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ABSTRACT 

 

 Magnetic resonance imaging (MRI) is a robust imaging modality that can utilize 

specialized receive only coils (antennas designed to be sensitive in the near field). The 

purpose of this thesis is to design and construct a multichannel receive-only RF coil for 3 

Tesla magnetic resonance imaging of the human carotid artery and bifurcation with 

optimized signal to noise ratio (SNR) in the carotid vessels along the full extent of the 

neck. A neck phantom designed to match the anatomy of a subject with a thick short 

neck, representing a body habitus often seen in subjects with carotid arterial disease, was 

constructed. Sixteen circular coil elements were arranged on a semi-rigid fiberglass 

former that closely fit the shape of the phantom, resulting in a 16-channel bilateral phased 

array coil. Comparisons made between this coil and a four-channel carotid coil in a study 

of 10 carotid vessels in 5 healthy volunteers showed a 70% average improvement in 

signal to noise ratio (SNR) at the bifurcation with the 16-channel carotid coil. This coil 

also maintains an SNR greater than the peak SNR of the four-channel coil over a vessel 

length of 10 cm. This increase in SNR results in improved vessel depiction of the carotid 

arteries over an extended field of view, and demonstrates better image quality for higher 

parallel imaging reduction factors compared to the four-channel coil.
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Improved MRI of carotid bifurcation 

 One of the leading causes of death in the United States is stroke, and one of the 

leading causes of stroke is arterial disease. Arterial disease in the carotid artery in most 

cases can be detected first in the carotid bifurcation. While there are many different 

imaging modalities, magnetic resonance imaging (MRI) has the ability to provide the 

best resolution of soft tissue noninvasively and hence best resolution of the carotid 

bifurcation. This imaging is hampered by the small size of the plaque morphology, 

the variable position and depth of the artery in many subjects, variations in external 

body habitus, and the tendency for subjects to move or swallow during imaging. 

These four limitations form the basis of this research to build a custom MRI receive 

only coil, designed specifically for imaging the carotid bifurcation. This research will 

address these concerns by increasing the signal to noise ratio (SNR) over a larger 

region, creating a closer fitting neck former and by effectively reducing scan time. 

 The received signal intensity, and consequently SNR, of an MR image is 

partially dependent upon the strength of the static magnetic field used to acquire 

images. Therefore, one approach to increasing SNR is to increase the strength of the 

magnetic field. This is an expensive option and because of FDA safety restrictions, is 
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not available to everyone. SNR is also highly dependent upon the sensitivity of the 

antenna arrays used to receive the signal. These antenna arrays are designed to 

receive signal in the near field and due to their distinct function, they are referred to 

as coils and not antennas. There are several different types of MRI coils. Volume and 

surface coils are the most common. It is possible to use a coil as a transmitter as well 

as a receiver. In general this work will refer to an MRI receive-only surface coil as 

simply a coil. 

 Currently, the standard four-channel coil design includes a two-channel 

nuclear magnetic resonance (NMR) phased array (PA) on each side of the neck 

designed to image at a depth of 3 to 5 cm. The design of this PA provides a much 

higher SNR than a single coil [1]. The received noise decreases by reducing the 

sensitive volume of the RF coil and the signal will increase by placing the coil close 

to the measurement area. However, this four-channel design is limited in its 

coverage, signal acquisition and in fitting the contours of individual patient 

anatomy. These difficulties limit imaging with this coil to only a small portion of the 

body. Also, time needed to scan or image a patient is always an important 

consideration both on behalf of the patient and the physician. Lengthy scan times 

lead to an uncomfortable patient, which can add to patient motion, resulting in 

lower image quality.  

 My research will determine the improvement in coverage and SNR that is 

possible with an alternative, ergonomic coil design. This alternative design has been 

constructed previously as part of the work done for my senior project [2]. Initial 

results showed greater possibilities in parallel imaging. Improvements from this 



3 

 

 

 

master's thesis are expected in these parallel imaging capabilities, which will allow 

faster scan times and possibly reduce motion artifact and reduce patient time spent 

in the scanner.  

 In order to perform this research I have improved the 16-channel coil I built 

previously for my senior design project (see Figure 1.1) [2]. This coil includes eight 

channels on either side of the neck designed to cover the area between the clavicle 

and the lower ear. The individual loop elements of these 16 channels cover only half 

the surface area than the current standard [6] (16 cm2 compared to 32 cm2). This 

will allow higher SNR closer to the surface of the neck, as well as higher SNR at 

greater depths due to phased array behavior [13,14]. By implementing this design of 

a phased array of smaller loops, a larger loop element is synthesized by combining 

these channels resulting in highest SNR near the surface of the coil as well as 

increased SNR at greater depths as well. Also, by including more channels and 

maintaining or improving coil sensitivity, the potential for faster imaging using 

parallel imaging is greater. There were also some necessary mechanical 

considerations for a practical and ergonomic coil that is easy to use and durable. 

  The significant contributions of this thesis are to improve patient care by 

constructing a coil that will aid in acquiring rapid, detailed images of the cervical 

anatomy, particularly the carotid arteries. 

 Chapter 2 offers a brief synopsis of MRI background information, covering the 

basic theory and methods used to acquire images with receive only coil arrays. Chapter 3 

provides a description of current coils used for carotid imaging. Chapter 4 is comprised 

of the paper that is being prepared for submission to the Journal of Magnetic Resonance 
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in Medicine, which publishes manuscripts describing new developments in MRI research 

applied to the medical field. Chapter 5 is a conclusion chapter that includes an in depth 

discussion of the research as well as a summary of the information encompassed in this 

thesis. This chapter will also include significant conclusions that may lead to continued 

work in the future. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 1.1: New 16 channel coil created to 
increase SNR and coverage of anatomy of 

interest. 



 

 

 

 

 

 

CHAPTER 2 

 

BACKGROUND 

 

Images produced from an MRI scanner require a complex system of hardware, software, 

and image reconstruction algorithms. The list of hardware needed for a modern MRI 

system is extensive, but basically consists of a very large electro-magnet, on the order of 

1.5-7 Tesla, with controllable magnetic field gradients and RF fields as well as a 

computer that provides a control and data review interface. For simplicity the processes 

of this complex system will be explained in four parts: the magnetic field, producing a 

signal, acquiring a signal, and processing the signal. The strength of the magnet used for 

all experiments and studies will be 3T. 

 

2.1 Magnetic field 

Of all the elements that can be found naturally in the human body 1H (hydrogen) 

is the most prevalent. All soft tissue is comprised of significant amounts of this element, 

due to the abundance of water found in the body. MRI exploits this fact as well as the fact 

that 1H nucleus (proton) has an inherent magnetic moment. Normally, the random 

orientation of all of the magnetic moments of the elements in the body produces a net 

magnetic moment of zero. However, when introduced into a significantly large magnetic 

field, these nuclei tend to align in the direction of the applied homogenous magnetic field 
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(B), creating a nonzero net magnetic moment. When not aligned with the static magnetic 

field, the nuclei precess around the axis of the static magnetic field with an angular 

momentum (ω) proportional to the strength of the magnetic field. The proportionality 

constant between ω and B is the gyromagnetic ratio (γ). This ratio is different for the 

nucleus of each element allowing a frequency distinction between individual elements. 

