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ABSTRACT 

Remote sensing, tracking and imaging inside MRI systems 

Mehmet Berk Bilgin 

Master of Science in Electrical and Electronics Engineering 

December 16, 2021 

In addition to diagnostic and therapeutic uses, clinical magnetic resonance imaging 
(MRI) systems have also been used for interventional procedures. However, safety risks 
associated with increased specific absorption rate and tissue overheating should be 
measured in-situ and controlled during such procedures. Here, we introduce a self-
resonating radio frequency (RF) sensor capable of remote temperature sensing to serve 
as a visual indicator of in-situ temperature changes during real-time MRI interventional 
operations. We propose a new sensor design that uses dielectric properties as the tuning 
mechanism for the sensor resonant frequency and the temperature dependence of 
permittivity. Using a 7 Tesla (7T) preclinical MRI, we demonstrate ex vivo feasibility and 
remote temperature sensing capabilities in the clinically relevant temperature range of 36-
42°C. The miniature design of the sensor allows its placement on the tip of a catheter, 
where it can be used for both catheter tracking and temperature sensing.  The RF sensor 
is tuned to match the resonant frequency of 7T MRI (298 MHz), enabling a hyperintense 
signal on the sensor in the MR images. Hence, it can be used for three-dimensional 
position tracking during the steering of a given interventional medical device, such as a 
catheter. As temperature increases, the sensor detunes due to the change in the relative 
permittivity, and the hyperintense signal disappears in the MR image, serving as a direct 
visual indicator of the temperature change in real-time without a need for post-processing. 
Since this technique is based on common MR imaging sequences, the same image can be 
used for both device localization and temperature measurement. 0.6°C accuracy is 
achieved in the physiological range between 36°C and 42°C. Such RF sensors could 
provide safer operations in future MRI interventional procedures with potential local 
increased temperatures. 

MRI is also a heavily utilized medical diagnostic tool that usually employs a contrast 
agent for enhanced image sensitivity and selectivity. Superparamagnetic iron oxide 
nanoparticles (SPIONs) have been shown as strong MRI contrast agents in the literature 
but usually with a dark (T2) contrast. However, bright contrast (T1 contrast agent) is 
preferred by the radiologists in the clinic, yet difficult to achieve.  Here, we show T1 
contrast generation of polyacrylic acid-coated superparamagnetic iron oxide 
nanoparticles (SPION-PAA) in our 7 Tesla MRI. We showed that such T1 contrast is 
achievable in ex vivo mouse experiments, as well. 

Interaction of SPION with UV or visible light is also an exciting phenomenon that 
may be exploited in photopolymerization to produce polymer/SPION nanocomposites for 
both enhancing MRI imaging contrast and 3D printing small-scale MRI robots.  Using 
biocompatible SPIONs of nanoscale size and high stability eliminates the need for an 
initiator that might be undesirable in biological applications. We show that SPION-PAA 
can also be used as an initiator in the photopolymerization of vinyl monomers. 
Differential scanning calorimeter experiments were conducted to find optimal parameters 
for the highest and fastest conversion conditions. Furthermore, synthesized 
SPION/polymer hybrids/gels were demonstrated as efficient sensitizers for hyperthermia 
in an alternating magnetic field. 
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ÖZETÇE 

