.  The first aim, in particular, provided the 

first comprehensive analysis and comparison of a variety of reduced-FOV 

techniques that, to date, had only been independently explored by prior authors at 

lower field. The results here describe the first implementation, optimization, and 

assessment of each at 7T.  As described, 7T presents a number of challenges, 

including increased B1 inhomogeneity, shorter tissue T2* values resulting in 

increased susceptibility based distortion and blurring artifacts, and higher SAR.  Any 

selective RF pulse requires proper management of these effects to ensure signal 

excitation is well localized, complete, and uniform while not exceeding SAR 

constraints with desired image parameters.  In the context of reduced-FOV, this is 

important to ensure that aliasing artifacts are prevented when the FOV is diminished. 

The result of this optimization provided a unique implementation of the OVS 

technique with SAR values that permitted minimum TR values lower than those 

established by prior authors at lower field strengths [1] while still achieving 90% 

suppression levels.  Four permutations of the IVI approach were also presented that 

addressed both reduced-FOV and 7T field dependent constraints distinct from 
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previous studies [2-5].  This included the use of composite RF pulses and RF scaling 

to achieve uniform B1, a 2D spiral guassian excitation RF pulse with adjustable 

profile dimensions, and application of a second off-slice excitation pulse to minimize 

saturation of neighboring slices.  The analysis presented provides the first 

comprehensive assessment of the relative multi-slice impact of reduced-FOV 

methods through simulation and experiments, with insights on how to minimize 

losses by pulse order choices, TR values, interleave numbers, and the suggested 

pulse additions.  The analysis of STEAM, PRESS, OVS, IVI, and BISTRO 

established specific metrics for determining the optimal method for reduced-FOV 

imaging in a manner that had not been performed at any field strength with.  In many 

cases, no clear justification has previously been provided to explain the use of one 

method over another for reduced-FOV or other applications.  This comparison has 

implications not only for their use for the intended reduced-FOV imaging, but could 

be relevant for spectroscopic applications that commonly apply these same 

techniques to achieve voxel localization for single voxel spectroscopy. 

In sum, the first aim provided a comprehensive basis to support the methods 

applied in the subsequent work described in this thesis.  Specifically, the results 

primarily indicated that IVI was superior in terms of producing the minimum SAR, 

close to 100% suppression, and minimal artifacts.  The permutations of this 

technique have potential benefits to address B1 inhomogeneity and multi-slice 

losses, but were not robust enough to contribute to subsequent studies.  Though the 

OVS assessment produced higher SAR values, lower suppression, and in some 

cases, resulted in slight fold-over artifacts, IVI was restricted to spin echo imaging, 
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necessitating use of OVS for more general protocols such as gradient echo imaging.  

As such, OVS was primarily applied to facilitate a greater variety of scan types and 

contrast in the human studies. 

The primary motivation behind exploring the reduced-FOV methods was the 

benefit of this class of rapid imaging techniques for high-resolution imaging in the 

human brain, which served as the focus for the second aim.  The resulting technique 

that was developed to demonstrate the potential benefits of reduced-FOV 

application in brain imaging consisted of a unique combination of SENSE parallel 

imaging, IVI and OVS reduced-FOV, and multi-shot EPI.  Prior studies had focused 

on at most, the use of a pair of these techniques versus combining all three [6, 7].  

The results of this work demonstrate that this synergistic combination for high-

resolution imaging enables massive acceleration of the large data arrays while 

countering the challenges if each was applied independently.  EPI can achieve 20 to 

85 fold accelerations, but produces distortion artifacts with large echo train lengths; 