The general equation for calculating the precession frequency, also known as the Larmor 

frequency, is 

 

  .     (1) 

 

For 1H (γ = 42.576 MHz/T) the theoretical precession frequency is 127.728 MHz 

in the presence of a magnetic field with a magnitude of 3 Tesla (T) [1]. For the Siemens 

Magnetom Tim Trio system used at the Utah Center for Advanced Imaging Research 

(UCAIR) the frequency of 1H was empirically found to be 123.23 MHz, indicating that 

the total average magnetic field is slightly less than 3T. There are other magnetic fields 

that have an effect on this overall average. These additional fields include the gradient 

magnetic fields, which are used to create a differentiable signal throughout the volume 

and will be discussed in more detail. 

 

2.2 Producing a signal 

The essential purpose of MRI is to accurately but noninvasively obtain an image 

of the interior of a sample. For this to be possible it is imperative to acquire a high quality 

signal that contains as much information as possible. At thermal equilibrium, there is no 
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net magnetization component perpendicular to the axis of the static magnetic field, so 

there is negligible signal received. In order to use this phenomenon to receive a 

discernable signal the precessing nuclei need to have the spins tipped into the transverse 

or axial plane. This is done by applying a radio frequency (RF) pulse magnetic field to 

the sample. This pulse must have a frequency equal to the Larmor frequency of the 

element being imaged. If applied transversely, the pulsed magnetic field (B1) tips a 

component of the magnetization into the transverse plane by a certain angle known as the 

flip angle (θ). This angle is the angle of rotation from the direction of the main field such 

that an angle of 0 or 360º will not generate a transverse component. 

As the magnetic moment is tipped, the component in the transverse plane 

precesses at the Larmor frequency as shown in Figure 2.1. The flip angle depends on the 

strength of the B1 field and the duration of the pulse. The signal is produced as the spins 

relax back to thermal equilibrium (see Figure 2.1). The time needed for the nuclei to 

return to equilibrium is an important parameter. This time is separated into the relaxation 

along the longitudinal (z) axis and the relaxation in the transverse (x,y) plane. These two 

numbers are designated T1and T2 respectively. In order to spatially encode the received 

signals, external magnetic gradient fields are applied resulting in received signals with 

unique frequency and phase combinations. These complex signals are contained in a two 

dimensional (frequency and phase) space called k-space, where each spatial location 

(voxel) produces a signal with a unique frequency and phase combination. Therefore, 

with the 2D imaging described in this thesis, the MRI signal is related to a position in a 

user defined 2Dslice of the object being imaged by a 2D Fourier transform. 
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Figure 2.1: Magnetization vectors. 
a) shows the vectorized spin of a molecule in a magnetic field b) a 
molecule whose spin is being tipped into the transverse plane c) 
the time and position varying precession of molecule with RF 
pulse d) molecule with spin in transverse (x,y) plane (adapted 
from [3, 5]). 
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A complex function that represents the unique frequency-phase combination of 

each location in k-space may be written as 

 

���, �� �  	���, �� 
 �	���, ��,     (2) 

 

By using a bandwidth of frequencies rather than a single frequency the sample 

can be encoded in one direction by applying a gradient magnetic field in order to vary the 

frequency linearly along one axis. This axis is often called the read-out (x) gradient. This 

spatial variation of frequency can be shown by replacing B from (1) with,  

 

B(x) = B + xGx ,      (3) 

so that, 

���� �  

��

�� 
 ����,     (4) 

 

where x is the location in the two dimensional image space, and Gx is the spatially 

varying x gradient magnetic field. Due to the spatially varying magnetic field resulting 

from Gx, a distinct frequency will be applied to each position x thereby encoding the 

complex signal. 

If the frequency were varied along the y-axis in the same manner, non-

differentiable signals would be received in multiple areas. To avoid this, the other axis 

can be spatially encoded by slightly varying the phase of the signal using another linear 

gradient. This is usually done by the gradient Gy that is only applied for a short time and 

is not used during the read-out time (see Figure 2.2). Varying the magnitude of this  
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gradient can be thought of as switching lines in k-space. Before each read-out in the x 

direction the y gradient is applied for a specific amount of time T that effectively moves 

the line of k-space that is being read into in either the positive or negative y direction. 

This produces distinct signals in two dimensions and adds to the encoding of the complex 

signal by introducing a phase φ which is calculated by multiplying the angular frequency 

ω(y) by the duration T of the applied gradient Gy 

 

  ���� �  
�� 
 ����,     (5) 

 

 ϕ�y� � ����� � 
�� 
  
����,                    �6� 

 

by adding this phase change to our complex signal the result is 

B1 (RF) 

Gy (y-gradient) 

Gx (x-gradient) 
read-out 

t 

t 

time 

|------ T ------| 

Figure 2.2: A simple example of an MRI timing diagram. 
The shaded box of Gy indicates different gradient amplitudes and the dotted line of Gx 
shows a possible addition to assure that the readout remains consistent 
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since 2πγB and γBT are the carrier frequency and constant phase, respectively, they can 

be ignored (by mixing the carrier frequency with the desired signal, the resulting signal 

after demodulation has had the carrier frequency eliminated). Therefore our resulting 

equation is 

 

  ���, ��������
�����������
�����.    (8) 

 

We are interested in the entire x-y plane. Therefore, we assume the summation of all 

signals as shown by 

 

� � ����, ��������
�������� ��� 
 ������ 
� 

 
� !�!�,   (9) 

 

this complex waveform, once simplified and combined as a complex function, is the 2D 

Fourier transform of g(x,y) such that 

 

"�#�, #�� � � � ����, ����� ��$��
������� 
����%� 
� 

 
� !�!�,  (11) 

 

where kx= γGxt and ky= γGyT. With the location of each data point defined in the 

frequency domain by kx and ky this data matrix came to be known as k-space [5]. 
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This spatially encoded signal is important to maintaining a high signal to noise ratio. 

While these signals originate independent of the MRI coil, the importance of the coil 

comes from acquiring as much signal as possible while reducing the amount of noise 

introduced into the system, thus increasing the SNR [14]. 

 

2.3 Acquiring the signal 

Various different antennas or coils have been built specifically to receive these 

signals and are designed to work specifically in the near field. There are two main classes 

of MRI coils. One is a volume coil and the other a surface coil. Their names suggest their 

primary use. A volume coil usually encompasses the imaging region and provides a very  

homogeneous signal across the imaging region, but has relatively low SNR. A surface 

coil can be used to image a region of interest (ROI) that is near the surface, providing 

relatively high SNR but a very small imaging region. A volume coil and a single element 

surface coil can have very different applications and each type has unique benefits. 

However, some of the benefits of a volume coil can also be obtained by using multiple 

surface coils to synthesize a volume coil. These surface coils are typically arranged into a 

phased array (PA) in order to maintain the high SNR of the surface coil. Specialized MRI 

coils are commercially available, but for certain applications it may be best to construct a 

coil with a specific application in mind [6]. Specific considerations may include the depth 

and size of the desired imaging region. Specialized coils are then built to fit specific 

design criteria. These coils are tuned and matched to receive a narrow band of the 

previously discussed complex signals. The signal is said to be "received" when the spin 
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of the magnetization vector induces a current on the coil from the alternating magnetic 

field due to the molecular precession. 