MRI sistemlerinde uzaktan algılama, izleme ve görüntüleme 

Mehmet Berk Bilgin 

Elektrik ve Elektronik Mühendisliği, Yüksek Lisans 

16 Aralık 2021 

Teşhis ve tedavi amaçlı kullanımlara ek olarak, klinik manyetik rezonans 
görüntüleme (MRI) sistemleri girişimsel prosedürler için de kullanılır. Fakat, artan 
spesifik absorpsiyon oranı (SAR) ve doku aşırı ısınması ile ilişkili güvenlik riskleri, 
sürekli gözlemlenmeli ve bu tür prosedürler sırasında kontrol edilmelidir. Bu tezde, 
gerçek zamanlı MRI girişimsel operasyonlar sırasında yerinde sıcaklık değişikliklerinin 
görsel bir göstergesi olarak hizmet etmek üzere uzaktan sıcaklık algılama yeteneğine 
sahip, bir radyo frekansı (RF) sensörünü sunuyoruz. Elektriksel geçirgenliğin sıcaklık 
bağımlılığını ayar mekanizması olarak kullanan yeni bir sensör tasarımı öneriyoruz. 7 
Tesla (7T) klinik öncesi MRI kullanarak, tıbbı olarak önemli 36-42°C sıcaklık aralığında 
ex vivo fizibilite ve uzaktan sıcaklık algılama yeteneklerini gösteriyoruz. Sensörün 
minyatür tasarımı hem ucuna yerleştirildiği kateteri izleme hem de sıcaklık algılama için 
kullanılmasına izin verir. RF sensörü, MR görüntülerinde sensör üzerinde yoğun sinyal 
sağlayan 7T MRI (298 MHz) rezonans frekansına ayarlı şekilde ayarlanmıştır. Bu 
nedenle, kateter gibi belirli bir girişimsel tıbbi cihazın yönlendirilmesi sırasında üç 
boyutlu konum takibi için kullanılabilir. Sıcaklık arttıkça, elektriksel geçirgenlikteki 
değişiklik nedeniyle sensörün rezonansı kayar, MR görüntüsünde yoğun sinyal kaybolur 
ve sonradan işlemeye gerek kalmadan gerçek zamanlı olarak sıcaklık değişiminin 
doğrudan görsel göstergesi olarak işlev görür. Bu teknik yaygın olarak kullanılan MR 
görüntüleme dizilerine dayandığından, elde edilen görüntü hem cihaz lokalizasyonu hem 
de sıcaklık ölçümü için kullanılabilir. 0.6°C doğruluk, 36°C ile 42°C arasındaki fizyolojik 
aralıkta elde edilir. Bu tür RF sensörü, potansiyel yerel doku ısınma durumlarına karşın 
gelecekteki MRI girişimsel prosedürlerinde daha güvenli operasyonlar sağlayabilir. 

MR aynı zamanda sıklıkla kullanılan bir tıbbi tanı aracıdır ve genellikle gelişmiş 
hassasiyet ve seçicilik için bir kontrast maddesi kullanır. Süperparamanyetik demir oksit 
nanoparçacıkları (SPION), literatürde güçlü MR kontrast maddesi olarak gösterilmiştir, 
ancak genellikle koyu (T2) kontrastlıdırlar. Ancak klinikte radyologlar tarafından parlak 
kontrast (T1 kontrast ajanı) tercih edilir, fakat elde edilmesi zordur. Burada, 7 Tesla 
MRI'da poliakrilik asit kaplı süperparamanyetik demir oksit nanoparçacıklarının 
(SPION-PAA) T1 kontrast üretimini gösteriyoruz. T1 kontrastının, ex vivo fare 
deneylerinde de elde edilebildiği gösterilmiştir. 

SPION'un UV veya görünür ışık ile etkileşimi, fotopolimerizayon ile hem MR 
kontrastı hem de MR robotiği alanında kullanılabilecek SPION-polimer 
nanokompozitleri üretmek için çok ilgi çeken bir yönüdür. Küçük boyutlu ve yüksek 
kararlılığa sahip SPION kullanılması, biyolojik uygulamalarda istenmeyen bir başlatıcı 
ihtiyacını ortadan kaldırır. Bu çalışmada, SPION-PAA'nın vinil monomerlerin 
fotopolimerizayonda başlatıcı olarak da kullanılabileceğini gösterdik. En yüksek ve en 
hızlı polimerleşme koşullarını sağlayan parametreleri bulmak için DSC deneyleri yapıldı. 
Ayrıca, sentezlenen SPION/polimer hibritleri/jeller, değişken manyetik alan altında 
hipertermi için etkili araçlar olarak gösterildi. 
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Chapter 1: 

INTRODUCTION 

1.1 Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is a powerful non-invasive medical imaging 

technique. High-resolution imaging capabilities and non-ionizing nature make it one of 

the most commonly used imaging methods in clinics and hospitals. Since its 

introduction to clinical use in the early 1980s, it has become a staple tool for diagnostic 

medicine. Especially, in oncological and neurological disfunctions, MRI serves an 

essential part of diagnosing and tracking of the diseases/disorders progress.  