SENSE provides two to four fold reductions and lowers echo train lengths for 

improved EPI performance, but contributes significant g-factor noise at high 

acceleration; reduced-FOV supplies a three to five fold acceleration or higher for 

further EPI improvement while not contributing g-factor noise, but results in the 

restriction of imaging to subregions of the object.  The specific synergy of low 

SENSE factors (R=2) with reduced-FOV to produce superior SNR than rFOV or 

SENSE only is a unique finding that enabled larger FOV sizes with rFOV while 

maintaining a high degree of acceleration. 
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The combination of these techniques ultimately produced scans in this work 

that are: 1.) very rapid, 100 to 500 times faster than a traditional scan; 2.) have 

reduced sensitivity to motion and EPI artifacts despite high resolution; 3.) are highly 

localized to target anatomical regions, and 4.) capable of resolutions down to 160 

µm without producing significant artifacts.  The resolutions specifically achieved 

match or exceed those currently published at 7T and lower field strengths for in vivo 

human brain imaging [8, 9].  Extended to single-shot EPI, a remarkable improvement 

in image quality through reduced distortions was observed at 240 µm resolutions in 

the brain, which could be used to obtain high resolution anatomical data or support 

functional scans.  Use of both OVS and IVI for this aim demonstrated these results 

are consistent for a variety of contrast types, including T2 spin echo and T2* 

gradient echo weighting.  Additionally, the variety of regions targeted in the cortex 

and midbrain support the use of the optimized protocol for a range of anatomical 

studies, enabling identification of a number of features as the resolution improved. 

The second aim of this work also defined a specific combination of both IVI 

and OVS with SENSE along two dimensions and a single or multi-shot EPI for highly 

acceleration 3D scans.  In this case, 1400 fold accelerations to reduce scan times 

from hours with traditional scans to three to six minutes while obtaining quality 

images at resolutions as low as 300 µm.  The use of 3D imaging in this case 

overcomes some of the limits of both IVI and OVS that have restricted multi-slice 

use due to off-slice saturation effects or permitting only a small number of 

interleaves due to high SAR values.  EPI traditionally is not applied for 3D scans with 

high-resolution, especially with single shot readout due to the excessively long echo 
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train lengths required that result in severe distortions.  Here, the combined SENSE 

and reduced-FOV methods with rFOV support EPI use for 3D anatomical high-

resolution studies that can be well localized or customized to specific target regions. 

Aim three extends the human imaging results by using the methods in 

applications where sensitivities to motion and EPI based artifacts are pronounced.  

Specifically, IVI and OVS were applied for DTI and high-resolution cervical spine 

imaging.  From a DTI perspective, the results demonstrated that largely artifact free 

diffusion images can be obtained in localized brain regions.  To our knowledge, this 

represents the first application of rFOV to localize diffusion measurements to the 

targeted brain regions at the resolutions obtained.  Prior studies had focused 

primarily on applications of DTI to the spine [5, 10].  The benefit of the combined 

parallel reduced-FOV approach here is the same as that demonstrated in the 

second aim; it establishes high accelerations for reduced motion sensitivity while 

minimizing EPI artifacts and g-factor noise effects.  The 1 mm2 resolutions obtained 

enabled ADC and FA values to be localized to a number of tracts with regional 

measurements that could have implications for pathologic studies.  The comparison 

with 2 mm2 scans underlined the benefits of improved resolution to reduce partial 

volume effects that can impact measured values. 

Patient and physiological motion effects and high susceptibility variations that 

exceed those observed in the brain additionally challenge imaging of the cervical 

spine.  Here again, the reduced-FOV approach was demonstrated to be well suited 

to address these issues, enabling 300 µm resolutions to be obtained in axial profiles 

across the spine using OVS.  Performance of the applied reduced-FOV method, 
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however, could benefit from additional optimization.  Applied saturation pulses that 

experience high variation in B1 and B0 appear to produce lowered suppression, 

especially in the presence of high fat regions, resulting in aliasing effects.  Despite 

these challenges, the resolutions obtained correspond to a remarkable improvement 

relative to 3T and lower field studies, and constitute among the highest obtained at 

7T [11, 12], supporting investigations of spine disease and neurological function. 
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CHAPTER VIII 

 

FUTURE WORK 

 

1.1 Implementation of a Multi-Slice Compatible Inner-Volume Imaging Technique  

One of the primary constraints of the described selective excitation reduced-

FOV approaches is their application for multi-slice imaging scans.  As assessed in 

the first aim, this is due to saturation of spins in off-slice locations by pulses that 

restrict signal along the x and y dimensions.  The perturbed magnetization has a 

short duration over which to recover to its maximal value to ensure there is no 

overall SNR loss in the obtained image.  Multi-slice imaging is a common approach 

to achieve efficient scan durations versus conventional 2D imaging that acquires k-

space information for only one slice every TR.  For broad application, the reduced-

FOV approaches must overcome this limitation.   