 

2.4 Processing the signal 

The small received signal travels through a preamplifier, which amplifies the 

signal and prepares it to be amplified again by the system. This preamplifier introduces 

additional benefits during coil construction. Once the signal is processed the data 

received by the coils are stored in the k-space matrix, the spatial frequency domain, and 

are then transformed by an inverse 2D Fourier transform and recombined into an image. 

Generally for physicians this data is quickly transformed by 2D Fourier transform in 

order to produce an image that can be analyzed. If only one coil element, such as a single 

element volume coil, is used this transformation is relatively straightforward. Image 

reconstruction becomes more complicated with the addition of coil elements, so it is 

necessary to use a recombination algorithm in order to combine the image data. This is 

often done by the square root of the sum of squares method, but there are several other 

methods used to combine the data from each channel [14]. For the purposes of this 

project the method of recombination will be by the square root of the sum of squares. The 

equation used is as follows 

 

&'( � )∑ �&+�,-
+./ ,     (13) 

where 

 

&+ � |1|
234567

     (14) 
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and Aim is the complex image data matrix for an individual channel, 89:';< is equal to the 

standard deviation of the noise received by the coil, c is the channel number, N is the 

number of channels, and &'( is the resulting rSNR matrix of a particular slice. Therefore, 

for a coil containing 16 channels (N=16) the resulting matrix &'( would be a 

combination of all 16 coils and would be the same size as an individual channel matrix. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

 

 

 

 

CHAPTER 3 

 

COIL DEVELOPMENT 

 

 Development of the 16-channel RF coil and comparison with the standard RF coil 

used for imaging the carotid arteries. 

 

3.1 Current four-channel standard 

 Currently the standard for quality MR imaging of the carotid artery is a four-

channel bilateral coil. This coil provides many advantages over other commercial coil 

designs. The greatest improvement over other coils is the increased SNR [6]. With this 

four-channel coil, the relative SNR was significantly increased at the carotid bifurcation. 

One limitation of this coil is that it provides coverage only over a small extent of the 

anatomy of interest, resulting in a smaller field of view (FOV). It happens regularly that 

when a patient is scanned for the purpose of imaging their bifurcation, the bifurcation is 

not located in the FOV of the coil. In this case the coil needs to be repositioned relative to 

the patient, which can lead to an increase in the time and cost of the scan. Also, due to the 

great variety in the anatomy of each individual neck, sometimes there is significant 

separation between the coil and the patient, which leads to a reduction in SNR. Overall 

this particular coil design has greatly improved carotid imaging, but we will seek to 
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further improve the design with the modifications presented in this thesis. These 

improvements will be quantified by measuring results obtained with different coils. 

  

3.2 Six- and eight-channel carotid coils 

 A six-channel coil designed to image the carotid bifurcation was presented at the 

ISMRM conference in 2004 [7]. This coil consists of two sets of three circular loop 

elements symmetrically overlapped. This paper unfortunately did not make a direct 

comparison to any of the carotid coils that were available for my work. However, the coil 

showed a 73% improvement in SNR over a commercially available neck coil at a depth 

of three and a half centimeters. Due to the limited number of coil elements, this coil is 

also inherently limited in its potential for parallel imaging. 

 To date the carotid coil with the most channels, other than the one described in 

my work, is an eight-channel coil available from the Hayes research group at the 

University of Washington [8,9]. Their design addresses the issue of limited anatomical 

coverage of the four-channel coil. The modification to this design was to double the size 

of the coil by adding an additional pair of bilateral coils to each side of the neck, resulting 

in a coil configuration consisting of eight channels in total. Each set of four elements 

consists of a set of two elements overlapped left to right that are then overlapped by an 

identical second set in the superior/inferior direction. This design was published in the 

fall of 2009, and an interesting note is that this same design was independently 

considered for the purposes of this project prior to the publication of that work. The 

publication of the eight-channel coil shows a significant improvement in SNR at the 

carotid bifurcation compared to the previously mentioned four-channel coil. A 90% 
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improvement was measured at a depth of five centimeters with a 70% improvement at a 

depth of three and a half centimeters. While these findings are significant, the greatest 

improvements come at depths deeper than the average bifurcation (3 1/2 cm). Also, this 

design does not conform well to the anatomy being imaged. For example, a person with a 

short neck would not fit comfortably in this coil. It is anticipated that by adding even 

more channels, the parallel imaging performance could be improved. 

 

3.3 Improvements to existing designs 

 At the outset of this work an eight-channel design, similar to that described above 

[9], was considered. Simulations were done to show the expected sensitivity profile for 

loops overlapped in the z direction, or along the length of the magnetic bore, which is the 

direction of the magnetic field. These simulations determined the overlap distance needed 

for the compensating overlap, which would improve the coil sensitivity profile in the z 

direction (see Figure 3.1). One problem with this simulation was that only one point of 

each loop was considered, so the resulting calculations were simplified but in a 

rectangular loop model this produces a good approximation [14]. A model was built and 

empirically tested for two overlapped coil elements. During this process the circular loop 

design was also considered. It was determined that it would be more feasible to better fit 

the anatomy of interest closely by using smaller diameter circular loops rather than 

implementing the rectangular loop design. The reduced loop size would also allow more 

elements to be placed near the anatomy of interest, and would therefore increase the 

parallel imaging capabilities of the coil [16]. Because of the movement associated with 

this region of the body (breathing, swallowing, and pulsatile blood flow), there is room  



 

Figure 3.1: Overlapping of rectangular loops with a compensating overlap.
A perfect overlap occurs when L=0.9*d and compensating occurs when L<0.9*d
 

for improvement in image quality. There would be clinical benefits if discrimination of 

small plaque morphology were possible with the highest SNR attainable. 

 The method actually implemented in this thesis is more similar to a design for a 

coil to image the optic nerve in the brain [10,

similar to that which will be described in the following section. However, smaller loop 

sizes were used because the carotid arteries are not as deep as the optic nerve [13]. Thi

design method was used for optic nerve imaging partly because it provides high SNR 

over a wide range of depths. This is possible because the smaller loop elements receive 

data that can be combined in such a way that the loops synthesize a larger loop in 

depth of penetration of the coil sensitivity profile, but the higher SNR of smaller loop 

elements is still maintained [15]. Due to the large variations from patient to patient in the 

location of the carotid bifurcation, the desired outcomes of this the

specialized coil that could obtain high SNR over a large volume.

 

Overlapping of rectangular loops with a compensating overlap.
A perfect overlap occurs when L=0.9*d and compensating occurs when L<0.9*d

for improvement in image quality. There would be clinical benefits if discrimination of 

small plaque morphology were possible with the highest SNR attainable.  