MRI is based on the nuclear magnetic resonance phenomenon (NMR). In quantum 

theory, protons in the nuclei have a spin, sometimes referred to as the magnetic 

moment. This magnetic moment is a quantized vector value. At relaxed conditions, the 

magnetic moment of protons is randomly distributed; hence, the net magnetic moment 

is zero. However, when a magnetic field of B0 is applied, these magnetic moments tend 

to align themselves in the direction of B0. If an RF pulse is applied to these aligned 

protons, they react and change orientation proportional to the RF pulse. This excited 

state is unstable by nature, and while relaxing to the stable state, this extra energy is 

dispersed. NMR tracks and records this relaxation of the protons.  

However, absorption of the RF pulse only happens if the RF wave’s frequency 

matches the proton’s precession at the given magnetic field B0. The frequency of the 

precession is put forward with Larmor’s equation given as, 𝑓" = 	𝛾 ∗ 𝐵", where 𝛾 is the 

gyromagnetic ratio for that proton and 𝐵" is the magnitude of the applied magnetic 

field. This value is specific to particles or atoms. For hydrogen protons in a water 

molecule, 𝛾 = 42.58	𝑀𝐻𝑧/𝑇𝑒𝑠𝑙𝑎.  

MRI adds visualization to the NMR by collecting NMR data in frequency space 

called k-space. Data coming from the receiver coil is converted into the frequency 

domain using FFT processing techniques. Using frequency domain signals enables MRI 

to pinpoint the region where the signal originates and create an image of signal 

intensities across the field of view.  
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1.2 MRI as an interventional tool 

MRI provides a versatile environment with ultra-strong static magnetic fields and 

adjustable gradients. Gradient amplitude can be adjusted, and the applied region can be 

set to the desired location. Furthermore, imaging with MRI can be done on command 

and take a relatively short time. Since imaging can be done simultaneously with the 

intervention and without additional gear, MRI offers the much-required visual feedback 

for closed operations. Hence, MRI-guided intervention alternatives are safer than their 

open operations counterparts due to their minimally invasive nature, which decreases 

the chance of healthy tissue damage, induced pain, and hospital stay durations [1].  

Researchers realized early on that MRI can be used as an intervention environment 

[2], [3]. Since then, many different interventional designs utilizing MRI have been 

proposed. Active catheters [4], [5], MRI-compatible actuators [6], [7], untethered robots 

[8]–[10] are a few common focus designs of the field.  

1.3 Tracking and sensing in MRI 

For tracking and labeling inside MRI, various methods were proposed, such as; 

contrast agents [11]–[13], active tracking device [14], magnetic markers [15]–[17], and 

RF markers [18]–[20]. Contrast agents are substances that shorten the relaxation times 

of the surrounding around and, therefore, affect the signal on images. Usually, T1 

agents result in positive(bright), and T2 agents create negative(dark) contrasts. Magnetic 

markers change the magnetic susceptibility around the marker, hence shifting the 

exerted B0 field. By changing the Larmor frequency, Magnetic markers result in dark 

spots in the MR images. Active tracking methods include devices that are connected to 

the receiver of the MRI and give position information directly. RF markers are resonant 

devices that use applied RF pulse to increase signal. They create positive contrasts in 

images.  

Sensing with MRI is extensively investigated. MRI has been used for sensing many 

different stimuli such as temperature [21]–[24], blood flow [25], blood oxygen levels 

[26], and countless tissue abnormalities and damages [27]–[29]. In all of the methods 

mentioned above, MRI is used without additional equipment. Hence, available 

measurements are limited with the imaging capability of the MRI. However, using 

additional implantable or insertable tools to overcome this bottleneck will help us 



 
Introduction  3 

 

further enhance the use and abilities of the MRI. Only one study investigated such a tool 

in MRI for sensory purposes. Hai et al. used diode circuitry and RF markers to detect 

neuron activity near the sensor [30]. 

1.4 Thesis contribution 

Tracking and sensing in the MRI environment require further advancement before 

the clinical phase. MRI-guided robotics promise new and less risky alternatives to 

complex operations. However, these tools are yet to be proven safe for widespread 

clinical use. For safe operations inside MRI, tools must be closely watched for potential 

harm such as heating, tissue damage, etc. New tracking methods will be helpful for 

MRI-guided tools, where monitoring is one of the critical issues. Completing such void 

in the field would help achieve faster feedback rates and better control of the 

interventional device. Safer and more effective methods required for clinical use can be 

delivered with better tracking and sensing mechanisms.  