A number of solutions were explored in the first aim using simulation to 

reduce off-slice losses, including reordering of the PRESS excitations and applying a 

double off-slice excitation with IVI while maximizing TR values relative to the desired 

number of slices interleaved.  In this regard, future work requires implementation of 

the described solutions to verify simulation predictions.  However, the expected 

improvements do not ensure full recovery of the saturated magnetization, with 

residual MZ simulated after the first interleave only.  Acquiring a high number of 

slices within one TR could have a compounding effect that would further reduce 



 143 

available signal for imaging.  The optimal solution is a reduced-FOV approach that 

does not in any way impact the available magnetization in a neighboring slice. 

The described IVI method that applies a spiral Gaussian excitation offers a 

potential solution to this problem by selectively restricting excitation in two-

dimensions with a single pulse.  The extent to which neighboring slices are affected 

is dependent on the 2D profile for this excitation, which can be customized by 

scaling each dimension of the pulse shape.   Aim 2 described efforts to reduce the 

profile of this pulse to within the dimensions of a typical slice thickness, but was not 

readily tested with a multi-slice protocol.  Additional work with IVI specifically would 

focus primarily on this optimization to achieve 2D excitation that can establish 2-6 

mm slice thicknesses and 20-100 mm phase encoding widths for localized 

excitation.  A proposed modification to the described 2D RF approach would use a 

rectangular weighting function instead of a Gaussian to improve profile shapes [1, 2]: 

𝑊 𝑘! , 𝑘! = ℎ 𝑘! , 𝑘! ∙ 𝑟𝑒𝑐𝑡 𝛼! ∙ 𝑘! ∙ 𝑟𝑒𝑐𝑡 𝛼! ∙ 𝑘!                          8.1 

This function results in a 2D square excitation, the dimensions of which are 

scaled by αX and αY, with h(kX,kY) serving as a Hanning window to reduce ripple 

effects in the established excitation.  Preliminary experiments were performed to 

assess the potential application of this function for IVI reduced-FOV imaging 

applying the same overall sequence described in aim 1 for the 2D RF approach.  

Figure 8.1 summarizes these preliminary tests.  Here, A and B demonstrated the 

relative scaling possible with sharp edge boundaries compared to using only a 

Gaussian, with ripple diminished in C and D by optimizing the Gaussian to serve as 

the Hanning window function.  The plot demonstrates the slice profile along both 
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dimensions achieved for the narrower thickness (B and D), producing a measured 

FWHM in both dimensions of 44.3 mm and 6.6 mm.  However, an image of the 

achieved in-plane excitation reduction (figure 8.1 C and E) demonstrates some 

distortion along the length of restricted area.  The achieved slice thickness of 6.6 

mm also requires further optimization to allow for narrower slice thicknesses and 

gaps to insure as few slices as possible are impacted by the 2D pulse. 

 Overall, if 1 to 3 mm slice thicknesses can be achieved using a 2D RF pulse, 

the additional benefit of this approach is that a refocusing pulse is no longer required 

to achieve slice selection as performed for a standard IVI protocol.  This extends the 

use of IVI for both gradient echo and spin echo scans versus spin echo only as 

performed throughout all three aims.  OVS served as the primary option for gradient 

echo FOV reduction, but has higher SAR values and does not suppress signal as 

well as IVI.  Establishing an IVI version as described here creates a highly flexible 

reduced-FOV approach that could be used with a variety of scans. 

