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     Clinical Magnetic Resonance Imaging is most widely known for anatomical images with 

good image resolution and superb soft-tissue contrast. However, changes tumor metabolism 

may precede changes in gross size of the tumor. Newer studies present the use of 13C in 

MR imaging to interrogate tumor metabolism. With this additional information, not only can 

the size and makeup of a tumor be obtained, but also information about its metabolic 

characteristics. An increase in glucose uptake and production of lactate in the presence of 

oxygen—aerobic glycolysis—identifies abnormal metabolism, and hence a potential 

increase in tumor aggressiveness. 

      Traditional 1H MRI of the prostate is carried out using a disposable endorectal coil.  

Reusable intracavitary instruments, such as 1H and 13C/1H rigid endorectal coils, are 

classified as ‘semi-critical devices’ and must be processed by high-level disinfection (HLD) 

between uses. Current methods of HLD are based on chemical immersion. Consequently, 

the number of clinics implementing this HLD process is highly dependent on availability to 

significant investment of infrastructure and specifically trained staff. If clinics could feasibly 

perform and document HLD processing without such high demands, adopting the standards 

required by the JCAHO for reusable endorectal coils would become more attainable. 

        The trophon® 2 system is an FDA approved device for carrying out HLD on reusable 

ultrasound probes. This device is small enough to sit on a tabletop and can also easily 
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document HLD processing. Although trophon® 2 has been cleared for use with ultrasound 

probes, it has not been cleared for MRI coils.  

        The purpose of this work was to assess the viability of using trophon® 2 for HLD of a 

rigid endorectal coil. We hypothesize that high level disinfection of rigid endorectal coils, by 

means of trophon® 2, allows for complete disinfection of the biological safety level 1 

organisms advised by United States Pharmacopeia and the National Formulary, and no 

degradation of the coil's signal to noise ratio performance. 
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Chapter 1 

Introduction 

1.1 Motivation 

        Within the last 40 years, the number of individuals in the United States diagnosed with 

prostate cancer per year has increased by greater than twenty percent, while the survival 

rate has increased by nearly thirty percent. These results correlate with the advancement in 

detection and therapy methods. However, the number of deaths from prostate are second 

only to lung cancer ('SEER*Explorer: An interactive website for SEER cancer statistics ').  

        Common forms of prostate cancer detection methods include digital rectal exams, 

testing prostate specific antigen levels, transrectal ultrasound imaging, positron emission 

tomography/computed tomography imaging studies, or magnetic resonance imaging (MRI) 

studies (Borley and Feneley 2009). Each of these techniques acquire information 

representative of a variety of the ways that cancer may present itself.  

        Prostate cancer treatment types vary by tumor type and include watchful waiting (WW), 

resection, radiation therapy, chemotherapy, hormone therapy, or a combination of these 

therapies (Denmeade and Isaacs 2002). 

        WW is an option for patients with either a short life-expectancy or small, non-

aggressive forms of prostate cancer. This type of treatment involves periodically assessing 

the tumor growth using an invasive tumor-sampling diagnostic procedure; if disease 

progression is observed, other forms of therapy are prescribed. WW is a viable option for 

these patients due to the adverse effects caused by the other, more invasive forms of 



2 
 

therapy; because most prostate tumors progress very slowly, the patients’ overall quality of 

life may better if the tumor is left untreated (Bill-Axelson et al. 2014).  

        Patients with large, aggressive tumors—or patients with non-aggressive tumors who 

opt out of WW—complete a full round of therapy before detection studies are acquired to 

determine treatment efficacy. Therefore, patients may undergo treatment for months without 

knowledge of changes due to progression or therapeutic response.  

        Magnetic resonance imaging (MRI) is a technique regularly employed for prostate 

tumor imaging. Differentiation between the signal and tumor is required for precise and 

accurate diagnosis. For the purpose of MR imaging of prostate tumors, an endorectal coil is 

used to increase the signal to noise ratio (SNR) and the contrast-to-noise ratio (CNR) 

between tumor and normal tissue. Current clinical endorectal coils are designed for 

hydrogen-based MR imaging and inflate once positioned near the prostate; inflation of the 

coil aids in reducing organ motion during image acquisition as well as an increased signal 

due to its close proximity to the prostate. Existing hygienic methods to prevent the spread of 

infection involve disposing of the endorectal coil after each use. This precaution is taken to 

ensure bacteria is not spread from one patient to another. Alternatively, rigid endorectal 

coils, currently for research purposes only, allow for an increase in SNR and less image 

distortion (Noworolski et al. 2008). However, disposal of this coil after each patient is not 

clinically or economically practical. 

        Recent advances in MRI involve the use of carbon-labelling to observe metabolic 

properties of tumors—based off the Warburg effect (Lunt and Vander Heiden 2011). 

Knowledge about metabolic properties of tissues aid in understanding disease status and 

progression (Kurhanewicz et al. 2019).  

        Current coils used in clinical MR imaging are tuned to the resonant frequency for 

hydrogen. To employ carbon-based MRI, a dual tuned coil is ideal; tuned for both hydrogen 
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and carbon. Dual tuned coils—like rigid, hydrogen tuned coils—are more complex and 

expensive to produce. Consequently one-time-use of these coils are not clinically practical.  

        The proposed method for disinfecting rigid endorectal coils is a lengthy process that 

requires specifically trained staff as well as a room dedication for the procedure. For clinical 

adoption of the rigid endorectal coils, an effective, efficient, and reproducible method for 

disinfection that does not compromise coil performance is required. 

1.2 Background 

1.2.1 MRI Basics 

         MRI is a commonly used method for anatomical imaging because it is a noninvasive 

procedure and offers excellent image resolution of soft tissues without the use of radiation. 

1.2.1.1 Basic Science 

        Nuclei for 1H and 13C have an angular momentum quantum number, or spin,  𝑠 =
1

2
. In 

the presence of a magnetic field oriented along the z-axis, the z-component of the nuclear 

spin angular momentum either align parallel (𝑚𝑠 = +
1

2
) or anti parallel (𝑚𝑠 = −

1

2
) to the 

external magnetic field, and the Zeeman energy difference between these states causes a 

shift in the distribution of spins and leads to bulk magnetization. The strength of this 

magnetization is proportional to the strength of the external magnetic field and inversely 

proportional to the temperature—which can be represented by the Boltzmann equation:  

𝑁−

𝑁+
= 𝑒−

𝐸
𝑘𝑇 (Eq. 1) 

Where 
𝑁−

𝑁+
 represents the number up spin-up over the number of spin-down particles, 𝐸 

represents the Zeeman energy difference, 𝑇 is the temperature in kelvin, and 𝑘 is the 

Boltzmann factor.  
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        Not only do the spins align with or against the external magnetic field lines, they also 

precess around the field lines at the Larmor frequency (𝜔0),  

               𝜔0 = 𝛾 ∗ 𝐵. (Eq. 2) 

The Larmor frequency is proportional to the 

magnetic field strength (𝐵) as well as the 

gyromagnetic ratio (𝛾) (Constantinides 2016). The 

gyromagnetic ratio values for 13C and 1H (Chen 

2020) are listed in Table 1. 

1.2.1.2 MRI Features 

        The four main features in an MRI are the main magnet, body transmit coil, receiver coil, 

and gradient coils.  

        Before a patient is placed within the MRI for imaging, their nuclear spins are oriented 

randomly, forming no net magnetization (Figure 1A). When a patient is within the bore of the 

MRI, a large, external, static magnetic field, 𝐵𝑜 ẑ causes the nuclear spins’ distribution to 

shift, producing a net magnetization along the z-axis, 𝑀𝑧 (Figure 1B). 

        The transmit body coil is within the bore of the magnet, surrounding the patient. The 

transmit coil produces a magnetic field (𝐵1) by emitting radio frequency (RF) pulses at 𝜔𝐿. 

This excites the spin system, which tips magnetization away from the 𝑧-axis, to the 

transverse (𝑥𝑦) plane. For example, a 90° flip angle converts the magnetization from 𝑀𝑧 to 

𝑀𝑥𝑦—magnetization only in the 𝑥𝑦-plane (Figure 1C).  

𝛾(1𝐻) 42.58
𝑀𝐻𝑧

𝑇
 

𝛾(13𝐶) 10.71
𝑀𝐻𝑧

𝑇
 

Table 1: Gyromagnetic Ratio of hydrogen-1 

and carbon-13 
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        After the body transmit coil excites by means of RF pulses, the system relaxes back to 

the lowest energy state—back along the 𝑧-axis, Mz (Figure 1D). A receive coil detects the 

precession of spins as they relax. Two time-constants (𝑇1 and 𝑇2) are used to characterize 

the relaxation of the spin system. 𝑇1, the spin-lattice relaxation time constant, is the time 

required for 63 percent of the initial magnetization (𝑀𝑜) to recover to the 𝑧-axis,  

𝑀𝑧 = 𝑀𝑜 ∗ (1 − 𝑒
−

𝑡

𝑇1); (Eq. 3) 

𝑇2, the spin-spin relaxation time constant, is the time for 63 percent of 𝑀𝑜 in the 𝑥𝑦-planes to 

decay due to dephasing of spins, 

 

Figure 1 A) represents the variability of spin vectors when not in the presence of a strong magnetic field—there 

is no bulk magnetization produced. B) demonstrates the aligning behavior of a spin-system when introduced to 

a strong external magnetic field, 𝐵𝑜. C) displays the effect of a spin system due to a transmission coil emitting 

RF pulses, tipping the spins into the 𝑥𝑦-plane. D) shows the behavior of a system favoring the lowest energy 

state—once the transmit coil is turned off, the spins align back to the external 𝐵𝑜-field, which is measured with 

a receiver coil. 
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𝑀𝑥𝑦 = 𝑀𝑜 ∗ 𝑒
−

𝑡

𝑇2. (Eq. 4) 

        The signal measured directly relates to the precession of spins, which causes a time-

varying magnetic field that cuts through the receiver coil employed during MRI data 

acquisition. Although a receiver coil exists within the bore of the magnet, image quality may 

be improved with the use of a surface coil. A surface coil is a small receiving coil that is 

placed within the bore of the magnet, near the organ of interest. This decreased distance of 

the coil increases the relative signal obtained from the organ of interest, to signal and noise 

received from the entire body. 