The development of new contrast agents for MRI continues to be the focus of 

researchers. Clinicians highly prefer biocompatible contrast agents with long blood 

circulation and high contrast ability; thus, SPION as a contrast agent attracted 

considerable attention. Furthermore, there is already extensive research on other 

functions of SPION such as, hyperthermia [31], [32], actuation [33], 

photopolymerization and 3D printing [34], gene therapy [35], [36], and drug delivery 

[37]. Biocompatibility, high magnetic saturation and small size of the particles make 

SPIONs a great candidate for future biomedical research, as their multifunctionality can 

simplify any system they are used in.  

This thesis has following contributions: 

1. Proposed and demonstrated (ex vivo) a new RF sensor at a few millimeters length 

scale for in-situ temperature measurements for interventional MRI systems. This work 

is the first study to demonstrate MRI remote temperature sensor.  

2. Demonstrated (ex vivo) SPION-PAA as a new biocompatible dual-mode MRI 

contrast agent. The achieved contrast changes between T1 and T2 depending on the 

nanoparticle concentration. 

3. Demonstrated photopolymerization initiation with SPION-PAA. Created gels have 

intrinsic high magnetic properties that can be used for actuation and magnetic heating. 
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Chapter 2:  

RF MARKERS AS REMOTE TEMPERATURE SENSORS DURING 

MRI INTERVENTIONAL PROCEDURES 

2.1 Background 

Recently, MRI-guided minimally-invasive interventional procedures have attracted 

extensive attention in medical robotics as a potential alternative to traditional two-

dimensional (2D) fluoroscopic imaging methods because of MRI’s ionizing-radiation-

free nature and tree-dimensional (3D) high-resolution soft tissue imaging capability [6], 

[20], [38]–[41]. By developing different medical robot or device designs in MRI, such 

as MRI-compatible guide wires [42], [43], soft pneumatic actuators [44], [45], piezo 

actuators [7], [46], focused ultrasound (FUS) systems [40], [47], [48], active catheters 

[49], [50], needle insertion systems [6], [51], [52], and magnetic microrobots [53]–[58], 

researchers have demonstrated promising interventional procedures, such as laser 

ablation [59]–[63], local hyperthermia [48], [64], [65], and FUS ablation [47], [63], 

[66]. The usage of MRI is mainly limited to the position tracking and steering control of 

such medical robots or devices with fiducial markers based on radiofrequency (RF) 

markers [18]–[20], [67]–[69],  magnetic markers [15]–[17],  and contrast agents [11]–

[13].  

One of the key challenges during many interventional MRI procedures is the risks 

associated with overheating, which poses a threat to the patients' safety. Numerous 

reports have been published concerning the heating of metallic components during MR 

imaging [70], [71], [80]–[86], [72]–[79]; therefore, continuous in-situ temperature 

monitoring is required for safe interventional MRI applications. As an in-situ 

temperature monitoring method, MRI thermometry has been developed [21]–[24]. 

Researchers used MRI thermometry-based temperature feedback to control FUS 

hyperthermia operations [64], [65], [87] or to evaluate MRI-guided laser ablation 

therapies [41], [60], [88] and MRI-guided active catheters [89], [90]. While MRI 

thermometry methods can provide accurate in-situ temperature mapping in 3D, they 

decrease overall MRI-based visual feedback by adding an extra sequence, hindering 



 
RF Markers as Remote Temperature Sensors During MRI Interventional Procedures
  5 

 

real-time MRI feedback. In a different approach, some researchers proposed RF-based 

telemetric devices for measuring the in-situ temperature remotely [91]–[94]. However, 

previously proposed methods include sophisticated circuitry and metallic components 

that may distort MR images [95]–[97]. Therefore, a safe method for in-situ temperature 

monitoring without decreasing the MRI feedback rate is highly desirable inside the 

interventional MR scanners.  

Previously, various RF marker designs have been reported, while their main focus 

has been on device 3D tracking inside MRI [18], [19], [102], [20], [67]–[69], [98]–

[101]. Most of the proposed RF designs were for catheter tracking inside MRI [98]–

[103]. Most of the literature was lacking performance metrics in their work and only 

few studies focusing on the tracking performance were published [19], [67], [68]. 