The method actually implemented in this thesis is more similar to a design for a 

he optic nerve in the brain [10,11]. This design used a cluster array pattern 

similar to that which will be described in the following section. However, smaller loop 

sizes were used because the carotid arteries are not as deep as the optic nerve [13]. Thi

design method was used for optic nerve imaging partly because it provides high SNR 

over a wide range of depths. This is possible because the smaller loop elements receive 

data that can be combined in such a way that the loops synthesize a larger loop in 

depth of penetration of the coil sensitivity profile, but the higher SNR of smaller loop 

elements is still maintained [15]. Due to the large variations from patient to patient in the 

location of the carotid bifurcation, the desired outcomes of this thesis work needed a 

specialized coil that could obtain high SNR over a large volume. 
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Overlapping of rectangular loops with a compensating overlap.   
A perfect overlap occurs when L=0.9*d and compensating occurs when L<0.9*d 

for improvement in image quality. There would be clinical benefits if discrimination of 

The method actually implemented in this thesis is more similar to a design for a 

11]. This design used a cluster array pattern 

similar to that which will be described in the following section. However, smaller loop 

sizes were used because the carotid arteries are not as deep as the optic nerve [13]. This 

design method was used for optic nerve imaging partly because it provides high SNR 

over a wide range of depths. This is possible because the smaller loop elements receive 

data that can be combined in such a way that the loops synthesize a larger loop in the 

depth of penetration of the coil sensitivity profile, but the higher SNR of smaller loop 

elements is still maintained [15]. Due to the large variations from patient to patient in the 

sis work needed a 
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 Also, it was important to build a former for a coil that would fit most people being 

scanned for carotid disease. A volunteer was found whose expressed physical 

characteristics matched those of a "typical" carotid patient, and who could be modeled for 

a former size as well as a phantom design. The phantom needed to represent the human 

anatomy more accurately than a simple cylindrical phantom. A head-neck-shoulders 

phantom was built and filled with a homogenous copper sulfate solution [4]. 

 In trying to find a way to precisely show the advantages of the new 16-channel 

carotid coil over the four-channel coil it was decided to compare the SNR along the 

length of the carotid vessel. This means the SNR would be recorded starting at the circle 

of Willis in the brain and then at 5 millimeter increments along the internal carotid artery 

down through the common carotid until it reaches the aortic arch. Assuming, for the 

phantom comparisons, that the internal carotid artery is contained in a single sagittal 

plane; results of testing and comparison have shown significant improvements in the 16-

channel carotid coil over the four-channel coil. For example, the 16-channel coil provides 

an average improvement in SNR in the phantom of 128%, 87% and 71% along sagittal 

planes that represent an artery that varies in depth from 3-6.2 cm, 4-7.5 cm or 5-8.3 cm, 

respectively. When comparing the two SNR profiles by their full width at half max, the 

16-channel coil has a range of 10 cm while the four-channel coil is limited to 8 cm. Also, 

when compared to the peak SNR of the four-channel coil, the 16-channel coil maintains 

or improves this four-channel peak value over a distance of 10 centimeters. 

 In summary the new 16-channel coil design will improve patient care by 

providing healthcare professionals with higher quality images over a larger superior to 

inferior extent of the carotid artery. This also includes the ability to image more quickly, 
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which reduces the effects of patient motion on the images. Because of the great 

variability in carotid artery disease, it is important that signs of disease can be recognized 

early. This can be done more easily with higher quality images, especially if these higher 

quality images are available for larger volumes. 

 The International Society for Magnetic Resonance in Medicine is the most 

recognized society that is directly related to this research. The opportunity to present 

research at one of their international conferences is a privilege. The requirement for 

proposal submission to the ISMRM annual conference held in Stockholm, Sweden in 

May of 2010 was a one page abstract. I wrote and submitted an abstract, which was 

accepted for the presentation of an electronic poster [12], and I also received an 

Educational Stipend from the society, which waived my registration fees. This stipend 

was offered to a limited number of students. I was able to attend the conference and 

present my research. My presentation primarily dealt with the comparisons that were 

made between the four-channel bilateral phased array carotid coil and my 16-channel 

bilateral phased array carotid coil. The opportunity was very rewarding and very 

educational. A paper more fully describing the information presented at this conference is 

being prepared that will be submitted to a major MRI journal. The paper will show the 

comparisons between the two coils as well as some data showing the improvements in 

parallel imaging. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

 

INCREASED VESSEL DEPICTION OF THE CAROTID BIFURCATION  

WITH A SPECIALIZED 16-CHANNEL PHASED ARRAY  

COIL AT 3T 
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Abstract 
The purpose of this work was to design and construct a multi-channel receive-
only RF coil for 3 Tesla magnetic resonance imaging of the human carotid artery 
and bifurcation with optimized signal to noise ratio in the carotid vessels along 
the full extent of the neck. A neck phantom designed to match the anatomy of a 
subject with a thick short neck, representing a body habitus often seen in 
subjects with carotid arterial disease, was constructed. Sixteen circular coil 
elements were arranged on a semi-rigid fiberglass former that closely fit the 
shape of the phantom, resulting in a 16-channel bilateral phased array coil. 
Comparisons were made between this coil and a typical 4-channel carotid coil in 
a study of 10 carotid vessels in 5 healthy volunteers. The 16-channel carotid coil 
showed a 70%averageimprovement in signal to noise ratio (SNR) at the carotid 
bifurcation. This coil also maintained an SNR greater than the peak SNR of the 
4-channel coil over a vessel length of 10 cm. The resulting increase in SNR 
improved vessel depiction of the carotid arteries over an extended field of view, 
and demonstrated better image quality for higher parallel imaging reduction 
factors compared to the 4-channel coil. 
Introduction 
 Disease in the cervical carotid artery is a major cause of stroke and 
subsequent disability and mortality. With an annual estimate of more than 
100,000 deaths per year, stroke is the third leading cause of death in the United 
States [1]. Cardiovascular magnetic resonance imaging (MRI) is a safe and 
noninvasive method that adds crucial information to that obtained by 
conventional Doppler ultrasound. Adding to this information is a significant 
amount of published literature of various MRI techniques used to accurately 
identify the vessel wall and characterize constituents of plaque [2-
6].Unfortunately, in clinical practice, the diagnostic utility of MRI as applied to the 
examination of atherosclerotic disease is reduced because of artifacts, 
inadequate tissue contrast, reduced signal to noise ratio (SNR), and patient-
dependent factors such as body habitus or inability to remain motionless for the 
length of the scan [7]. Due to the very small (0.1 to 0.5mm) size of some 
important details in carotid plaques, the images should be acquired with high 
spatial resolution [8]. Unfortunately, there is a difficult trade-off between voxel 