        Additionally, there are three gradient coils that vary the magnetic field strength along 

the x, y, and z direction—allowing for slice selection, phase encoding, and frequency 

encoding. The gradient coils produce a magnetic field that is linear in a given direction and 

adds to the external magnetic field, 𝐵𝑜.  For example, if axial images are acquired, a slice 

select gradient adds spatial dependence to Equation 2, which is done with a linearly 

dependent magnetic field gradient along the z-direction, 𝐺𝑧. This affects the frequency at 

which the spin system precesses with varying location along the z-axis. The location of the 

excited volume can be specified by the center frequency of the excitation pulse—as only 

excitation occurs of spins precessing at the same frequency as the RF pulse. In addition, the 

size of the slice depends on the bandwidth of frequencies used to excite the sample. The 

relationship between position and frequency can be described by Equation 5:  

𝜔𝑧 = 𝛾(𝐵𝑜 + 𝑧 ∗ 𝐺𝑧(𝑡)), (Eq. 5) 

For a thicker slice, a larger bandwidth of RF pulses is emitted, which is related to the 

strength of the slice selecting gradient and the slice location. In addition, within that one 

slice, the phase-encoding and frequency-encoding gradients are applied orthogonal to the 
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slice selection direction to differentiate where, within the volume defined by the slice, 

magnetization is precessing (Constantinides 2016).  

1.2.1.3 K-Space  

        RF pulses are used to manipulate bulk magnetization, and the signal that is 

subsequently measured is encoded by frequency and phase—rather than directly 

measuring the spatial location, like many other imaging modalities. Frequency encoding is 

achieved with the use of a gradient, for example linearly increasing along the x-direction, 𝐺𝑥. 

Along this x-axis, the precession of spins is dependent on the strength of the applied 

gradient. Then for phase-encoding, a gradient orthogonal to the frequency encoding 

gradient, therefore in this example, along the y-axis, is employed to alter the spatial phase 

distribution in that direction by the strength and duration of the gradient, represented by the 

following equation: 

𝑘𝑦 = 𝛾 ∫ 𝐺𝑦 ⅆ𝑡
𝑡

0
. (Eq. 6) 

Where 𝑘𝑦 is the spatial frequency, 𝛾 is the gyromagnetic ratio, 𝐺𝑦 is the gradient strength, 

and 𝑡 is the amount of time the gradient is applied. To spatially encode received signal, the 

phase encoding pulses occur between excitation and signal readout, and frequency 

encoding gradients are applied during signal readout.  

        The Fourier Transform (FT) of k-space is taken to transform the data from the spatial 

frequency domain into image space (Brown et al. 2014). To prevent aliasing artifacts from 

occurring in the final image, a variety of phase encoding gradients are utilized to sufficiently 

sample all of k-space (Constantinides 2016).  

1.2.1.4 Pulse Sequence  
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        A pulse sequence is a user-defined set of instructions, identifying the timing and 

strength of gradient and RF pulses applied, for MRI data acquisition. Basic features of a 

pulse sequence include one or more RF pulses, slice selection gradients, phase encoding 

gradients, and frequency encoding gradients. Depending on the order and timing of the RF 

transmissions, gradients, and signal readout, 𝑇1 or 𝑇2 contrast between tissues can be 

manipulated by the pulse sequence. Therefore, contrast between anatomical structures may 

be modified depending on the pulse sequence parameters employed to achieve, for 

example, 𝑇1-weighted or 𝑇2-weighted contrast. 

        After initial RF pulses and gradients are applied to excite and spatially encode the spin 

system, signal is measured at a point of maximum phase coherence—known as an echo. 

Spins precess at different frequencies based on their Larmor frequency and local 

inhomogeneities within the system; measurable signal, an echo, occurs when spins 

coherently add. The time between the initial RF pulse and the formation of the echo is 

known as the time to echo (TE). MRI pulse sequences are typically repeated multiple times 

with varying gradients to fill k-space. The time between the first RF pulse and the RF pulse 

following the measured echo, is known as the repetition time (TR). TE and TR are 

parameters that can be defined by the user, directly related to image-weighting properties. 

For example, imaging with a short TE and TR would produce a 𝑇1 weighted image, whereas 

a long TR and TE would be utilized for a 𝑇2 weighted image (Constantinides 2016).  

        Signal formation can be accomplished in multiple ways. For example, after the initial 

RF pulse, spin echo (SE) pulse sequences use a second RF pulse to refocus signal, 

whereas gradient echo (GRE) pulse sequences use a gradient. Of note, transverse signal 

relaxation in GRE sequences reflect inhomogeneity effects of the magnetic field (𝑇2
∗) as well 

as the spin-spin dephasing interactions (𝑇2).  
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        If fast image acquisition is required, gradient echo-echo planar imaging (GE-EPI) may 

be utilized; GE-EPI uses a single excitation, along with many small phase encoding 

gradients—blips—and rapidly oscillating readout gradients to fill k-space (Constantinides 

2016).  

1.2.2 MR Image Properties  

        MR image quality is related to many factors; the main properties that effect the image 

quality related to this work are signal to noise ratio (SNR) and center frequency of the 

receiver coil. 

1.2.2.1 Signal to Noise Ratio 

        SNR compares the amount of signal measured in a region of interest, to the 

background noise, 

 𝑆𝑁𝑅𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛 =
𝑆

𝜎
 . (Eq. 7) 

Where 𝑆 is signal in the region of interest (ROI) and 𝜎 is the standard deviation of the noise. 

The dominant source of noise produced in MR images is thermal noise, which may arise 

from the coil, electronics, or tissue. Thermal noise in raw data and spectral or spatial 

transform domains have a Gaussian distribution. However, when evaluating the magnitude 

of the noise data in regions of low signal, the distribution is no longer Gaussian, but instead 

Rician. To correct for Rician noise (Gudbjartsson and Patz 1995), 

 𝑆𝑁𝑅𝑅𝑖𝑐𝑖𝑎𝑛 =
𝑆

𝜎
∗ 0.655 = 𝑆𝑁𝑅𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛 ∗ 0.655. (Eq. 8) 

Because of the increased ratio between signal and the standard deviation of noise with 

increasing 𝑆𝑁𝑅, the sensitivity and specificity of image analysis also increases, as does the 

contrast-to-noise ratio between tissues. Other factors that may affect the SNR include the 
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strength of 𝐵𝑜, the coil sensitivity pattern, and pulse sequence parameters (Bushberg and 

Boone 2011). 

        According to Price et al. (2015), surface coils present a non-uniform sensitivity, and 

slight changes in experimental set-up may affect SNR measurements. Therefore, both 

𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 of a surface coil are beneficial parameters to calculate for quality 

control testing—where 𝑆 in Equation 7 represents the mean and max signal in the ROI, 

respectively.  

1.2.2.2 Center Frequency of the Receiver Coil 

        The frequency at which the spin system precesses in the presence of a magnetic 

field—dependent on the Larmor frequency (Table 1)—is the center frequency for which the 

receiving coil is tuned to. If the receiving coil is tuned correctly, the largest signal, and 

therefore largest SNR, will be measured. If the center frequency is mis-tuned, a decrease in 

signal and SNR will be measured (Gruber et al. 2018). For example, if the receive coil is 

tuned for detecting signal from 1H, then no 13C signal can be measured; similarly, if tuned 

for 13C, no signal is detected from 1H nuclei. 

1.2.3 MRI Quality Control 

        For optimal diagnostic ability of an MRI, all equipment must be functioning properly. For 

this reason, quality control (QC) tests are frequently completed; these are procedural tests 

to ensure equipment is performing within a specified performance level. To determine 

whether a piece of equipment is functioning properly, a measurement protocol is 

established, and periodic measurements are compared to the baseline measurements. A 

reproducible setup is important to limit confounding factors that may affect measurements of 

the device under test.  
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        Table position, artifact evaluation, and transmitter gain are a few examples of 

equipment that require weekly QC testing by radiological technologist. With regular QC, 

slight changes in performance can be addressed before image quality, or worse, clinical 

evaluation of patient scans are affected (Price et al. 2015). If any of these parameters being 

testing for QC are found to function outside of an expected performance range, the medical 

equipment may need to be removed for service prior to further use.  

1.2.4 Endorectal Coil    

        For MRI prostate imaging, an endorectal coil—a type of surface coil—is placed within 

the rectum of the patient, where the coil is located posterior to the prostate. The current 

endorectal coil used for clinical MR prostate exams are expandable endorectal coils. These 

are one-use coils that are inflated once placed into the rectum.  

     Alternatively, 

rigid endorectal 

coils (Figure 2), 

currently only 

for research 

studies, do not 

inflate and are 

not disposable.  

        A study by Powell et al. (2014) tested the differences between a rigid and an inflatable 

endorectal coil, including image quality and patient comfort. This study reported that there 

was less discomfort, better structure identification, and less prostate distortion when using a 

rigid endorectal coil. 

 

Figure 2: GE  1H rigid endorectal coil 
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1.2.5 Carbon MRI 

        Although only hydrogen-based MR images are used in a clinical setting, the addition of 

carbon-based imaging may further advance the understanding of disease staging or provide 

earlier indications of response to therapy.  

        The production of energy in the human body commonly begins with the conversion of 

glucose (C6H12O6) to pyruvate (C3H4O3)—a process known as glycolysis. If oxygen is 

present, pyruvate will be broken down by means of aerobic respiration; if oxygen is not 

present, pyruvate will be broken down by anaerobic respiration.  

        Aerobic respiration results in the production of carbon dioxide, water, and 36 molecules 

of adenine triphosphate (ATP); this process takes hours to occur. Anaerobic respiration 

results in the production of lactate (C3H6O3) and two molecules of ATP; although this 

process produces less energy, each cycle is completed in less than a minute—making the 

process at least 60 times faster (Marieb and Hoehn 2007). 