Recent studies explored new designs for ensuring functionality independent of the 

marker orientation [18], [100], [102]. Beyond tracking, a recent study used an RF 

marker design for remote bio-sensing in neuron transmission by using an additional 

field-effect transistor to detune RF coil with environmental stimulus [30]. An alternative 

approach for remote sensing is to leverage changes in the intrinsic parameters of the RF 

markers, such as inductance and capacitance. Hence, when a marker reacts to a 

stimulus, its resonant frequency shifts. With such response mechanism, markers can be 

used as remote sensors and respond to stimuli while retaining their 3D position tracking 

abilities.  

In this work, we propose a 7T MRI-tuned RF sensor for remote temperature 

sensing. Our RF sensor design is composed of two coils tuned to the operating 

frequency of the MRI scanner using the self-resonance of the copper wire wound into 

the solenoid coil. We place our sensor inside a dielectric material, i.e., low-

concentration agarose gel, where its resonant frequency can be changed with 

temperature due to temperature dependence of permittivity. Temperature increase alters 

the permittivity and decreases the capacitance; thus, detunes of the RF sensor. 

Therefore, the signal intensity within the RF sensor in the MR image changes with 

temperature. We place two perpendicular RF markers and fill them with low 

concentration agarose gel to assure orientation independence during excitation with the 

MRI RF coils. We provide further characterization of the RF sensor, such as the angle 

limit between the sensor and the MR imaging slice and the image resolution limit. For 

the ideal results, the marker should be oriented with the slice, and image resolution 
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should be lower than a limit determined by the marker size. The local in-situ 

temperature is estimated from the MRI images using the calculated contrast difference 

between the RF marker and the surrounding tissue (Figure 2.1). Our ex vivo temperature 

measurement experiments in a porcine heart tissue demonstrate that the proposed RF 

temperature marker has high precision in the operating temperature range of 36-42 ℃. 

Therefore, it is possible to map absolute temperature with pre-calibration of the signal 

with a known temperature. 

 

 
Figure 2.1: Conceptual schematic of the proposed RF sensor during a kidney operation. The RF sensor can be 

implemented in catheter operations, and the temperature can be monitored as the contrast created by the marker 
changes with the temperature. 

 

2.2 Methods and Materials 

2.2.1 Manufacturing of the RF sensor 

MRI RF markers were manufactured by winding a 80-mm diameter insulated 

copper wire (Block, Germany) to a 14G hypodermic needle (Henke-Ject, Henke Sass 

Wolf GmbH, Germany). A layer of glue (Loctite 401, Henkel, Germany) was applied, 

and after drying, individual markers were cut. Manufacturing process and individual 

marker are shown in Figure 2.2 and Figure 2.3, respectively. Markers were trimmed and 

tuned one by one, using a Vector Network Analyzer (VNA, ENA20561B, Keysight 

Technologies, CA, USA). Using a coil loop attached to the VNA in the S11 mode, 

tuning measurements were done as markers submerged in water. Magnetic field pattern 

of the coils was also simulated in the COMSOL environment using a simplified axially 

symmetric electromagnetic module, to understand the distribution effective applied 

T1 °C < T2 °C
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magnetic field. A polyurethane catheter tube (Pellethane, Lubrizol, OH, USA) with a 

2.8 mm diameter was used for temperature measurement experiments. Two markers 

were placed perpendicularly inside the catheter tube, filled and mechanically fixed with 

a low concentration agarose gel (Agarose, Sigma-Aldrich, MO, USA). The ends of the 

catheter tube were sealed to prevent ions in the Ringer’s solution diffusing into the 

agarose and detuning the sensor.  

 

 
Figure 2.2: Manufacturing process steps of the RF markers. Copper wire wound around a needle and glue is 

applied to fix the shape. Removed markers are trimmed and tuned to the desired frequency.  

 

 
Figure 2.3: Individual marker, zoomed in. 

 

Initial trials with the sensor included surface coils. In appendix A, design and 

manufacturing method of surface coils are provided.  
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2.2.2 MRI hardware and experimental setup 

All MRI experiments were conducted in Max Planck Institute for Intelligent 

Systems. 7 Tesla preclinical small animal MRI (BioSpec 70/30, Bruker, Ettlingen, 

Germany) and 154 mm quadrature birdcage coil were used for MRI experiments. For 

sensor rotation experiments inside our MR scanner, a custom MRI-compatible 

horizontal rotating table was designed (Figure 2.4). The non-magnetic piezo motor and 

wires were kept outside the bore of the MRI to minimize any RF interference with MRI. 