                                                 
1 This manuscript has been submitted to The Journal of Magnetic Resonance in Medicine 
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size and image SNR. Imaging with small voxels (high spatial resolution) can 
require longer scan times in order to maintain adequate image SNR. The new 
generation of MRI scanners operating at a magnetic field strength of 3T has 
demonstrated a number of advantages for carotid plaque imaging including an 
increase in available SNR. This corresponds to improved spatial resolution, and 
reduced scan time [9]. 
 In order to more fully utilize the available SNR, it is essential that the coil 
array be designed to cover the region where arterial disease is most likely to 
occur. It has been reported that vessel geometry and hemodynamic forces are 
major factors contributing to the development of vascular pathology including 
plaque deposition [10,11].In regions of low wall shear stress due to blood 
recirculation and stasis, there is an increased chance of atheroma deposition [6-
8]. Such regions are found around vessel bifurcations, where the blood flow is 
disturbed [5]. However, the location of atherosclerotic plaques in the carotid 
arteries are not limited to the bifurcation, but can also be found several 
centimeters in either the superior or inferior direction [6,12]. Also, the relative 
location and geometry of the bifurcation of the common carotid artery to the 
internal and external carotid arteries varies from patient to patient and can vary in 
the same patient bilaterally. The distinct inter- and intra-patient variations in 
vasculature result in an extended region of interest with the location of the 
bifurcation ranging from the lower ear to just above the clavicle at an average 
depth of 2-5 cm.  
 A significant increase in SNR can allow for shorter scan times, which 
could potentially reduce artifacts from vessel motion caused by respiration, 
swallowing and pulsatile blood flow. Recently, parallel imaging techniques have 
been used for a study of carotid atherosclerosis imaging using a specialized 4-
channel carotid coil and the GRAPPA parallel imaging acquisition and 
reconstruction technique [13]. There are several techniques that have been 
developed to accelerate signal acquisition and reduce scan time [14,15]. Parallel 
imaging techniques rely on the RF coil sensitivity profiles of an array of coil 
elements to reconstruct images from under-sampled measurement data. Under-
sampled data is faster to obtain, but has lower intrinsic SNR due to fewer 
samples included in a given image.  Parallel imaging does not recover SNR, but 
does utilize coil sensitivity to make up for missing k-space measurements. 
Parallel imaging combines the signals of several coil elements in a phased array 
in order to reconstruct the image. An objective of parallel imaging is to accelerate 
image acquisition speed and reduce scan time. Although implementing parallel 
imaging techniques in carotid MRI may improve the overall imaging quality by 
reducing artifacts, parallel imaging does reduce the available image SNR. 
Unfortunately, parallel imaging of the carotid bifurcation is a method for which no 
carotid coil has yet been optimized due to the limited number of coil elements in 
the available four, six and eight channel carotid coils. Parallel imaging 
performance can be determined by the available SNR of the coil array, the 
number of coil elements used, and their relative geometric positions [15,23-24]. 
 To improve image quality in high-resolution MRI using parallel imaging, it 
is crucial to increase the available SNR. Due to the variation in the bifurcation 
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position relative to the specific patient anatomy, it is also important that the area 
of coil coverage is large enough to include the region most likely to contain the 
bifurcation. A carotid coil whose sensitive region will cover most positions of the 
carotid bifurcation will extend from near the aortic arch to the level of the ear in 
the S/I direction. A phased array coil with an extended sensitivity region that will 
also result in higher SNR over this volume being imaged is fundamental to 
improving image quality of the carotid arteries.  
 Increased coverage is necessary, not only because of the variation in 
position of the carotid bifurcation between patients, but also due to the variation 
in disease location relative to the bifurcation. It is possible to trade high SNR for 
acceptable SNR with either parallel imaging or high resolution. High spatial 
resolution, for disambiguation of plaque components, is key in early detection of 
potential stroke patients. Therefore, an increase in image SNR along the full 
extent of the carotid vessels will provide significant benefit by improving quality, 
reducing scan time or increasing resolution. There is also the possibility of 
moderate improvement in high definition images while increasing the speed of 
image acquisition with parallel imaging. 
 There are limitations in the coils that are currently used for carotid MRI. 
Neurovascular coils that are designed with a small number of large elements can 
provide coverage along the entire length of the carotid artery but achieve limited 
SNR [9].  As explained by Wright et al.[16], increasing the number of receiver 
elements surrounding the volume can yield increased SNR near the coil 
elements as long as the coil elements remain sample noise dominated as 
opposed to coil noise dominated [20]. The increased number of elements 
maintains coil sensitivity at greater depths [16]. A4-channel(bilateral 2-element 
arrays) [9,17] phased array (PA) surface coil [21] achieves the highest SNR 
directly beneath the coil elements.This 4-channel coil has been used in 
numerous studies at our institution and for several years has been considered 
the current standard [9]; however, the design is one that has a limited FOV and 
can require repositioning of the coil, relative to the patient, in order to center the 
coil over the location of the carotid disease. Modifications to this design have 
been made in order to optimize and extend the FOV [9,18]. These modifications, 
while increasing the coverage of the coil, may still require repositioning of the coil 
relative to the patient [9]. A recently developed 8-channel carotid coil has been 
shown to significantly increase rSNR at the bifurcation (70%) as well as increase 
the FOV of the coil, when compared to the standard 4-channel coil. However, the 
increase in S/I FOV coverage for a constant rSNR value through a phantom 
image is limited to 6 cm [19]. 
 The goal of this work was to develop a specialized receive only phased 
array (PA) carotid coil that would improve the SNR and extend the region of coil 
sensitivity, particularly in the S/I direction. In addition, it was desired to increase 
the parallel imaging performance with the use of an increased number of coil 
elements. The result was a custom coil composed of 16 circular loop elements 
placed on a close fitting fiberglass former (16ch). This work presentsdetails on 
the phantom and coil design and construction, as well as the comparison results 
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between imaging performance characteristics of the 16ch and standard 4-
channel (4ch) recieve only RF carotid coils (see fig. 2). 
Methods 
 In this work, carotid coil comparisons were made using both studies from 
a homogenous phantom as well as in-vivo human carotid studies. All studies 
were performed using a Siemens 3T TIM Trio MRI scanner (Siemens Medical 
Solutions, Erlangen, Germany). IRB approval was obtained for all studies 
described in this work and patients gave their informed consent.  
Phantom Construction 
 In conjunction with the 16ch carotid coil, a custom fiberglass phantom was 
constructed to represent the head, neck and shoulder of the human anatomy. 
The phantom, modeled after a volunteer whose expressed physical 
characteristics were similar to those of many of the patients with carotid arterial 
disease imaged at our institution, was constructed of fiberglass thick enough to 
be rigid. In addition to providing a homogenous volume through the sensitive 
region of the 16ch coil, the phantom also offered a more accurate load for the coil 
elements than would have been achievable with a simple cylindrical phantom. 
The phantom was filled with a homogenous aqueous copper sulfate solution 
containing 1.955g CuSO4 5H2O per liter of water. Salt was then added to the 
solution to empirically adjust the conductivity and achieve comparable coil 
loading to that of a human subject. 
Coil Construction 

In order to achieve the goals of this work, and create a close fitting 
ergonomic coil former, it was decided to use circular loop elements for the 16ch 
coil. On average, the expected imaging depth for the carotid bifurcation is 2-5 cm 
with an average depth of approximately 3 cm [9]. At 3T, considering proton 
imaging, a design consisting of multiple loops with a diameter of 4.5 cm [20] was 
used to improve the SNR at shallow depths, due to the small size of the 
individual elements. Improvements in SNR at greater depths (>3 cm) were 
expected due to the synthesis of the smaller loops to form larger loops as a result 
of multi-channel reconstruction algorithms. The schematic for individual coil 
circuitry is summarized in Figure 3. 