        However, cancerous cells tend to undergo aerobic glycolysis, also known as Warburg 

effect. Because tumor cells proliferate quickly, they adapt and obtain the ability to undergo 

aerobic glycolysis—anaerobic respiration, even in the presence of oxygen. Using carbon-

based MRI, the production of lactate from pyruvate can be observed, and the Warburg effect 

can be quantified—furthering the understanding of disease progression (Kurhanewicz et al. 

2019).   

        Carbon based imaging is not currently performed in the clinic due to two main reasons: 

the net magnetization of carbon is weak at room temperature and a carbon-tuned receiver 

coil is required.  

        Using hyperpolarization (HP), the signal from 13C can be briefly increased—allowing 

for MR imaging. For example, dynamic nuclear polarization (DNP) is a process that 
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increases the signal from 13C by more than 10,000-fold. Increased signal is produced by 

cooling the sample in the presence of a polarizing radical, microwaves and a strong 

magnetic field (Jones et al. 2018). This method can be used to produced HP carbon-13 

labeled pyruvate that can be injected into the patient creating a measurable 13C net 

magnetization (Kurhanewicz et al. 2019). The 13C HP signal decays within minutes, and 

dynamic HP MRI data is generally acquired using a GE-EPI sequence (Gordon et al. 2018). 

      To image anatomical structures as well as metabolic rate of tissue, a coil tuned for both 

1H and 13C, known as a dual tuned coil, is required. A rigid, dual tuned coil has been 

produced for research purposes but has not yet been cleared for use in the clinic. In 

addition, the large cost to construct rigid dual tuned coils, has, thus far, made it impractical 

to clinically implement these as a one-use device (Haider et al. 2014). 

1.2.6 High Level Disinfection 

      There are different levels of disinfection required by the Joint Commission on 

Accreditation of Healthcare Organizations (JCAHO). For endorectal coils and other semi-

critical devices, high level disinfection (HLD) is required due to contact with mucous 

membranes or non-intact skin. According to United States Pharmacopeia and the National 

Formulary (USP-NF), microorganisms commonly required for sterility testing include 

staphylococcus aureus, bacillus subtilis, pseudomonas aeruginosa, clostridium sporogenes, 

candida albicans, and aspergillus brasiliensis (The United States Pharmacopeia 1979). 

Clostridium sporogenes is an obligate anaerobe and therefore cannot live in the presence of 

oxygen (Vennesland and Hanke 1940); because of this, clostridium sporogenes was not 

included in this study. In addition, staphylococcus aureus ('Basics of Biosafety Level 2'), a 

high-risk organism, was omitted from this study as well for precautionary purposes.   
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1.2.6.1 Chemical Immersion 

      The current proposed method for HLD of a rigid endorectal coil is chemical immersion. 

Chemical immersion is a long and tedious process which requires specialized trained staff 

as well as significant infrastructure in the form of a room dedicated to this HLD process 

(Pyrek). This greatly limits the number of clinics willing to implement HLD necessary for the 

repeated use of a rigid endorectal coil.  

1.2.6.2 Trophon® 2 

        An endorectal transducer is a medical device used for ultrasound imaging of the 

prostate. Because this probe is placed within the body to image, HLD must be carried out in 

between patients. However, instead of chemical immersion, HLD of these probes are 

clinically implemented with the use of trophon® 2. trophon® 2 is small enough to sit on a 

table, disinfects using heat (60°C) and hydrogen peroxide, has a disinfection cycle lasting 

only seven minutes, and is effective against a wide range of pathogens. In addition, 

ultrasonic vibrations of the hydrogen peroxide within the chamber of the trophon® 2 produce 

small, free-radicals that are able to disinfect all small spaces that may contain bacteria 

('Trophon Traceability and Storage Solution'). 

        According to the manufacturer of trophon® 2, Nanosonics Ltd, about 3,000 facilities in 

the United States have adopted the use of trophon® 2 for ultrasound transducer HLD due to 

its ease of use; this suggests that endorectal coil HLD via trophon® 2 also has the potential 

for wide clinical adoption. However, MRI endorectal coils have not been tested for 

compatibility with trophon® 2. 
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1.3 Hypothesis and Specific Aims 

1.3.1 Hypothesis 

We hypothesize that HLD of rigid endorectal coils, by means of trophon® 2, allows for 

complete disinfection of the biosafety level 1 organisms advised by the USP-NF, with no 

degradation of the coil SNR or imaging capabilities. 

1.3.2 Specific Aims 

      SPECIFIC AIM 1:   

Design QC methods to assess functionality of a rigid endorectal coil. 

      SPECIFIC AIM 2:   

Determine if trophon® 2 can reliably disinfect a variety of bacteria from the rigid 1H 

endorectal coil. 

      SPECIFIC AIM 3:   

Assess whether trophon® 2 can be used for HLD of reusable MRI endorectal coils, 

without compromising SNR. 
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Chapter 2 

Materials and Methods 

To evaluate the ability of trophon® 2 to achieve HLD of a rigid endorectal coil without 

degrading the coil’s SNR capabilities, three objectives were set. First, a procedure was 

developed to evaluate the SNR performance of the rigid endorectal coil; followed by 

experimentation of complete disinfection of the coil; and finally, assessing the coil’s 

performance and physical properties after ten sets of ten consecutive HLD cycles. 

2.1 Method and protocol for evaluating functionality of a rigid 

endorectal coil 

        QC tests are highly controlled, reproducible tests to evaluate equipment performance. 

Any variability in setup may alter resulting measurements, highlighting the importance of 

established and well controlled routine testing. In addition, acceptable variability of each QC 

test is essential for assessing test outcomes.  

        In this section, QC methods to assess the functionality of the rigid endorectal coil are 

broken down into four categories: setup reproducibility, phantoms, pulse sequences, and 

SNR calculation methods. 

2.1.1 Setup Reproducibility 

        Surface coil sensitivity decreases with radial distance from the coil—meaning, for 

reproducible testing, the placement of a prostate phantom with respect to the coil should be 

constant. To achieve constant placement, consistent with the spatial relationship of a  
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prostate imaged by 

a rigid endorectal 

coil, a 3D printed 

design was created 

to hold a 50 mL  

conical tube in a 

fixed position, 

directly above the 

coil (Figure 3). 

        The position 

of the sample 

within the bore of 

the MRI magnet 

was also taken into consideration. Ideally, within the bore, there is homogeneous magnetic 

field; however, in practice, it is unrealistic to assume perfect external B-field homogeneity. 

Because of this, the position of the sample and coil within the bore of the MRI was controlled 

by constructing an MRI-compatible stand. The stand interfaces directly to the MRI table at a 

specific position and holds the 3D printed coil/phantom structure at the center of the bore. 

Using the rigid endorectal coil base, the coil was held at the correct height,  

positioned within the 3D printed structure, directly below the phantom (Figure 4). To 

guarantee a reproducible setup, a fiducial reference point for landmark was made at the top 

of the 3D printed structure, shown in Figure 3B.  

 

 

Figure 3: 3D printed structure holding the phantom and rigid endorectal coil. A) 

Outlined in black represents the placement of the rigid endorectal coil, which is 

placed reproducibly with respect to the phantom (outlined in green).  B) depicts the 

insertion of the 50 mL conical tube within the 3D print, as well as the fiducial mark 

for aligning the sample within the magnet’s bore, and C) illustrates the placement of 

the endorectal coil within the 3D printed structure. 
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2.1.2 Phantoms 

        Two prostate phantoms were 

utilized to test the baseline 

performance of the coil: Milli-Q 

water and a saline solution sample. 

The saline sample is a mix of 50% 

of Milli-Q water and 50% saline 

solution (Table 2). 50 mL of each 

sample was contained in a 50 mL 

conical tube—to fit within the set-up described in the previous section. 

        The signal intensity measured by the receiving coil is expected to be dependent on the 

chemical makeup of the sample of interest. Here, the water sample has a lower ion density 

than the saline solution, and therefore has a lower conductivity. The increased conductivity 

in the saline solution increases sample losses. Thus, the saline sample more closely 

approximates observations in a patient, where noise is induced both by coil and sample 

losses (Xu et al. 2006).  Hence, a 

decreased signal intensity due to 

coil failure may be more significant 

and noticeable in the a the low-

conductivity water sample, before 

being apparent in the saline 

sample. 

 

 

Figure 4: Acrylic stand positioned on the MRI table. Reproducible 

setup ensured with consistent stand placement; the stand 

interfaces where a head coil is placed for patient imaging and is 

secured closest to the coil’s base. The 3D printed structure is 

placed atop the stand, secured in place with a recess of acrylic. 

Prostate Phantoms 

Water Sample 50 mL H20 

Saline Sample 

50 mL H20 

225 mg NaCl 

Table 2: Prostate Phantom Samples 
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2.1.3 Pulse Sequence 

        A wide variety of pulse sequences are used for 

MR imaging. In this study, SE and GRE pulse 

sequences were employed, as these two are the basis 

for the most advanced sequences. Because GE-EPI is 

often used for 13C imaging, GE-EPI images were 

acquired as well. Axial images of each phantom were 

acquired with the minimum slice thickness of 5 mm and 

a 5 mm skip was added to prevent cross–slice 

excitation. As presented in Figure 5, in total there were 

nine slices encompassing the length of the sample, 

with 1 cm between each slice center. Image acquisition 

parameters are noted below in Table 3. 

 

Group 
Pulse 

Sequence 

Slice 

Thickness 
TR TE 

Phase/ 

Frequency 
Bandwidth 

Image 

Size 
Flip Angle 

A 

SE 

T1 5.0 300 20 128 15.63 256x256 -- 

T2 5.0 3000 100 128 15.63 256x256 
𝜃𝑟𝑒𝑓𝑜𝑐𝑢𝑠

= 125° 

GRE  T2* 5.0 120 
Min 

Full 
128 31.25 256x256 

𝜃𝑒𝑥𝑐𝑖𝑡𝑒

= 90° 

B GE-EPI 5.0 500 
Min 

Full 
64 100 64x64 -- 

 

Table 3: Pulse sequence parameters for signal images used for QC baseline measurements. Group A was used 

for calculating 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥; both groups A and B were acquired for visualization of image properties. 

Note that for Group A, the k-space was zero-padded to obtain the 256x256 image size.  