A pulley attached to a piezo motor (LR23-50, PiezoMotor, Sweden), stationed at the 

MRI bore entrance, rotated the table with the help of a tight string. The piezo motor was 

used for horizontal rotation to rotate the table in 10° intervals inside the MRI. However, 

vertical rotations were done manually in 15° intervals. In ex-vivo experiments, a porcine 

heart tissue containing an artery was cut and placed in a sample box with polyvinyl 

tubing in a spiral pattern installed at the bottom for tissue heating experiments. The 

sample box was filled with Ringer’s solution to increase heat transfer and placed in a 

styrofoam hold. A heated bath circulator (SC100-S5P, ThermoFisher Scientific, MA, 

USA) pumped hot water through the pipes and heat the heart tissue. A Catheter with 

two perpendicular markers was placed in one of the arteries, and an optical temperature 

probe (FOTEMP OEM-PLUS, Optocon, Germany) was placed next to it. MRI scans 

were conducted as temperatures were measured with the optical sensor as the ground 

truth. 

 

 
Figure 2.4: Rotation setup design and installation on the MRI stage. A piezo motor is used to rotate the table 

inside the MRI using pulleys connected by a string. 
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2.2.3 MRI imaging and data evaluation 

In MRI experiments, a 2D non-slice selective GRE sequence was used. A minimum 

echo time of 3.438 ms and a minimum repetition time of 7.183 ms was used. 120×120 

mm2 field of view was imaged with 256×256-pixel matrix, if not stated otherwise. 

Single imaging sequence lasted around 1.8 s. 100 kHz excitation pulse bandwidth was 

used in all experiments, and the receiver coil bandwidth was set to 50 kHz. Pulse power 

was adjusted to have a flip angle of 0.2°. We have created an automated software 

routine to evaluate the RC values of RF markers in pixel size and rotation angle 

experiments. Our code detected corners of the sample box, therefore, the orientation 

angle of the sample box, and rotated it to 90°. After the correction rotation, it identified 

each sample well and checked for markers. For background signals, the signal of the 

water regions was used after removing markers from the image. Then the following 

formula was used for the calculation of the RC, 

RC = max(𝑚𝑎𝑟𝑘𝑒𝑟) − 𝑚𝑒𝑎𝑛(𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
𝑚𝑒𝑎𝑛(𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) . 

Equation 1: The calculation of the relative contrast (RC) 

In ex vivo experiments, marker positions and selected background regions were 

manually given to code, and the software RC values were calculated. Then, calculated 

RC values were converted to temperature estimations by the software using the mapping 

relation. A sample code for automated RC evaluation is provided in appendix A. 

2.2.4 Calculation of the resolution limit 

Basically, with the resolution limit, our goal is to ensure a single pixel that falls 

entirely inside the maximum signal region of the marker so that one pixel will not 

fluctuate due to positioning to pixel projections. It is a requirement for reliable sensory 

measurement. In order to calculate this resolution limit, the length of the maximum 

signal region (lmsr) of a marker should be known, and lmsr must be larger than the two-

pixel size. As positioning and pixel projections are assumed to be random, the pixel 

diagonal length should be used for calculations. For our marker, the diameter is lmsr 

since simulations show that the maximum signal is inside the marker. So, for our 

marker with a 2 mm diameter, the diagonal of the pixel should be 1 mm. That brings the 



 
RF Markers as Remote Temperature Sensors During MRI Interventional Procedures
  10 

 

pixel size resolution to 0.707(H1/2) mm. That is the resolution limit for our proposed 

marker design., RC mean values and their standard deviations with different resolutions 

are shown in Figure 2.5.  Note that after 0.707 mm, mean values and deviations are 

converging. 

 

 
Figure 2.5: RC values of a marker in images with different resolutions. Markers are imaged in MRI in different 

resolutions and the RC values are calculated using the automated code. RC values stabilize after the resolution limit. 