Figure 8.1 – Rectangular spiral IVI 2DRF exciting A.) 44x44 mm2 FOV, B.) 44x6 mm2 
FOV, C.) 40 mm wide slab, 6 mm thickness, D-F) repeated with Gaussian hanning 
window. Profile plot for C along both slice and width dimensions. 
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1.2 Improving Outer-Volume Suppression SAR and Suppression Performance  

Compared to the other methods explored, OVS provided the greatest 

flexibility for implementation with a variety of scan protocols by enabling application 

with spin echo or gradient echo sequences and does not induce multi-slice signal 

losses.  However, OVS is restricted by higher overall SAR values, lower suppression 

with the potential for fold-over artifacts, and is performed prior to scans resulting in a 

longer scan duration compared to IVI.    SAR constraints necessitated a TR no less 

than 900 ms, which is prohibitive for a number of T1 weighted protocols.  This was 

improved upon in the second aim that explored human imaging applications of IVI 

and OVS by using two different pulse types enabling TR values as low as 400 ms.  

Suppression, in general, remained at approximately 90%, which, for many regions, 

was sufficient to prevent aliasing, but in areas such as the cervical spine, produced 

residual fold-over effects from fat and other tissues. 

Future work in this respect will target exploration of a variety of pulse types 

and configurations to further reduce SAR values, obtain suppression closer to 100%, 

and perform well with a variety of tissue types.  Poor suppression for some 

experiments, in part, may be due to B1 and B0 field inhomogeneity effects.   A 

preliminary exploration of a variety of pulses in the software library for the Philips 

system provided a relative comparison of SAR and suppression values with an 

approximate optimization in a phantom, as presented in figure 8.2.   The described 

frequency modulated, SINC, and REST slabs used in the aims were largely selected 

from this analysis.  However, a number of other pulse types may be equally viable 

with improved selection of pulse shapes, angles, orders, and repetitions.  In addition, 
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optimization was specifically performed 

using an FBIRN agar gel phantom that 

produced a high degree of B1 

variability not observed in any of the 

human experiments.  In some cases, 

an alternate optimization may work well 

for subject scans that have overall 

superior performance and lower SAR 

values than those applied here. 

In the end, achieving improved performance may require uniquely designed 

RF pulses not found in the scanner software library.  Optimized adiabatic pulses, in 

particular, have potential improved insensitivity to B1 inhomogeneity, with additional 

customization of the pulses used here specifically for BISTRO a potential area for 

future efforts.   Though not described in the methods development work, alternate 

pulse organization strategies were explored, including a “Hadamard” style 

configuration that enabled a single pulse to be used to simultaneously excite two 

saturation band locations.  This is accomplished by multiplying a specific RF pulse 

with a cosine having a frequency that matches the desired slab positions [3]: 

𝑆(𝑡) = 𝐹(𝑡) ∗ cos 2𝜋𝑓 ∙ 𝑡                                                      8.2 

Once Fourier transformed, in the k-space domain, this corresponds to the 

convolution of an ideally rectangular pulse excitation shape with the transform of the 

cosine, which is an impulse at ±f.  The pulse is effectively replicated at the two 

impulse frequencies enabling simultaneous excitation at those two locations. Figure 

Figure 8.2 – Library pulses attempted for 
OVS showing percent suppression and SAR. 
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8.3 summarizes the design and implementation of such a pulse.  The potential 

benefits of this design is an overall shorter OVS preparation duration.  A portion of 

the current loss in suppression with existing OVS techniques is due to T1 recovery 

caused by long preparation times.  Initial implementation of the approach 

demonstrated localization, but with some distortion in the shape and suppression not 

optimized.  Overall, additional work with this approach and other pulse options could 

potentially improve OVS performance. 