 

 

 

 Figure 5: Depiction of the 9 axial 

image slices acquired, each division 

is 5 mm. 
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        From the images acquired, both Group A and B from Table 3, a visual assessment was 

completed; this is important for evaluating any changes in artifacts or signal intensity of 

future images.  

 

2.1.4 SNR Calculation 

        To quantify the signal measured by the receiving endorectal coil, the mean signal-to-

noise ratio, 𝑆𝑁𝑅𝑚𝑒𝑎𝑛, and the maximum signal-to-noise ratio, 𝑆𝑁𝑅𝑚𝑎𝑥, were calculated. For 

both the water and saline phantom, only slices three through seven—the middle five 

slices—of each SE and GRE image were processed due to the limited extent of uniform coil 

sensitivity and potential susceptibility artifacts on the edge slices. Both 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 

𝑆𝑁𝑅𝑚𝑎𝑥 were calculated because, as mentioned previously, surface coils present a non-

uniform sensitivity, and slight changes in experimental set-up may affect SNR 

measurements. 

        Because these images are to be used for SNR calculations, each signal image 

acquisition was preceded by an automatic pre-scan where the center frequency, receive gain, 

and transmit calibration values were noted, to ensure consistency.  These values are recorded 

in Appendix A.  

        Following the collection of each signal image, a noise image was acquired. The center 

frequency and receive gain were held constant, while the RF pulse amplitudes were set to 

zero, creating a condition where there was no excitation of the sample and ensuring a pure 

observation of image noise. 

        Because the signal strength is location dependent in the signal images (Figure 6, row 

1), the signal ROI must be consistently defined. For this reason, Otsu’s threshold algorithm 

was used to differentiate the signal from the noise; to achieve different levels of thresholds, 

iterations are made until the standard deviation of each group is at a minimum (Bangare et 

al. 2015). Five signal threshold levels and one noise threshold were defined for each slice 
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(Figure 6, row 2), where all signal voxels represent the signal ROI for SNR calculations. Five 

threshold levels were defined because this best defined the phantom versus noise. In 

addition, viewing the different thresholds within the phantom could be informative based on 

how the coil is functioning. For each noise image collected, a 189x189 voxel ROI drawn in  

the center of each noise image (Figure 6, row 3), which was used to calculate the standard 

deviation of the Rician noise. Of note, for Group A, there were 128 phase and frequency  

encoding gradients, but k-space was zero-padded in order to obtain a final image size of 

256x256. Because this protocol 

was repeated throughout the 

whole experiment, the k-space  

padding and apodization filter 

do not affect SNR calculation 

comparisons.  

        For baseline 

measurements, this protocol 

was repeated four times for the 

calculation of the average 

𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 and their 

standard deviations.  

2.2 Method and protocol for evaluating complete disinfection of 

bacteria from a rigid endorectal coil 

        The efficacy of sterility testing of trophon® 2 as an HLD method for a rigid endorectal 

coil was investigated with respect to four bacteria: bacillus subtilis (EZ-Accu Shot™, 

Microbiologics, VWR, Lutterworth, United Kingdom, Cat. # 89504-665), pseudomonas 

 

Figure 6: Row 1 depicts the signal image of slices 3, 4, 5, 6, and 7. 

Row 2 illustrates the 6 thresholds of intensity, with the dark blue 

representing the noise, and therefore not included in the signal 

measurements for SNR calculations. Row 3 demonstrates the noise 

image acquired with the 189x189 pixel noise ROI. 
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aeruginosa (Cat. # 89504-615), candida albicans (Cat. # 89504-371), and aspergillus 

brasiliensis (Cat. # 89504-073). 

        Each vial of freeze-dried bacteria was mixed with saline solution for reconstitution 

within a biological safety cabinet. Before introduction of bacteria to the endorectal coil, 1 mL 

all four bacteria were grown on separate tryptic soy agar plates. This step was done for two 

purposes: proving that the organisms used were capable of growing in the conditions in 

which the experiment was conducted, and second, providing a visual representation of the 

shape and color of each bacteria—thus allowing for differentiation between organism 

growth. 

        To test the effectiveness of trophon® 2 HLD to eradicate these organisms on the 

reusable endorectal coil, two experimental setups were established. For Trial 1, 

demonstrated in Figure 7 (row 1), the rigid endorectal coil was first disinfected with Clorox, a 

low-level disinfection (LLD) method. This was done to ensure no bacteria was present on 

the coil prior to experimentation. Once cleaned with Clorox, bacteria were placed on the coil. 

The coil was inoculated with 0.5 mL of each bacteria, each sample spanning about 1/4th of 

the coil. To confirm inoculation, two plates of agar made direct contact with the coil—the first 

plate (plate a) on the superior and the second plate (plate b) on the inferior section of the 

coil; therefore, each plate comes in contact with two bacteria samples. Following inoculation 

of the coil and exposure to control plates, one trophon® 2 HLD cycle was completed. 

Immediately after, two more media plates tested for the presence of bacteria, using the 

same two-plate method. This procedure was repeated three times to confirm complete, 

reproducible disinfection of the coil. Trial 2 involved all the same steps, except no LLD was 

used, meaning only trophon® 2 for HLD of the coil was tested (Figure 7, row 2).   
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Figure 7: Trial 1 involved LLD of the coil prior to inoculation with the use of a Clorox disinfection wipe. Then 

the coil was inoculated with the four bacteria on the coil at location 1, location 2, location 3, and location 4. 

After inoculation, two tryptic soy agar plates made direct contact with the coil to ensure successful inoculation. 

Plate a contacted the superior location of the coil, testing for bacteria at Location 1 and 2, and plate b 

contacted the inferior section of the coil, testing for bacteria at Location 3 and 4. Following this step, the coil 

received HLD in the trophon® 2. After HLD, the coil was tested with two more plates to test for the presence of 

bacteria. This experiment was repeated three times to test reproducibility.  

Trial 2 involved all the same steps, except no LLD was used prior to inoculation—testing only the ability of the 

trophon® 2 for HLD of the rigid endorectal coil. 

        Because the endorectal coil extends beyond the recommended height within the 

chamber of the trophon® 2, indicated with an arrow in Figure 8, bacteria placement on the  
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coil was 

considered. 

Specifically, the 

disinfection of 

bacteria on the 

coil extending 

near and beyond 

embossed line 

were specified 

as plate b.  

        The placement of bacteria on the coil may affect the HLD ability of the trophon® 2. For 

this reason, the location of each bacteria was altered for each trial—specified in Table 4 and 

Table 5. 

 

 

 

 

 

After five days of incubation, each plate was assessed for bacterial growth, and the 

quantification of organism growth was based on the number of colony-forming-units (CFU). 

 

 

 

Figure 8: Arrow indicating the line that 

ultrasound transducers are 

recommended not to pass for 

disinfection; however, the rigid endorectal 

coil is longer. Locations labelled 1, 2, 3, 

and 4 represent the area for which each 

innoculated sample was placed. Plate a 

represents bacteria in locations 1 and 2, 

while Plate b represent locations 3 and 4. 

A syringe was used to innoculate the coil, 

and an L-spreader was used to spread 

the bacteria on the coil. 

 Trial 1.1 Trial 1.2 Trial 1.3 

Location 1 
Aspergillus 
brasiliensis 

Aspergillus 
brasiliensis 

Pseudomonas 
aeruginosa 

Location 2 Candida albicans Bacillus subtilis Candida albicans 

Location 3 Bacillus subtilis 
Pseudomonas 

aeruginosa 
Bacillus subtilis 

Location 4 
Pseudomonas 

aeruginosa  
Candida albicans 

Aspergillus 
brasiliensis 

Table 4:  Trial 1—placement of each bacteria on the endorectal coil for trophon® 2 HLD cycle 
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2.3 Method and protocol for assessing rigid endorectal coil 

properties with respect to trophon® 2 HLD 

        The rigid endorectal coil’s capacity to withstand trophon® 2 HLD with respect to physical 

and image performance properties was evaluated prior to, at consecutive sets of ten, and 

after one-hundred high level disinfection cycles.  

2.3.1 Coil Baseline Assessment 

        For baseline coil performance, the QC methods and SNR calculations described in 

section 2.1.1 were used.  

        Physical property changes could affect patient comfort, patient safety, as well as coil 

performance. For example, after disinfection cycles, there may be a change in color, 

chipping of paint, or a break in surface coating or insulation that could compromise patient 

safety—thus pictures were acquired to document visual properties of the rigid endorectal 

coil.  

        To capture the coil in its entirety, pictures of the coil were obtained at twelve different 

angles. To maintain consistent imaging, parameters related to the coil, camera, and lighting 

were defined using tape to mark the location of the coil base as well as the imaging field-of-

 Trial 2.1 Trial 2.2 Trial 2.3 

Location 1 Candida albicans  
Pseudomonas 

aeruginosa  
Aspergillus brasiliensis  

Location 2 
Aspergillus 
brasiliensis  

Bacillus subtilis  Candida albicans  

Location 3 Bacillus subtilis Aspergillus brasiliensis 
Pseudomonas 

aeruginosa 

Location 4 
Pseudomonas 

aeruginosa 
Candida albicans Bacillus subtilis 

Table 5: Trial 2—placement of each bacteria on the endorectal coil for trophon® 2 HLD cycle 



26 
 

view. The image angle and lighting were controlled by placing the camera on a stable lab-

bench shelf, zooming to 3x, and turning on the bench light to illuminate all features of the 

coil. The front, back, and two sides of the coil, the neck of the coil, and the electronic casing 

were captured. After obtaining an image of each the six views shown in Figure 9, the coil 

was flipped and another set of images was taken—allowing for documentation of all sides of 

the coil.  

 

Figure 9: Image set-up for visual assessment of the coil. Red tape represents the field of view of each image; 

drawn on the paper are outlines of the coil to line up with. Tape colors green, purple, yellow, and orange specify 

the position of the coil’s base depending on which angle of the coil is being imaged. 
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2.3.2 trophon® 2 Protocol  

        Once the baseline assessments were completed, the coil was exposed to a sequence 

of ten cycles of the trophon® 2 HLD process. 