The coil former was designed to cover the neck from the lower ear to just 
above the clavicle. This allowed coil element placement that could provide high 
signal sensitivity over the majority of potential carotid bifurcation positions. This 
former was made of fiberglass with a thickness that resulted in a semi-rigid 
structure. Eight coil elements were placed on each side of the neck and were 
arranged in geometric pattern, resulting in reduced coupling of adjacent coils [21-
22], on each side of the former for a total of sixteen elements. Each element was 
made from 18-gauge wire with 4 equally spaced capacitors (see Figure 3). Each 
coil element was connected to its own pre-amplifier by a 24 cm coaxial cable in 
series with a phase shifter network and a cable trap that was used to reduce 
common mode currents and unwanted coupling between individual coil cables. 
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Coil Comparisons 
 All carotid coil comparisons were made between the new 16ch carotid coil 
and a slightly modified version of a widely used 4-channel receive PA coil design 
published by Hayes et al. [17]. The 4-channel coil comprised of two bilateral 
paddles, each consisting of two overlapped rectangular loops (e.g. 4.5x4.5 cm) 
[21]. The modifications to the Hayes 4-channel coil were slightly elongated loops 
in the S/I direction (7x4.5 cm) in order to increase the coil coverage along the 
length of the vessels. Figure 2b displays the modified 4-channelcoil (4ch) used in 
this study.  
 Coil comparisons consisted of phantom studies to assess relative SNR 
(rSNR), where the term 'relative' is used to make reference to the assumption 
that all other factors, besides variations in the coils themselves, are held constant 
and that it is the magnitude of received SNR that is compared. Human studies 
were used to assess how the coils affected clinical images by evaluating arterial 
rSNR profiles and parallel imaging performance. 
Phantom Studies 
 An rSNR comparison of the 16ch and 4ch coils was performed using the 
custom phantom. The results of this study, produced rSNR images [15] whose 
SNR levels could then be compared at specific depths. Depth and length 
measurements were taken from the positions of 12 carotid bifurcations from 
existing de-identified patient data in order to make reasonable depth and position 
rSNR comparisons in the phantom. The resulting average depth was used (4.2 
cm), along with two other depths that more closely characterized the extremes 
(3cm and 5cm). Axial, coronal and sagittal slices were selected from stacks of 2D 
phantom images that most closely corresponded to these measurements (see 
Fig. 4a). The corresponding phantom measurements were centered at the most 
narrow portion of the phantom neck which was estimated to be the most common 
position of the carotid bifurcation in the S/I direction. Also, the carotid arteries 
were assumed to be contained in a single sagittal plane, such that the reported 
depth is the separation between the coil and the carotid bifurcation at its most 
shallow depth (see Fig. 4a). Because the depth of the carotid artery in a human 
neck varies significantly along the length of the neck [9], the corresponding 
assumption of the artery being contained in a single sagittal plane resulted in a 
depth ranging from 4.2 cm to 7.5 cm along an S/I length of 10 cm (see Fig. 4a).  
 The data acquired from the phantom studies provided a homogenous 
comparison between coil sensitivity profiles. Because the phantom was modeled 
after a human, measuring a constant distance from the contour of the phantom 
did not provide useful information. However, by assuming the arteries to be 
contained in a single plane it was possible to make comparisons in three different 
planes with varying depths. The depths chosen for assumed bifurcation depth 
were 3, 4.2 and 5 cm. The phantom studies also provided the data needed to 
determine and analyze the parallel imaging capabilities of the two coils [24].  
Human in-vivo Studies 
 For the in vivo carotid artery rSNR profile comparisons, 5 healthy 
volunteers with varying neck sizes and bifurcation positions were included. In 
order to compare coil rSNR profiles of the 16ch and 4ch coils along the axis of 
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the carotid vessels over the full extent of the neck, a 2D TOF sequence was used 
with the following parameters: 60 slices, TE/TR = 5.5ms/27ms, FOV = 30x30cm2, 
Matrix = 512x512, FlipAngle = 50o, and slice thickness = 5mm. Imaging studies 
for each volunteer were performed on the same day using both the 16ch and4ch 
coils. The rSNR from 10 carotid arteries was compared over a volume with an S/I 
length of 30 cm. 
 These data were used to calculate the rSNR for each individual channel 
by dividing the signal intensity of the image by the standard deviation of the noise 
in the image background (air region with no signal or artifact) throughout the 
volume. The different channels were then combined using the square root of the 
sum of squares algorithm [21]. For each reconstructed image slice, ROI's were 
drawn around the internal carotid, bifurcation, or common carotid artery and the 
signal intensities for all voxels within 60% of the peak value inside the lumen 
were averaged. The average axial vesselrSNR values obtained at each 5mm 
increment along the artery were plotted for both coils. The data provided axial 
rSNR values from the circle of Willis along the internal carotid artery, through the 
bifurcation and along the common carotid artery to the aortic arch. Each 
individual rSNR profile was spatially aligned so that the bifurcation of each profile 
was centered at 0 cm. Also, the standard deviation of the group was shown by 
adding error bars to the averaged data. 
 For comparisons of image quality using parallel imaging techniques with 
both the 16ch and 4ch coils, a 2D TSE sequence was used to produce a volume 
of 2D T2w images using GRAPPA [23] with a reduction factor of 2(R=2). The 
sequence parameters were as follows:  24 axial slices, TE/TR = 64ms/3500ms, 
ETL = 11, FOV=13x13 cm2, matrix = 256x256, slice thickness=2mm,withfour 
averages. To compare the quality of high-resolution images, a 3D T1w TSE 
sequence was used with 32 slices, TE/TR=23ms/700ms, ETL=37, 
EchoSpacing=5.2ms, FOV=14x14 cm2, matrix = 640x640, slice thickness =1.0 
mm, and voxel size=0.22x0.22x1.0 mm3.The same imaging parameters were 
used for scans performed with the 4ch and the 16ch coils. As a reference, one of 
the volunteers was also scanned, with the same acquisition protocols, using the 
body matrix coil and then again using the Siemens 19-channel head/neck matrix 
used for cervical artery and head imaging (this 19-channel array is commonly 
used for clinical imaging of stroke patients). 
Results 
Phantom Studies 
 Figure 4 displays rSNR images acquired from a homogenous solution, to 
show the loss in signal with increasing depth or distance from the coil. These 
phantom studies demonstrated a significant increase in rSNR, from the 16ch 
over the 4ch, at depths close to the coil surface. The percent improvement, 16ch 
rSNR divided by the 4ch rSNR, decreased with increasing depth. The average 
rSNR improvement from the 16ch coil over a distance of 10cm in the deep 
carotid plane, depths ranging from 5 to 8.3 cm, of a single sagittal slice was more 
than a 70% increase over the 4ch rSNR. The average rSNR improvement over a 
distance of 10 cm in the shallow carotid plane, depths from 3 to 6.2 cm, resulted 
in more than 125% improvement of the 16ch over the 4ch.The plots in Figure 5 
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contain rSNR data from both a transverse and longitudinal cross section of the 
coronal image from figure 4. These plots show there is a significant improvement 
in the rSNR profile in the S/I direction and with increasing depth. For example, 
relative to the peak rSNR of the 4ch the 16ch coil maintained or increased the 
rSNR over a simulated vessel length of 10 cm.  