1.3 Reduced-FOV Power Calibration for Optimal B1 Performance 

In aim 1, IVI was tested using scaled RF pulses to address localized signal 

losses caused by B1 inhomogeneity that translated into lowered established flip 

angles.  It was demonstrated that in a reduced-FOV scan using dimensions on the 

order of 40 mm2 to 60 mm2, pulse scaling provide up to a 35% improvement in SNR 

due to lower inhomogeneity in the localized region compared to calibrations based 

on exciting the entire full-FOV.  Practical implementation of this approach, however, 

requires knowledge of the B1 error in each particular region to define the correct 

Figure 8.3 – A.) SINC RF pulse modulated with cosine, B.) corresponding fourier 
transform showing slab positions achieved with one pulse, C.) imaged OVS preparation 
in FBIRN phantom to achieve 40 mm wide slab, using 100 mm wide saturation bands. 
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scaling factor for maximal SNR.  The aim 1 results demonstrated that the 

appropriate factor could vary substantially across target regions.  Versluis 

accomplished similar scaling for spectroscopic applications by localizing power 

calibrations to small FOV regions, with 22% to 166% gains in the achieved SNR [4].  

This was accomplished by applying selective pulses to generate a stimulated echo 

restricted to the target FOV that was then used for RF pulse power optimization.  

Such an approach could work equally well for the imaging studies described 

throughout the aims that reduce the FOV similarly to that applied for spectroscopic 

studies.  Preliminary investigation of the Versluis power optimization has been 

implemented on the 7T system for spectroscopy, with future work targeting 

extension to imaging for seamless optimization of RF pulses for a variety of studies.  

1.4 Addressing Intra-Scan Motion Using Registration and Gating Methods 

To compensate for SNR losses caused by phase encoding dimension 

reduction for smaller FOV sizes, the human imaging experiments incorporated 

additional acquisitions.  In some cases, acquisition numbers exceeded 100 that 

necessitated increasing the default scanner system software limit of 32.  Though the 

short individual acquisition times reduce sensitivity to intra-scan motion, inter-scan 

motion sensitivity potentially increases because of the high number of acquisitions.  

For incoherent motion such as general movement of the head, this can result in a 

blurring effect in the image; for coherent sources such as respiration, cardiac motion, 

or blinking, ghosting artifacts can be reinforced.   Potential solutions to these effects 

include registration of the individual acquisitions prior to combination [5], respiratory 

or cardiac gating [6], and use of navigators for multi-slice EPI readout [7].   
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A preliminary investigation of registration-based improvement was performed 

for small FOV anatomical imaging scans.  From a single slice reduced-image with no 

apparent motion artifacts, a stack of images was generated, each with a unique 

random rotation and offset that exceeded no more than four pixels to simulate 

patient motion.  To replicate the lower SNR typically expected for each frame, a 10% 

random noise distribution was also incorporated into each image.  All noised and 

rotated images were summed to show the overall impact of the errors in a combined 

image.  The images were then all registered to the first using an affine 

transformation and combined to produce the registered sum.  Figure 8.4 (A-D) 

demonstrates the resulting simulated improvement, with a visible distinction of a 

number of features lost in the unregistered combined sum. 

The developed registration program was additionally tested using stacks of 

collected human image data in an IVI reduced-FOV with acquisitions separated.  

This was performed specifically in 30 mm2 and 60 mm2 FOV sizes targeting the 

hippocampus and lentiform, respectively, with as high as 50 total individual 

acquisitions.  The images were combined unregistered as with the simulated data, 

and then combined after registration, with results presented in figure 8.4 (E-G).  In 

this case, the registration did not produce a notable improvement in image quality, 

with close inspection revealing slight loss of small vessel features.  However, the 

combined image without registration did not indicate significant motion for this study.  

Future work will focus on additional exploration and application of the registration for 

regions highly sensitive to motion, such as the cervical spine.  The work will be 
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combined with gating and navigator approaches to determine feasibility for image 

quality improvement for high acquisition numbers using reduced-FOV methods. 