        Prior to each run, using 

an infrared thermometer the 

temperature of the base of the 

coil’s electronics, shown in 

Figure 10A, as well as the 

center of the coil’s active 

region, displayed in Figure 

10B, was measured and 

recorded. The coil was then 

placed within the chamber of the trophon® 2 for HLD. 

        There were two viable options of coil placement within the trophon® 2. Figure 11A 

places the coil as well as the electronic casing within the chamber of the trophon® 2. Figure 

11B depicts the coil placed within the chamber of the trophon® 2, but the neck of the coil and 

the electronic casing would not receive HLD. If set-up A is implemented, the primary 

concern is that the electronic casing insulation is not sealed as well as the coil; if true, the 

electronics may be harmed if exposed the hydrogen peroxide treatment, thus hindering 

signal acquisition. However, in set-up B, the neck of the coil does not receive HLD—this 

region does make patient contact, and therefore requires HLD. Therefore, in this research, 

configuration A was selected. 

        When placing the coil within the chamber of the trophon® 2, it was ensured that no 

contact was made with the coil and the walls of the device. Subsequently a 7-minute HLD 

 

Figure 10: A) represents the location of temperature measured before 

and after each HLD cycle B) Location of temperature measured 

before each HLD cycle 
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cycle was started. Following each run, the temperature at the base of the electronic-section  

(Figure 10A) was measured and recorded a second time. Once the temperature of the coil 

 (Figure 10A and Figure 10B) returned to room temperature, the protocol was repeated. 

Following the completion of ten cycles, the coil-baseline-assessment protocol (section 2.3.1) 

was repeated. However, for runs two through nine only a single set of MR images was 

acquired for SNR calculations.  

 

 

 

 

 

 

 

 

Figure 11: Two options of rigid endorectal coil placement within the trophon® 2. Setup A requires the electronic 

casing to receive HLD—however, the electronic casing does not require HLD and may not be sealed as 

sufficiently as the coil and neck of the coil; setup B fails to provide HLD to the neck of the rigid endorectal coil. 

Because of this, this study uses setup A for HLD of the rigid endorectal coil 
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Chapter 3 

Results 

For clinical implementation of the trophon® 2 for HLD of rigid endorectal coils, it must be 

proven that HLD is reproducibly achieved. In addition, no decrease in the coil’s SNR 

imaging abilities or change in physical properties should be observed with an increasing 

number of HLDs. This chapter presents the experimental data to assess the viability of 

trophon® 2 as a method of HLD for the rigid endorectal coil.  

3.1 Experimental results from HLD of an inoculated rigid 

endorectal coil 

        Effective and reliable HLD of the rigid endorectal coil by means of trophon® 2 was 

assessed in three steps. First, confirmation of growth and physical appearance of each 

organism was evaluated. Figure 12 demonstrates the viability of bacterial growth in the 

experimental conditions 

provided as well as the 

physical appearance of 

each CFU; these plates 

are used as a reference in 

the following steps within 

specific aim 2. 

        The second step 

involved inoculation of the 

coil, as well as the 

 

 

Figure 12:  Growth of aspergillus brasiliensis, bacillus subtilis, candida 

albicans, and pseudomonas aeruginosa for Trial 1 (row 1) and Trial 2 (row 

2)—indicates the physical appearance of each organism as well as all 

organisms can grow in the experimental conditions defined 
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investigation of which bacteria was successfully transferred to the coil; this was completed 

by making direct contact between the agar plates and the inoculated coil. The final 

inspection of bacterial growth was completed after an HLD cycle—accomplished by making 

direct contact of the agar plates with the coil.  

        For Trial 1.1 (Figure 13), inoculation plate a was expected to show bacterial growth 

from aspergillus brasiliensis and candida albicans; however, plate a showed successful 

inoculation of aspergillus brasiliensis, candida albicans and bacillus subtilis. Plate a had 

three different organisms due to inoculation on the coil not being exactly 1/4th for each 

bacterium. Plate b was expected to show growth of bacillus subtilis and pseudomonas 

aeruginosa and both bacteria inoculations were successful. After HLD, there was no 

presence of any bacteria on the coil. 

 

Figure 13: For Trial 1.1, inoculation plate a showed successful inoculation of aspergillus brasiliensis, candida 

albicans and bacillus subtilis. Plate b presented growth from bacillus subtilis and pseudomonas aeruginosa. 

After HLD, there was no presence of any bacteria on the coil.  
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        For Trial 1.2 (Figure 14), inoculation plate a was expected to show bacterial growth 

from aspergillus brasiliensis and bacillus subtilis; however, plate a only showed successful 

inoculation from pseudomonas aeruginosa. Plate b was expected to show growth from both 

pseudomonas aeruginosa and candida albicans, but neither inoculation was successful. 

After HLD, there was no presence of any bacteria on the coil. 

        For Trial 1.3 (Figure 15), inoculation plate a was expected to show bacterial growth 

from pseudomonas aeruginosa and candida albicans; however, there was only a successful 

inoculation of pseudomonas aeruginosa. Plate b was expected to show growth from bacillus 

subtilis and aspergillus brasiliensis, though neither inoculation was successful. After HLD, 

there was, again, no presence of any bacteria on the coil. 

     As Trial 1 progressed, there were fewer successful inoculations of the pre-HLD plates,     

and this is attributed to the use of the Clorox before each trial. For Trial 2, Clorox disinfection 

 

Figure 14: For Trial 1.2, inoculation plate a only showed successful inoculation of pseudomonas 

aeruginosa. Neither inoculation was successful for the inferior section of the coil, represented as 

plate b. After HLD, there was no presence of any bacteria on the coil. 
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Figure 15: For Trial 1.3, inoculation plate a there was a successful inoculation of pseudomonas 

aeruginosa. Neither inoculation was successful for plate b. After HLD, there was no presence of 

any bacteria on the coil. 

was not used, and only the trophon® 2 HLD abilities were tested. 

       For Trial 2.1 (Figure 16), inoculation plate a was expected to show bacterial growth from 

candida albicans and aspergillus brasiliensis; however, plate a showed successful 

inoculation of aspergillus brasiliensis and bacillus subtilis. Plate b was expected to show 

growth of bacillus subtilis and pseudomonas aeruginosa but only the pseudomonas 

aeruginosa was successful. After HLD, there was no presence of bacteria on plate a; 

however, plate b showed what appeared to be one CFU of candida albicans. 

        For Trial 2.2 (Error! Reference source not found.), inoculation plate a was expected 

to show bacterial growth from pseudomonas aeruginosa and bacillus subtilis; however, plate 

a showed successful inoculation of only pseudomonas aeruginosa. Plate b was expected to 

show growth of candida albicans and aspergillus brasiliensis but only the aspergillus 

brasiliensis was successful. After HLD, there was no presence of bacteria on plate a; 

however, plate b showed what appeared to be five CFU of candida albicans. 
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Figure 16: For Trial 2.1, inoculation plate a presented successful inoculation of aspergillus 

brasiliensis and bacillus subtilis. Pseudomonas aeruginosa was successfully inoculated, 

presented on plate. After HLD, there was no presence of bacteria on plate a; however, plate b 

showed what appeared to be one CFU of candida albicans. 

 

Figure 17: For Trial 2.2, inoculation plate a showed successful inoculation of only 

pseudomonas aeruginosa. Plate b was showed that the aspergillus brasiliensis inoculation 

was successful. After HLD, there was no presence of bacteria on plate a; however, plate b 

showed what appeared to be five CFU of candida albicans. 
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For Trial 2.3 (Figure 18), inoculation plate a was expected to show bacterial growth from 

aspergillus brasiliensis and candida albicans; however, there was a successful inoculation of 

pseudomonas aeruginosa and candida albicans. Plate b was expected to show growth from 

pseudomonas aeruginosa and bacillus subtilis, though neither inoculation was successful. 

After HLD, there was no presence of any bacteria on the coil. 

 

Figure 18: For Trial 2.3, inoculation plate a, there was a successful inoculation of pseudomonas aeruginosa 

and candida albicans. Plate b showed no growth from any bacteria. After HLD, there was no presence of any 

bacteria on the coil. 

        For the post-HLD plated from Trial 2.1 and 2.2, plate b showed growth of what appears 

to be candida albicans. A close-up of these growths is provided in Figure 19 for a closer 

inspection. Of note, the morphological presence of the candida albicans CFU on the control 

plate appear round and white. On the post-HLD plates shown in Figure 19, some of the 

CFUs have a yellow appearance. In addition, most of the surface area of the coil contacts 

the center of the agar plate—therefore, just as in the other inoculation plates—growth within 

the center of the plate is expected, rather than on the rim of the plates. 
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3.2 Experimental results from assessing rigid endorectal coil 

properties with respect to trophon® 2 HLD 

        The aim of this section was to assess the pre- and post-HLD data acquired. First, the 

pre-HLD signal and SNR data was investigated. Because signal decreases with increasing 

distance from the receiver coil, the signal acquired is largest closest to the coil. As expected 

for the GE-EPI images, an artifact occurred due to the high gradient strength required for 

such a small field of view. With increasing number of HLD, if changes in 𝑆𝑁𝑅𝑚𝑒𝑎𝑛, 𝑆𝑁𝑅𝑚𝑎𝑥, 

or artifact appearance occurred, this would infer that HLD by means of trophon® 2 

decreased the coil’s imaging ability. 

        From the baseline signal and noise images acquired for the SE and GRE pulse 

sequence, the average and standard deviation of 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 was calculated for 

the water phantom and the saline phantom. The SNR after 100 HLD cycles is assessed and 

compared to this data. 

        The first aspect of interest was comparison of the baseline signal images acquired to 

the signal images acquired post 100 HLD cycles. Presented in Figure 20, there was no 

visual change in the signal measured. 

 

Figure 19:  Close-up of the bacterial growth of post HLD b-plates from Trial 2.1 and 2.2 as well as the 

candida albicans control plate for reference. 



36 
 

 

Figure 20: Signal 

images before and 

after 100 HLD cycles 

for Spin Echo (𝑇1 and 

𝑇2), GE-EPI (𝑇2
∗), and 

GRE (𝑇2
∗). No change 

in signal or artifacts is 

observed. 