There were also improvements in the parallel imaging capabilities as 
shown by the 1/g factor maps (see fig. 4b ). The relationship between SNR 
(rSNR) and the g factor is shown by the following equation  

SNR@A �
SNRBCDD

g√R
 

where SNRfull is the result of using all k-space data and SNRPI is the magnitude 
of rSNR acquired by sub-sampling k-space by implementing parallel imaging and 
R is the reduction factor [17]. A plot of one over the g factor demonstrates the 
losses that occur by implementing parallel imaging in a given direction. While 
these maps show that it is theoretically possible to have a reduction factor equal 
to four (R = 4) for the 4ch coil, this can result in an additional loss in rSNR of 
nearly 50% (1/g < 0.5) [17]. 
In-vivo Human 
 Figure 6 compares the axial vessel rSNR along the axis of the carotid 
vessels, from the Circle of Willis to the aortic arch, between the 4ch and 16ch 
coils. The mean rSNR profile for each coil is shown with the associated standard 
deviation error bars. Note that while the lower limit of the standard deviation of 
the received rSNR from the 16ch coil extends below the upper limit of the 
standard deviation of the rSNR of the 4ch coil, the 4ch never outperformed the 
16ch coil in any given study. The lower rSNR limits for both coils were obtained 
when imaging a subject with deeper arteries and the upper rSNR limits were 
obtained while imaging shallow arteries. The trends observed in the phantom 
rSNR studies were also observed in the human studies.  
 Also plotted in Figure 6 are the rSNR measurements obtained using the 
19-channel head/neck imaging matrix coil. There was an increase in rSNR at the 
bifurcation for an appropriately positioned 4ch custom coil, which confirms 
previous literature [9-11]. However, when comparing the coverage of the 4ch and 
19-channel array, the 19-channel provides more consistent rSNR over the full 
length of the carotid vessels, from the Circle of Willis to the aortic arch. In 
contrast, the 16ch coil provided comparable coverage to the 19-channel coil 
while significantly improving the rSNR in the region of the bifurcation.  
 There were also improvements in parallel imaging with the 16ch compared 
to the 4ch coil. Figure 7 displays the 2D T2w images of a subject who had visible 
disease. These images were acquired with the 4ch and 16ch coils while using a 
parallel imaging reduction factor of two (R=2). For R=2 the 4ch introduces a 
noticeable reduction in image quality. Images from the 16ch at the same 
reduction factor show that near the center of the image, where the improvements 
in rSNR were not as significant, there is minimal loss in image quality. However, 
inspection of the images in the regions closer to the skin surface, near the 
bifurcation, shows a noticeable improvement in image quality, both in rSNR and 
contrast, over the images acquired using the 4ch coil. The improved 16ch image 
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quality results in increased definition of the vessel wall and various plaque 
components compared to the 4ch images. Figure 8 shows clinical images using 
the 16ch coil with different reduction factors (R=1,2 and 4) compared the 4ch coil 
with R=2. 
 The increase in rSNR of the 16ch coil can also be used to obtain 
increased image resolution while maintaining and possibly improving image 
quality. Figure 9 displays 3D high resolution T1w images acquired using the 16ch 
and 4ch coils. Inspection of these images shows that in 3D high resolution 
(0.22x0.22 mm2 in plane resolution) imaging the overall image quality, including 
reduced background noise and increased image clarity, is improved with the 
16ch coil based upon visual inspection. 
Discussion 
 The design of the 16ch coil greatly increased the received rSNR over the 
4ch coil along the entire length of the carotid vessel. From the comparison at the 
bifurcation, where there is often significant signal loss due to disordered, non-
repetitive blood flow, there is an average improvement of 70% in rSNR using the 
16ch coil. The analysis of the data acquired using a phantom shows that the 
16ch provides an appreciable gain in rSNR with increasing depth compared to 
the 4ch coil. The increase in rSNR is evident along the entire length of the carotid 
artery. On average, nearly twice (1.98) the available SNR was received over a 
range of eight centimeters centered at the carotid bifurcation. The improvement 
in rSNR received by the 16ch over the peak rSNR of the 4ch extends for 10 cm 
along the length of the vessel. This demonstrates that the 16ch has a much 
greater likelihood of being sensitive to the region containing the carotid 
bifurcation, reducing the need for coil repositioning that is often required when 
using the 4ch coil. 
 This increase in rSNR allows for improved parallel imaging performance 
and potential reduction of motion artifacts [25], as well as high definition imaging 
with improved vessel definition. If the reduced scan time achieved using the 16ch 
coil with parallel imaging can consistently produce images comparable to those 
acquired with the 4ch coil during a full-length sequence, clinical throughput could 
be greatly improved. Future work will investigate the clinical tradeoffs between 
increased rSNR and image acquisition speed as well as other benefits of using 
parallel imaging as part of carotid vessel imaging protocols. The high definition 
images (see fig. 8) may allow for a more in depth study of plaque composition. 
Also, the improvement in 16ch rSNR may also be advantageous in new methods 
of motion correction such as in the work done by Mendes et al. [25] for reasons 
similar to those of improvements with parallel imaging. Studies are currently 
being performed to determine the clinical significance of these applications. 
 The scanner used for these studies is equipped with a total of 32 
channels. The additional channels available on the Trio scanner might also be 
used in combination with the 16ch coil in order to provide a more complete 
imaging region including the entire carotid artery from the Circle of Willis to the 
aortic arch possibly including coverage of the head. Currently there is a 
head/neck support available which contains 4 additional coil elements that has 
been used in combination with the 16ch coil. These additional elements provide 
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improved image quality over the region of the neck and in particular the cervical 
spine. However, the clinical benefit of these elements for carotid imaging is yet to 
be determined. 
 Even though the 16ch coil former was not optimized for all patient neck 
sizes or for all anatomical locations of the bifurcation, the coil performed well for 
the wide variety of patient anatomy involved in this study. In order to 
accommodate a larger percentage of possible patients, more than one former 
size may be needed. Other options include the division of the coil former into two 
sections. This would allow a single coil to be used for a wider range of neck 
sizes.  
 A benefit of the 4ch coil is that it has the flexibility to be placed virtually 
anywhere, regardless of patient anatomy. For the cases of unusual bifurcation 
position, the 16ch coil is limited in that the semi-rigid former may not allow the 
coil elements to be placed in a specific location. In these instances, the 4ch coil 
might outperform the 16ch coil in rSNR. Also, this study focused on centering the 
4ch coil over the carotid bifurcation, if a diseased area were located somewhere 
away from the bifurcation, it may be possible that the 4ch coil would provide a 
more apt solution. However, if the 16ch coil former were to be divided into two 
sections to fit a wider variety of patient body habitus the flexibility in 16ch 
positioning would be improved. Another limitation of the current 16ch design is 
the cumbersome pre-amp housing and assembly that is in close proximity to the 
head of the patient. Future work will include the design of a more ergonomic and 
patient friendly design allowing for the close proximity of the pre-amps, circuit 
boards and associated RF circuitry. 
Conclusion 
A specialized 16ch PA coil for imaging the carotid bifurcation was designed to 
increase coil rSNR and to extend vessel coverage of the carotid artery as 
compared to an in-house 4ch PA carotid coil. The 16ch coil significantly 
surpassed the 4ch coil in both coil coverage and rSNR. The 16ch coil showed an 
average improvement of more than 70% in rSNR at the bifurcation while the 
average improvement ±4 cm distance from the carotid bifurcation was greater 
than 100% improvement over the 4ch coil. The 16chcoil maintained an rSNR 
improvement over the 4ch along the entire length of the carotid artery from the 
Circle of Willis to the aortic arch, when the bifurcation was located near the 
center of the neck, and demonstrated substantial improvements in parallel and 
high resolution imaging when compared with the 4ch coil. 
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Figure 3. Schematic of the circuitry used for each individual coil element. This 
shows the match circuit as well as the passive and active decoupling and the 
pre-amp connection. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Placement of carotid coils used at our institution. a)16ch carotid coil on 
semi-rigid coil former assures a tight fitting coil and b) 4ch coil with flexible two 
paddle design. 
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16channel