1.5 Reduced-FOV Excitation Using Arbitrary FOV Shapes 

Flexibility in FOV sizes as well as shapes could potentially provide enhanced 

localization of excitations, or serve as a mechanism to correct for B1 inhomogeneity 

using complex pulse patterns.  Signal could be further restricted to regions that are 

not defined by square dimensions, which could further compress data sizes.  These 

types of techniques could be compliant with protocols attempting to obtain precise 

restriction of signal to measure parameters such as relaxation or functional bold 

response in target areas, or could support establishing sparsity for compressed 

sensing rapid imaging techniques for additional acceleration of acquisitions.   

Figure 8.4 – A.) Original single human image to generate stack of 50 slices with 
offset and angle shifts, B.) with 10% noise level added, C.) sum of stack unregistered, 
D.) sum of registered motion simulated data. E.) Sum of multiple acquisitions 
collected in human, F) registered and summed, repeated in hippocampus (G,H). 
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Preliminary work to generate arbitrary excitations was performed using a 

combination of a spoke-based methodology [8] with the IVI technique.  Similar to the 

spiral and composite pulse approaches described in aim 1, spokes achieves a target 

excitation pattern by applying RF pulses along a specific trajectory through excitation 

k-space, weighted by the target pattern.  Typically with spokes, this constitutes a 

relatively small number of points and is performed along three dimensions, with the 

trajectory defined by a composite of x, y, and z gradients.  As a proof of concept, we 

attempted to establish both a square pattern and checkerboard excitation.  A 

composite RF pulse interleaved with x and y gradients were defined by simulation to 

determine optimal pulse amplitudes, phases, and gradient amplitudes.  The pulse 

was followed by a refocusing pulse to achieve slice selection, with results shown in 

figure 8.5 in a phantom.  Excited patterns matched well with simulated results. 

Figure 8.5 – A.) Spoke based x and y gradient profile, RF amplitude and phase.  B,C.) 
Target square and checkboard excitation pattern, D,E.) simulated excitation, F,G.) actual 
excitation in FBIRN phantom using spoke-IVI approach. 
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Similar excitation could be achieved using the spiral excitation method by 

altering the weighting function, or could incorporate maps of the B1 inhomogeneity in 

an attempt to simultaneously restrict the FOV and produce appropriate B1 

distributions.  Generally, all of these techniques have difficulty in defining sharp 

boundaries or transitions due to sparse sampling of excitation k-space without 

producing excessively long pulse durations which would be prone to T2* effects.  

Parallel transmit arrays provide a potential mechanism for reducing overall pulse 

durations to address this problem while incorporating the possibility to apply multiple 

pulses with unique shapes, phases, and amplitudes for a customized combined 

effect.  This could enhance shape definition, B1 correction, or could be used with 

previously described 2D RF IVI for narrower slice profiles.  In general, this extension 

may be necessary for advanced applications of reduced-FOV at 7T and warrants 

further investigation as parallel transmit technology is incorporated. 

1.6 General Reduced-FOV Implementation with A Variety of Scan Types 

For use with a broad range of scan types and protocols, the described 

reduced-FOV techniques require additional optimization and testing.  Specifically, 

Turbo Spin-Echo (TSE), Turbo Field Echo (TFE), Gradient Spin Echo (GRASE), and 

inversion recovery based sequences have been preliminarily implemented but not 

fully tested with the IVI and OVS methods described.  Specific readouts are also of 

interest, including radial, spiral, as well as EPI forms of these listed scan types.  

Spiral acquisition, in particular provides potential enhanced motion insensitivity.  As 

mentioned, the OVS approach can be readily implemented with these techniques 

without significant coding changes since it performs prior to scans.  However, some 
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attention is necessary to insure signal can sufficiently stay saturated external to the 

target FOV before T1 recovery begins to restore enough signal to cause fold-over 

effects.  Lastly, alternate forms of contrast, such as T1 weighted and susceptibility 

weighted scans, also require further optimization for regular use. 