        However, to determine if the strength of the signal changed with radial distance from 

the coil, the varying levels of signal, by means of Otsu’s method—which was used to 

differentiate between the signal and noise for SNR data—is displayed and compared to the 

signal from the baseline images (Figure 21).  

 

Figure 21: 

Comparison of 

threshold as 

calculated by Otsu’s 

method for the water 

and the saline 

phantom 

        After evaluation of the visual images, the SNR data was investigated. Comparison of 

the QC data for pre- and post-100 HLD cycles are presented below for the water phantom 

(Figure 22) and the saline phantom (Error! Reference source not found.). All four pre-HLD 

SNR calculations were averaged and used to calculate the standard deviation, and same for 

the post-100 HLD. Of note, the 50 mL conical tube placement was at a slight angle, 

therefore, with increasing slice location along the MRI table, a decrease in SNR was 

observed.  
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Figure 22: Comparison of the water phantom’s baseline and post-100 HLD 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 calculations. 

 

Figure 23: Comparison of the saline phantom’s baseline and post-100 HLD 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 data.
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        To compare the 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 values  of the 4 pre- and 4 post-100 HLD SNR 

data, a one-sided paired t-test was performed for slices 3, 4, 5, 6, and 7 (Table 6). This test 

is used to determine whether there is a significant difference between the average value of 

these sets of observations (before vs. after 100 cycles of HLD). Because there is concern 

that with increasing number of HLD cycles, there is a decrease in SNR, a one-sided paired t- 

test was utilized to test the hypothesis: SNR decreases with increasing number of HLD 

cycles. For each t-test, p>0.05, therefore the null hypothesis—SNR does not decrease with 

increasing number of HLDs—cannot be rejected in any of these datasets.  

        Further assessment of the 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 was evaluated with respect to the 

middle slice—slice 5—as a function of the cumulative number of HLD cycles. For both the 

water phantom (Figure 24) and saline phantom (Figure 25), an insignificant change in SNR 

occurs—as seen with each slope centered about 0 within the 95% confidence interval ( 

 Saline 
 𝑺𝑵𝑹𝒎𝒆𝒂𝒏 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

30.08 215 

Fast 
Spin 
Echo 

237.3 168 

Gradient 
Echo 

50.97 364 

 𝑺𝑵𝑹𝒎𝒂𝒙 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

83.36 202 

Fast 
Spin 
Echo 

592.7 735 
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Table 7) and all p-values greater than 0.05, 

indicating that no statistically significant 

correlation was observed between coil SNR and 

cumulative exposure to the trophon® 2 HLD. 

Additionally, in Table 9 and Table 7, the negative 

bound of the 95% confidence interval for the 

slope of the regression was used to estimate the 

number of trophon® 2 HLD cycles that would be necessary to cause a 10% decrease SNR. 

For the Spin Echo pulse sequences acquired on the water phantom, fewer than 100 HLD 

cycles was determined to decrease the SNR by more than 10%. However, due to 

inconsistent transmit gain calibration values (found in Appendix A) for the water phantom SE 

sequences, there was an increased variance seen in SNR data, and a wider 95% 

confidence interval for the slope of the regression.  Because this variation is associated with 

transmit calibration and not random variations in our SNR data, we do not believe this to be 

an accurate estimate of the effects of HLD.  Estimates from the regression of all other 

datasets indicate that at least 168 cycles would be needed to decrease the SNR by 10%. 

 

Pulse 

Sequence 
Slice 3 Slice 4 Slice 5 Slice 6 Slice 7 

Water 𝑺𝑵𝑹𝒎𝒆𝒂𝒏 

SE (𝑇1) 
✓ 

𝑃 = 0.3592 

✓ 

 𝑃 = 0.3590 

✓ 

 𝑃 =  0.3873 

✓ 

 𝑃 = 0.4160 

✓ 

 𝑃 = 0.5082 

SE (𝑇2) 
✓ 

𝑃 = 0.8319 

✓ 

 𝑃 = 0.8595 

✓  

𝑃 = 0.9896 

✓ 

 𝑃 = 0.9537 

✓ 

𝑃 = 0.9697 

GRE (𝑇2
∗) 

✓ 

 𝑃 = 0.0834 

✓ 

 𝑃 = 0.2359 

✓ 

 𝑃 = 0.4321 

✓ 

 𝑃 = 0.8279 

✓ 

 𝑃 = 0.9416 

Water 𝑺𝑵𝑹𝒎𝒂𝒙 

Gradient 
Echo 

144.8 559 

Table 7: Estimated number of HLD cycles 

required to reduce the SNR by 10% of the 

original value—using the lowest value of slop 

in the 95% confidence level define in Error! 

Not a valid bookmark self-reference. with 

respect to the saline phantom. 
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SE (𝑇1) 
✓ 

 𝑃 = 0.3847 

✓ 

 𝑃 = 0.4291 

✓ 

 𝑃 = 0.4661 

✓ 

 𝑃 = 0.4602 

✓ 

 𝑃 = 0.5290 

SE (𝑇2) 
✓ 

 𝑃 = 0.8933 

✓ 

 𝑃 = 0.7615 

✓ 

 𝑃 = 0.8673 

✓ 

 𝑃 = 0.7861 

✓ 

 𝑃 = 0.6982 

GRE (𝑇2
∗) 

✓ 

 𝑃 = 0.1460 

✓ 

 𝑃 = 0.5564 

✓ 

 𝑃 = 0.8262 

✓ 

 𝑃 = 0.9328 

✓ 

𝑃 =  0.9785 

Saline 𝑺𝑵𝑹𝒎𝒆𝒂𝒏 

SE (𝑇1) 
✓ 

 𝑃 = 0.3835 

✓ 

 𝑃 = 0.4360 

✓ 

 𝑃 = 0.6099 

✓ 

 𝑃 = 0.5584 

✓ 

 𝑃 = 0.6171 

SE (𝑇2) 
✓ 

 𝑃 = 0.3082 

✓ 

 𝑃 = 0.4558 

✓ 

 𝑃 = 0.3304 

✓ 

 𝑃 = 0.4876 

✓ 

 𝑃 = 0.6586 

GRE (𝑇2
∗) 

✓ 

 𝑃 = 0.3490 

✓ 

 𝑃 = 0.2866 

✓ 

 𝑃 = 0.6749 

✓ 

 𝑃 = 0.8300 

✓ 

 𝑃 = 0.8694 

Saline 𝑺𝑵𝑹𝒎𝒂𝒙 

SE (𝑇1) 
✓ 

 𝑃 = 0.2572 

✓ 

 𝑃 = 0.5178 

✓ 

 𝑃 = 0.6487 

✓ 

 𝑃 = 0.6533 

✓ 

 𝑃 = 0.7631 

SE (𝑇2) 
✓ 

 𝑃 = 0.5587 

✓ 

 𝑃 = 0.8512 

✓ 

 𝑃 = 0.3037 

✓ 

 𝑃 = 0.4505 

✓ 

 𝑃 = 0.6736 

GRE (𝑇2
∗) 

✓ 

 𝑃 = 0.6037 

✓ 

 𝑃 = 0.4841 

✓ 

𝑃 = 0.9829 

✓ 

 𝑃 = 0.9329 

✓ 

 𝑃 = 0.9339 

Table 6: One-sided paired t-test for each slice, comparing the 4 pre-HLD SNR data to the post-100 HLD data. The 

check represents the null hypothesis could not be rejected; the p-value is > 0.05 for each test. 
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Figure 24: Slice 5 of the water phantom, 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 plots versus HLD cycle number. The slope 

each linear regressions is centered about zero at the 95% confidence level, with a p-value > 0.05. 

 
Figure 25: Slice 5 of the saline phantom, 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥 plots versus HLD cycle number. The slope of 

each linear regression is centered about zero at the 95% confidence level, with a p-value > 0.05. 
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Water Saline 

𝑺𝑵𝑹𝒎𝒆𝒂𝒏 𝑺𝑵𝑹𝒎𝒆𝒂𝒏 

𝒎− 𝒎+ 𝒎− 𝒎+ 

Spin Echo -0.1017 0.1219 -0.014 0.0215 

Fast Spin Echo -0.0243 0.1544 -0.1416 0.2076 

Gradient Echo -0.0165 0.02815 -0.014 0.04038 

 
𝑺𝑵𝑹𝒎𝒂𝒙 𝑺𝑵𝑹𝒎𝒂𝒙 

𝒎− 𝒎+ 𝒎− 𝒎+ 

Spin Echo -0.2971 0.3783 -0.0413 0.07688 

Fast Spin Echo -0.0379 0.233 -0.0807 0.1288 

Gradient Echo -0.0459 0.08325 -0.0259 0.1607 

 Saline 
 𝑺𝑵𝑹𝒎𝒆𝒂𝒏 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

30.08 215 

Fast 
Spin 
Echo 

237.3 168 

Gradient 
Echo 

50.97 364 

 𝑺𝑵𝑹𝒎𝒂𝒙 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

83.36 202 

Fast 
Spin 
Echo 

592.7 735 

Gradient 
Echo 

144.8 559 

Table 7: Estimated number of HLD cycles 

required to reduce the SNR by 10% of the 

original value—using the lowest value of slop 

in the 95% confidence level define in Error! 
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Not a valid bookmark self-reference. with 

respect to the saline phantom. 
Table 8: 95% confidence interval of slopes in Figure 

24 and Figure 25 

 Water 
 𝑺𝑵𝑹𝒎𝒆𝒂𝒏 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

34.0472 34 

Fast Spin 
Echo 

237.8 979 

Gradient 
Echo 

53.59 324 

 𝑺𝑵𝑹𝒎𝒂𝒙 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

94.49 32 

Fast Spin 
Echo 

603.1 1591 

Gradient 
Echo 

153.8 335 

Table 9: Estimated number of HLD cycles 

required to reduce the SNR by 10% of the 

original value—using the lowest value of slop in 

the 95% confidence level define in  

 Saline 
 𝑺𝑵𝑹𝒎𝒆𝒂𝒏 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

30.08 215 
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In addition to evaluating SNR, physical 

properties were also documented with 

increasing cycles of HLD.  