4 channel

Figure 4.
maps. a)
images of a phantom filled with a 
homogenous copper sulfate solution. Slices 
correspond to the average measured depth 
and superior/inferior position of the carotid 
bifurcation in human scans used in this study. 
b) 1/g fact
potential improvements in parallel imaging of 
16ch over 4ch.

 

16channel 

4 channel 

Figure 4. Phantom images and 1/g factor 
a) Coronal, Axial and Sagittal rSNR 

images of a phantom filled with a 
homogenous copper sulfate solution. Slices 
correspond to the average measured depth 
and superior/inferior position of the carotid 
bifurcation in human scans used in this study. 

1/g factor maps (A/P) used to predict 
potential improvements in parallel imaging of 
16ch over 4ch. 

a

b

34 

 



35 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Distance in axial plane (cm) 

Distance in sagittal plane (cm) 

 
a 
 
 
  
 
 
b 
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Figure 5. Line profile plots from phantom rSNR images. a) Transverse rSNR 
line profile of coronal slice at a depth (front/back) equal to the measured 
average of the carotid bifurcation. b) Sagittal rSNR line profile at depth 
(left/right) equal to the average measured depth of bifurcation.  
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Figure 6. Profile plot of vessel axial rSNR traced from the circle of Willis to 
the aortic arch. Peak 4ch rSNR was normalized to 100 in order to simply 
show percent improvement of 16ch rSNR. Error bars show the standard 
deviation of rSNR for the group at each slice. Patient data were aligned and 
centered by the location of their bifurcation.  
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a        b 

Figure 7. Clinical image demonstrating appearance of disease with different 
carotid coils using parallel imaging. Images were acquired with a 2D 
GRAPPA(R=2) T2 weighted TSE sequence. a) Image series showing 
comparison of 4ch and 16ch coils with a patient who has noticeable arterial 
disease. b)Enlarged images of the same series showing improvement in 
image clarity.  
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Figure 9. High resolution images (0.22x0.22 mm2) 
comparing the a) 16ch and b) 4ch coils. The 
images show the improvement in definition with 
the 16ch as well as less artifact in both the internal 
and external carotid arteries. 

Figure 8. Clinical images further demonstrating improvements in parallel 
imaging. Images were acquired with a 2D GRAPPA (R=2) T2 weighted 
TSE sequence. The difference in image quality with the 16ch coil, using 
different reduction factors, compared to a R=2 using the 4ch coil is 
noticeable. 



 

 

 

 

 

 

CHAPTER 5 

 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

 

5.1 Summary 

MRI is a robust and powerful imaging modality that is non-invasive and does not 

use ionizing radiation. It has become an indispensible clinical tool. In order to fully 

utilize this tool it is essential to investigate the improvements that can be made with the 

hardware used in conjunction with the MRI scanner. A common thought to improve MRI 

image quality is to increase the strength of the magnetic field. This is expensive and not 

always a practical solution. Another way to improve the quality of the images is to 

improve the sensitivity of the coil used for imaging. An MRI coil is a specialized antenna 

array that is designed to function in the near field. There are a wide variety of 

implementations for these coils and many different types of specialized coil. My thesis 

research studied different methods for design and construction of a receive-only coil 

designed specifically to image the carotid arteries. 

After considering several design options, including number and geometry of 

individual elements, a coil was designed and built for my undergraduate senior thesis 

work [2]. In continuation of this work, my thesis has been to improve this design by 

improving the sensitivity of this coil. This was done by replacing several of the elements 

and improving the overlap distance of adjacent coils in order to reduce magnetic 
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coupling. Once the coil was updated, studies were done to show the improvements in 

SNR and image quality between my carotid coil (16-channel), the current research 

standard carotid coil (four-channel), and a commercially available coil used for carotid 

imaging. 

The results of these studies showed an average improvement over the standard 

four-channel coil of 100% increase in SNR within 4 cm of the carotid bifurcation (a key 

anatomical marker to begin searching for signs of atherosclerotic plaques). Also, using 

parallel imaging techniques, my 16-channel carotid coil was able to acquire signals that 

produced images comparable to those from the four-channel coil, but in nearly half the 

time. Due to the increased coil sensitivity, advantages were also shown in high definition 

images. By selecting a smaller voxel (differentiated individual volumes of signal source) 

size the received signal was still strong enough to produce useful images. 

 

5.2 Conclusions 

The 16-channel RF coil was able to produce higher quality images and made it 

possible to reduce the scan time by nearly half or produce higher definition images while 

maintaining adequate SNR. This has shown that my thesis research is of potential clinical 

benefit as well. Also, this work provides more evidence to support the idea that by 

improving the coil sensitivity SNR can be increased without the drastic costs of 

increasing the strength of the magnetic field. With an SNR improvement of 100% near 

the bifurcation, and a significant improvement in vessel depiction along the full length of 

the carotid arteries, the 16-channel coil has surpassed the four-channel research standard 

carotid coil in performance. The four-channel coil is more diverse because it was 
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constructed as two bilateral paddles, each consisting of two channels. The four-channel 

coil has the ability to be placed virtually anywhere on the body. The 16-channel coil, 

designed specifically for the neck, is built on a semi-rigid fiberglass former that keeps 

each coil element in nearly the same position relative to each other. In most cases this 

maintains coil proximity to the patient, and may or may not play a role in improved 

parallel imaging capabilities. In the end the 16-channel coil preformed well with a variety 

of neck sizes and consistently maintained improved SNR over other specialized and 

commercially available coils. 

 

5.3 Future work 

This thesis has shown that while there are many benefits of a specialized carotid 

coil with greater sensitivity and improved parallel imaging capabilities there is more 

work that can be done. For example, although this coil improved the quality of images 

from parallel imaging techniques, the coil could be better optimized for parallel imaging 

of the carotid artery, which might be a very important tool clinically. Also, while the 

design of this coil has been robust enough to acquire high quality images from a wide 

variety of body types and sizes, it may be beneficial to have several coil sizes in order to 

provide a closer fitting coil for a broader patient population. The composition of the coil, 

necessary circuitry housing and cables of the current design is cumbersome and often 

requires two people to place the coil on the patient. It is expected that future work will 

also simplify this mechanical design so that a single person could more easily manage it. 
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