1.7 Reduced-FOV Imaging Using Parallel Transmit at 7 Tesla 

For all of the imaging experiments performed in this work, single channel 

volume or quadrature surface coil transmission was used to deliver RF pulses for 

each sequence.  Recent advancements in coil technology enable RF to be 

transmitted by multiple channels simultaneously using parallel transmit arrays, with 

the potential to specify unique waveform shapes, phases, and amplitudes from each 

coil array element [9, 10].  The additional customization in the applied RF as a result 

of using multiple coils can be applied to address B1 inhomogeneity effects, reduce 

SAR, shorten pulse durations, and provide sharp boundaries for slice profiles or 

arbitrary excitations [11-13].  In the context of reduced-FOV imaging, addressing any 

of these constraints with parallel transmission would be of benefit.  Specifically, 

improving B1 inhomogeneity would provide superior SNR performance, reducing 

SAR and duration limits would address OVS constraints, and improving slice profiles 

would assist with IVI 2D RF pulse definition using the spiral Gaussian excitation.  

Many of these issues are of particular constraint at 7T, with parallel transmit targeted 

for this system in the near future, enabling exploration of its applied benefits.  It is 

expected that it will ultimately improve 7T imaging and reduced-FOV performance 

for human brain imaging studies and facilitate new reduced-FOV approaches. 
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CHAPTER IX 

 

CONCLUSIONS 

 

The work here supports the use of reduced-FOV techniques when imaging 

can be localized to a specific target area without sacrificing necessary object 

information.  When such regional localization is desirable based on study of 

particular brain areas, the reduction achieved by this approach can be used in a 

variety of ways.  First, for a fixed resolution, the total scan time can be diminished as 

long as predicted SNR losses are supported or addressed.  This is warranted if the 

full-FOV scan has no additional means of reduction; acquisitions are already 

minimized with each individual acquisition contributing a necessary percentage of 

the total SNR.  Adjusting the FOV in this case enables a finer SNR and scan time 

alteration by diminishing the imaged dimensions, with each acquisition contributing a 

relatively smaller percentage of the total SNR compared to the full-FOV case.   

Second, for a fixed resolution and SNR, reduced-FOV can be applied to 

improve image quality by reducing prevalence of artifacts.  In this case, each 

individual acquisition has been performed more rapidly than the full FOV scan, 

reducing sensitivities of each to motion and susceptibility effects.  Increasing the 

total number of acquisitions enables SNR to be maintained without loss if necessary, 

producing images of matched resolution and time, but superior quality.  In this 

capacity, the work performed here demonstrated that reduced-FOV methods 

specifically addressed challenges of EPI based rapid imaging, enabling EPI to be 
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used at higher resolutions or to be adjusted to larger EPI factors without sacrificing 

image quality.  Third and finally, reduced-FOV enables resolution improvements in 

situations where SNR is abundant but efficiency or artifact constraints prevent 

acquisition.  This can be accomplished with an imaging time that matches that used 

currently for a lower resolution scan.  For example, halving the resolution while 

cutting the FOV size in half corresponds to no change in the total number of 

acquired points with a scan time matching that used at the lower resolution. 

The combination of these applied uses provides flexibility and compromises in 

the achieved resolution, scan time, SNR, artifact sensitivity, and image quality that 

supports application in a large variety of human imaging studies.  Contrasted to 

SENSE based rapid imaging techniques that apply similar reductions, it enables 

higher accelerations without a compounding g-factor noise type effect that 

diminishes SNR. More importantly, the work here demonstrated the synergy of this 

approach with a variety of techniques to speed up acquisition times, including multi 

and single-shot EPI, parallel imaging, and partial Fourier approaches.  This 

combination ultimately enabled the high accelerations achieved here, countered a 

number of challenges of 7T imaging, addressed constraints of the partnered rapid 

methods, diminished artifacts, and produced high resolution images that covered a 

large variety of regions in the human brain and spine.  Many of these images 

represent the highest achieved to date in the human, supporting localization and 

visualization of features important in human imaging using reduced-FOV methods. 

 
 
 
 