        The temperature of the electronic casing 

and center of the coil (location shown in Figure 

10A and Figure 10B) were measured before 

each run, and the electronic casing’s 

temperature (position shown in Figure 10A) 

was measured after each run. To simulate 

clinical use, before subsequent HLDs, the 

temperature of the coil was left untouched until 

the temperature returned to baseline. The 

results are present in Table 10, Table 11, and 

Table 12. 

Coil Electronics—Pre HLD 

HLD 
Cycles 

Temperature ± 0.95 °C µ σ 

1 - 10 22.7 22.6 22.7 21.8 21.5 22.9 22.0 22.0 21.7 22.2 22.2 0.14 

11 - 20 23.8 23.7 23.5 23.4 23.3 23.3 23.8 22.7 22.6 22.8 23.3 0.13 

21 - 30 23.7 22.1 23.4 23.4 23.1 23.0 23.4 23.1 21.9 21.7 22.9 0.13 

31 - 40 23.7 23.1 22.3 23.7 23.1 23.0 22.5 22.6 22.7 23.3 23.0 0.13 

41 - 50 23.8 23.5 23.4 22.3 22.6 23.5 23.0 23.3 22.9 22.8 23.1 0.13 

Fast 
Spin 
Echo 

237.3 168 

Gradient 
Echo 

50.97 364 

 𝑺𝑵𝑹𝒎𝒂𝒙 

 y-
intercept 

Number of 
HLD to 

decrease SNR 
by 10% 

Spin 
Echo 

83.36 202 

Fast 
Spin 
Echo 

592.7 735 

Gradient 
Echo 

144.8 559 

Table 7: Estimated number of HLD cycles 

required to reduce the SNR by 10% of the 

original value—using the lowest value of slop 

in the 95% confidence level define in Error! 

Not a valid bookmark self-reference. with 

respect to the saline phantom. 

Table 8 with respect to the water phantom. 
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51 - 60 23.7 23.6 22.7 22.8 22.9 22.7 23.3 22.8 22.8 23.3 23.1 0.13 

61 - 70 23.8 23.1 23.6 22.7 22.8 23.2 22.9 23.2 23.3 22.5 23.1 0.13 

71 - 80 23.9 23.4 23.1 23.0 23.2 23.1 23.1 23.1 23.3 23.2 23.2 0.13 

81 - 90 23.7 23.7 22.8 23.1 23.1 23.2 22.9 23.1 23.2 23.3 23.2 0.13 

91 - 100 23.6 23.8 23.1 23.2 23.2 22.9 23.3 23.2 22.9 23.4 23.3 0.13 

Table 10: Pre-HLD temperature of the electronic casing 

Coil—Pre HLD 

HLD 
Cycles 

Temperature ± 0.95 °C µ σ 

1 - 10 22.7 22.6 22.9 22.2 22.1 22.9 21.7 22.6 22.2 22.0 22.4 0.13 

11 - 20 22.7 22.6 22.7 22.8 22.6 22.8 22.3 22.5 22.3 22.4 22.6 0.13 

21 - 30 22.7 22.1 22.5 22.8 22.7 22.8 22.5 22.4 21.9 21.7 22.4 0.13 

31 - 40 22.8 22.3 22.3 22.7 22.7 22.7 22.0 22.4 22.3 22.9 22.5 0.13 

41 - 50 22.7 22.5 22.4 22.4 22.4 22.6 22.7 22.6 22.3 22.7 22.5 0.13 

51 - 60 22.8 22.5 22.4 22.5 22.4 22.3 22.7 22.4 22.5 22.4 22.5 0.13 
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61 - 70 22.9 22.7 22.6 22.6 22.5 22.1 22.6 22.4 22.5 22.5 22.5 0.13 

71 - 80 22.7 22.4 22.7 22.7 22.6 22.3 22.5 22.5 22.6 22.5 22.6 0.13 

81 - 90 22.7 22.6 22.7 22.7 22.6 22.6 22.5 22.4 22.5 22.7 22.6 0.13 

91 - 100 22.8 22.6 22.5 22.7 22.5 22.6 22.5 22.5 22.6 22.5 22.6 0.13 

 
Table 11: Pre-HLD temperature of the coil 

Coil Electronics—Post HLD 

HLD 
Cycles 

Temperature ± 0.95 °C µ σ 

1 - 10 49.3 48.9 48.7 44.6 44.4 43.0 47.1 42.1 42.7 42.4 45.3 0.07 

11 - 20 49.3 47.1 48.1 46.5 44.1 47.7 47.5 45.9 41.9 44.4 46.3 0.07 

21 - 30 49.7 42.3 44.5 46.7 43.2 43.2 44.1 43.4 42.1 43.5 44.3 0.07 

31 - 40 46.1 43.1 42.7 47.1 43.3 46.4 40.5 41.2 43.8 43.7 43.8 0.07 

41 - 50 49.4 44.7 45.8 47.2 43.1 45.7 46.6 42.5 45.7 47.8 45.9 0.07 

51 - 60 51.7 48.3 44.2 46.4 43.1 42.8 44.2 42.9 44.2 46.1 45.4 0.07 
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61 - 70 51.7 45.4 46.1 44.8 45.1 45.6 44.8 42.6 43.7 44.9 45.5 0.07 

71 - 80 48.3 48.3 47.7 44.8 44.0 45.4 43.4 43.5 44.0 44.6 45.4 0.07 

81 - 90 47.7 44.3 45.7 44.2 42.8 46.0 43.1 43.8 44.4 44.6 44.7 0.07 

91 - 100 48.1 48.5 46.9 44.0 45.7 45.7 44.2 43.6 43.2 43.7 45.4 0.07 

Table 12: Post-HLD temperature of the electronic casing 

        Visual images of the coil before introduction to HLD and after 100 cycles of HLD were 

documented. The coil post-100 HLD shows no change in color or shape when compared to 

the pre-HLD images (Figure 26). Similarly, the post 100 HLD neck of the coil images also 

present no obvious change in physical appearance when compared to the pre-HLD images 

(Figure 27). 
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Figure 26: Coil images pre and post 100 trophon® 2 HLD cycles 



49 
 

 

Figure 27: Images of the neck of the coil pre and post 100 trophon® 2 HLD cycles  

On closer inspection, a small 

bubble at the tip of the coil formed 

after 70 HLD runs (Error! 

Reference source not found.). 

Also of note, imaged in Error! 

Reference source not found., on 

the base of the coil’s neck is chip 

in paint; however, this chip of 

paint was present before introduction to the trophon® 2 (Figure 30). 

  

 

Figure 28: Small bubble formed on 

the tip of the rigid endorectal coil 

post 70 HLD cycles in the trophon® 2 

 

Figure 29: Chip on the 

base of the neck—

present pre and post 100 

HLD cycles. 



50 
 

 

Figure 30: Chip on the base of the neck of the coil, present before and after 100 HLD cycles 

In addition, physical changes of the electronic casing were assessed; the pre and post-100 

HLD images of the electronic casing are presented in Figure 31. 

 

Figure 31: Images of the electronics region of the coil pre and post 100 trophon® 2 HLD cycles 
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On the casing of the electronics, formation of bubbles (Figure 32A and Figure 32B) and 

chips in paint were observed (Figure 32C), as well as bubble formation under the 

informational stickers (Figure 32B).  

 
Figure 32: A) Formation of bubbles from the paint on the casing of the electronics B) formation of bubbles on the 

paint of the casing of the electronics as well as under the caution sticker C) chips in paint on the electronic casing 
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Chapter 4 

Discussion 

4.1 Impact of trophon® 2 HLD on a reusable endorectal MRI 

coil  

        Rigid endorectal coils are commercially available but are not used in practice in clinical 

settings. A method for providing complete disinfection of the coil that does not degrade SNR 

is required for routine clinical implementation.  

        Addressed in section 2.2 was the HLD effectiveness of a rigid endorectal coil by means 

of trophon® 2. Post HLD agar plates showed complete bacterial disinfection, except for trials 

2.1 and 2.2; these trials showed CFU on the post-HLD b-plates with a similar appearance as 

the candida albicans control plate. After examining the appearance of the post-HLD plates 

to the candida albicans control (as shown in Figure 19), there were four indications 

signifying the CFUs are contaminants and not candida albicans resulting from direct 

exposure of the coil to the test plates. First, the circular shape is well defined for the control 

plate but not for the post-HLD b plate from Trial 2.2. Second, some of the colonies 

presented a yellow-tint—which is not seen on the control plate. Third, growth of bacteria 

only was presented on the edges of the agar plate—suggesting contamination occurred 

when handling the plates. Moreover, most of the surface area of the agar plate in contact 

with the coil was at the center—as seen in the pre-HLD plates. And finally, there was no 

presence of candida albicans on the pre-HLD b-plates for trial 2.1 and 2.2—therefore, the 

post-HLD b-plates would not present growth of candida post-HLD. 
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        Thus, it is concluded that the trophon® 2 showed complete elimination of bacillus 

subtilis, pseudomonas aeruginosa, candida albicans, and aspergillus brasiliensis. 

        In section 2.1 the protocol, method, hardware setup, initial MRI images, and SNR 

calculations were defined. The main objective of this section was to establish infrastructure 

to ensure consistent and reproducible position of the coil with respect to the phantom and 

the bore of the MRI. 

        Presented in section 2.3 were the signal images of pre- post-100 HLD cycles (Figure 

20); the pre-HLD signal images of the SE and GRE pulse sequences, for both the water and 

saline phantom, there were no observable artifacts. However, as expected, the GE-EPI 

images presented an artifact; this artifact occurs due to the strength of gradient required for 

such a small field of view. Then observing the post-HLD signal images, even after all 100 

HLDs, no qualitative differences were detected—not even a visible difference in the artifact 

present in the GE-EPI image. Therefore, 100 trophon® 2 HLD cycles of the rigid endorectal 

coil did not disrupt the qualitative imaging properties of the MR image.  

        Quantitative measurements were also examined. The 𝑆𝑁𝑅𝑚𝑒𝑎𝑛 and 𝑆𝑁𝑅𝑚𝑎𝑥, for both 

the water and saline phantom were calculated. Presented in Figure 22 and Error! 

Reference source not found. are the comparison of the baseline SNR with the post-100 

HLD SNR. By comparing the pre- and post-HLD data with a one-sided paired t-test, it was 

determined that the null hypothesis—SNR does not decrease with increasing number of 

HLD cycles—cannot be rejected.   

        Furthermore, the SNR data as a function of the number of HLDs was assessed. In 

Figure 24 and Figure 25, it can be observed that the negligible slope of SNR as a function of 

HLDs, suggests no degradation of SNR due to HLD. In addition to the negligible slope, the 

p-value of each slope was above 0.05; therefore, the null hypothesis—SNR does not 

decrease with increasing number of HLD cycles—cannot be rejected. From estimating the 

number of HLD cycles to decrease the measured SNR by 10%, it was determined that more 
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than 100 HLD cycles of the coil would be required for all sequences except for SE of the 

water phantom; however, this can be explained by variations in transmit gain that were 

found during the automatic pre-scan. If the transmit gain was not set to produce a 90-degree 

excitation, the maximum signal is not obtained and therefore a smaller SNR is measured. As 

observed in the SNR data from SE, variation in the transmit gain values produced variations 

in SNR calculations. Therefore, these variations are not ideal for estimating the effects of 

HLD on the rigid endorectal coil. However, all other transmit gain values were consistent. 

For example, for Fast Spin Echo of the saline phantom, it is estimated that 168 cycles would 

be needed, and for the water phantom, 980 HLD cycles would be required to decrease the 

𝑆𝑁𝑅𝑚𝑒𝑎𝑛 by 10%. 

        Looking at the physical images of the endorectal coil, there was no significant change 

in physical appearance for the coil and the neck of the coil. However, on closer inspection, a 

small bubble formed on the tip of the coil after 70 HLD runs. Although this bubble formed, it 

was proven that the null hypothesis could not be rejected, and therefore. However patient 

safety with regards to this deformity still needs to be assessed.  

        Although the casing of the electronics presented physical changes, they did not affect 

the imaging properties of the coil. In addition, the electronic region will not come in contact 

with the patient and therefore does not need HLD. 

4.2 Future Directions 

         A trophon® 2 has been shown to successfully achieve HLD on a rigid, reusable 

endorectal MRI coil without compromising sensitivity across at least 100 HLD cycles. 

However, the rigid endorectal coil is not yet ready to be implemented in the clinic for MRI coil 

HLD.  
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To further test the ability of trophon® 2 for HLD, disinfection of staphylococcus aureus from 

the coil should be tested—this was a biosafety level 2 organisms recommended by USP-NF 

for sterility testing.  

        Before experimentation with staphylococcus aureus, it is ideal the rigid endorectal coil 

be re-designed. In its current state, either the preamp box must go in the trophon® 2, which 

causes the coil to extend beyond the recommended length—the arrangement used in this 

study—or only the coil, omitting the neck of the coil, receives HLD. Preferably, the 

preamplifier box would sit outside of the trophon® 2 chamber, while both the neck and the 

coil receive HLD. This would decrease concerns of damage to the more sensitive 

electronics—although proven not to be an issue for up to 100 HLD cycles—and patient 

safety due to chipping of paint or damage to the coil structure, which is not sealed as tightly 

in this area. 

        As observed, after 70 cycles of HLD, a small bubble formed at the top of the coil. 

Although the paint was still intact and had no effect on the SNR measured, observation of 

bubble formation should be evaluated once a re-designed rigid endorectal coil has been 

developed. At present, the base of the chamber is closer to the coil than intended.  It is 

possible this non-ideal condition—such as increased heat due to close-proximity of the coil 

to the base of the chamber—caused the formation of a bubble. However, the coil will be 

sent back to the manufacturer to determine if these flaws present a safety concern. If they 

do, a different surface coating for the coil and the neck of the coil—what will come in direct 

contact with the patient—will be evaluated. 

        Implementation of trophon® 2 as a process of HLD may allow for wider adoption of a 

rigid endorectal coil in the clinic. Consequently, higher SNR images may be acquired and 

even an increase in patient comfort. In addition, a receiver coil for 13C-based MRI imaging 
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for use in a clinic becomes more feasible, potentially changing the way prostate cancer is 

detected and assessed for therapy effectiveness. 

        For example, WW patients receive invasive diagnostic testing to determine if the tumor 

has increased in aggressiveness. With 13C-based MRI, noninvasive diagnostic imaging can 

be acquired and samples the entire tumor. In addition, for patients receiving other forms of 

therapy, a 13C-based MRI can be used to assess treatment efficacy before the end of 

treatment; this is because increases in tumor metabolic properties can be observed before 

changes in tumor size can be detected. 
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Appendix A 

Automatic Pre-Scan Values 

R1 – excitation pulse 

R2 – refocusing pulse 

TG – transmission gain 

CF – center frequency  

Water 
Sample 

Pre HLD 
#1 

Pre HLD 
#2 

Pre HLD 
#3 

Pre HLD 
#4 

Post 100 
HLD #1 

Post 100 
HLD #2 

Post 100 
HLD #3 

Post 100 
HLD #4 

SE (T1) 

R1 13 13 13 13 13 13 13 13 

R2 30 29 30 30 30 30 30 30 

TG 142 129 143 142 123 143 127 143 

CF 127746988 127747151 127746983 127746984 127746976 127746965 127746956 127746960 

SE (T2) 

R1 13 13 13 13 13 13 13 13 

R2 30 30 30 30 30 30 30 30 

TG 119 118 121 119 119 121 123 123 

CF 127746969 127746968 127746960 127746969 127746976 127746964 127746956 127746960 

GE-EPI (T2*) 

R1 13 13 13 13 13 13 13 13 

R2 15 15 15 15 30 15 15 15 

TG 118 121 122 121 129 122 122 124 

CF 127746981 127746968 127746983 127746946 127746976 127746965 127746956 127746960 

GRE (T2*) 

R1 13 13 13 13 13 13 13 13 

R2 15 15 15 15 15 15 15 15 

TG 119 122 122 117 119 120 122 123 

CF 127746981 127746968 127746983 127746972 127746976 127746972 127746956 127746960 
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Water 
Sample 

Pre HLD 
Post 10 

HLD 
Post 20 

HLD 
Post 30 

HLD 
Post 40 

HLD 
Post 50 

HLD 
Post 60 

HLD 
Post 70 

HLD 
Post 80 

HLD 
Post 90 

HLD 
Post 100 

HLD 

SE (T1) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 30 30 30 30 30 30 30 30 30 30 30 

TG 142 124 127 142 143 124 144 124 141 127 123 

CF 127746984 127746968 127746960 127746969 127747026 127746997 127746970 127746973 127746981 127746969 127746976 

SE (T2) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 30 30 30 30 30 30 30 30 30 30 30 

TG 119 119 122 118 119 121 121 118 121 119 119 

CF 127746969 127746968 127746960 127746969 127747026 127746997 127746963 127746973 127746981 127746969 127746976 

GE-EPI (T2*) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 15 15 15 15 15 15 15 15 15 15 30 

TG 121 120 122 119 118 121 118 118 119 120 129 

CF 127746946 127746968 127746960 127746969 127747026 127746997 127746970 127746973 127746981 127746969 127746976 

GRE (T2*) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 15 15 15 15 15 15 15 15 15 15 15 

TG 117 120 122 118 118 119 119 121 121 119 119 

CF 127746972 127746968 127746960 127746969 127747026 127746997 127746970 127746973 127746981 127746969 127746976 
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Saline 
Sample 

Pre HLD 
#1 

Pre HLD 
#2 

Pre HLD 
#3 

Pre HLD 
#4 

Post 100 
HLD #1 

Post 100 
HLD #2 

Post 100 
HLD #3 

Post 100 
HLD #4 

SE (T1) 

R1 13 13 13 13 13 13 13 13 

R2 30 30 30 30 30 30 30 30 

TG 125 125 128 126 124 125 127 132 

CF 127746978 127746972 127746969 127746941 127746968 127746964 127746952 127746956 

SE (T2) 

R1 13 13 13 13 13 13 13 13 

R2 30 30 30 30 30 30 30 30 

TG 120 122 126 118 120 120 122 125 

CF 127746978 127746972 127746969 127736948 127746968 127746964 127746952 127746963 

GE-EPI (T2*) 

R1 13 13 13 13 13 13 13 13 

R2 30 15 15 15 15 15 15 15 

TG 120 123 127 121 118 118 123 126 

CF 127746978 127746972 127746969 127746963 127746968 127746964 127746952 127746963 

GRE (T2*) 

R1 13 13 13 13 13 13 13 13 

R2 15 15 15 15 15 15 15 15 

TG 120 126 126 120 119 118 123 126 

CF 127746978 127746972 127746969 127746963 127746968 127746964 127746952 127746963 
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Saline 
Sample 

Pre HLD 
Post 10 

HLD 
Post 20 

HLD 
Post 30 

HLD 
Post 40 

HLD 
Post 50 

HLD 
Post 60 

HLD 
Post 70 

HLD 
Post 80 

HLD 
Post 90 

HLD 
Post 100 

HLD 

SE (T1) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 30 30 30 30 30 30 30 30 30 30 30 

TG 126 128 128 127 126 125 128 125 128 127 124 

CF 127746941 127746968 127746960 127746961 127746989 127746993 127746963 127746973 127746982 127746970 127746968 

SE (T2) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 30 30 30 30 30 30 30 30 30 30 30 

TG 118 121 122 122 119 120 123 119 124 121 120 

CF 127736948 127746968 127746960 127746961 127736989 127746993 127746948 127746973 127746982 127746970 127746968 

GE-EPI (T2*) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 15 15 15 15 15 15 15 15 15 15 15 

TG 121 123 124 122 120 119 121 120 123 122 118 

CF 127746963 127746968 127746960 127746961 127746989 127746986 127746955 127746973 127746982 127746970 127746968 

GRE (T2*) 

R1 13 13 13 13 13 13 13 13 13 13 13 

R2 15 15 15 15 15 15 15 15 15 15 15 

TG 120 122 129 130 119 119 121 119 127 122 119 

CF 127746963 127746968 127746967 127746961 127746989 127746986 127746970 127746973 127746982 127746970 127746968 
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