 

2.3 Experimental results 

2.3.1 MRI-tuned RF marker design for remote in-situ temperature sensing 

Previous research on MRI-tuned RF markers focused on the 3D localization and 

position tracking for MRI-guided robotic tools [18]–[20], [67]–[69]. Therefore, the 

main design objective of these studies was maximizing the coupling between the RF 

marker and MRI’s own RF coils by precisely tuning the marker to the operation 

frequency of the MRI scanner, ensuring RF coupling robustness against any external 

physical stimuli. However, using RF markers for remote sensing requires a different 

design approach. The coupling between the RF markers and the MRI RF coils should be 

sensitive to the measured physical stimulus, as shown for our temperature markers in 

Figure 2.6.  
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Figure 2.6: Desired response of the sensor resonance to the temperature change. The resonant frequency of the 

sensor shifts right with higher temperatures. The coupling with MRI, therefore the RC, decreases as the temperature 
increases.  

 

We achieve a temperature-sensitive RF marker by excluding the lumped capacitor 

element from the design and using solely intrinsic capacitance (Ci) of our single-layer 

wound coil (Figure 2.6) to match the resonance frequency, 𝑓" =	 J
KLHMNO. The circuit 

representation of the marker is given in Figure 2.7. Since temperature is the stimulus the 

marker is sensitive to, intrinsic capacitance is temperature dependent.  

 

 
Figure 2.7: Circuit representation of the marker. The marker is inductively coupled to the RF coil of the MRI 

and has a temperature dependence capacitance. 
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Q factor of this circuit can be found using 𝑄 = J
QR M

NO. After inserting calculated 

component values (R and L) and values that are derived from the resonant frequency 

equation (Ci), Q is found to be around 3200. As the flux through the marker is given as, 

Φ =	∫ 𝐵J𝑑𝑎U
	 = ‖𝐵J‖‖𝑑𝑎‖ cos 𝜃 where Φ is the flux through the marker, da is the 

surface normal vector of the marker and θ is the angle between B1 field and the normal 

vector of the marker. Similarly, induced current within the marker (I) is obtained as 𝐼 =
\J
Q
]^
]_ . Since, in MRI, 𝐵J =	 `𝐵a	𝐵b	0d has no 𝑧̂ component, marker should be placed 

perpendicular to the RF field and parallel to the 𝑧-axis in order to maximize the flux 

passing through. This implies any marker that is oriented or facing at z-axis has zero 

magnetic flux and no signal amplification. 

For our single-layer winded coil design, most B1 field amplification occurred inside 

the coil (Figure 2.8); therefore, it was placed inside a 1% agarose gel. Water-rich 

agarose gel provided a high density of 1H protons for MR imaging. Moreover, high 

water content also provides a dynamic response range for temperature measurement due 

to large variation in relative permittivity of water, around 0.35℃-1 between 20-40 ℃ 

[104], [105].  

 

 
Figure 2.8: B1 amplification distribution in the marker. 2D Axisymmetric simulation of the coil was done in 

COMSOL simulation environment. Most of the amplification is inside, near the coil. 

 

Using only intrinsic capacitance is also advantageous to maximize the RF coupling 

between the marker and MRI RF coils. Since the resonant frequency is inversely related 

to both the inductance and capacitance, using only intrinsic capacitance enables larger 
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inductance in the circuit to match the frequency compared to a design with a lumped 

capacitor element. As a result, we could obtain a much larger coupling and higher 

quality factor with this sensor design. However, tuning RF markers with intrinsic 

capacitance is much more demanding than simple LC circuit tuning since both 

inductance and capacitance depend on geometric properties of the coil, i.e., its diameter 

and turn number. So, a tuning method with geometric manipulation has to be very 

precise.  

We used a heuristic method to tune our coils for remote temperature sensing. The 

first step of tuning was to choose the resonant frequency region in which our coils 

operated. As shown in Figure 2.6, the main goal was to tune the resonant frequency 

such that coupling decreased linearly as temperature increased in the operational 

temperature range of 36-42℃. Thus, the marker gave a high-intensity MRI signal at 

lower temperatures and gradually lost signal strength with the temperature increase. 

This response was achieved by tuning the marker to the operating frequency of the MRI 

scanner (298 MHz for our 7T MRI) at room temperature 25℃. When it reached the 

body temperature of 36℃, resonant frequency shifted to higher frequencies. It is 

important to note that another linear response region could also be achieved by tuning 

the marker around 20 MHz less than the MRI’s operating frequency at the body 

temperature. However, this would result in the temperature marker becoming visible 

only at high temperatures. Next, the effects of the coil diameter, turn number, and 

ambient temperature (Figures 2.9) on the resonant frequency were examined using a 

vector network analyzer (VNA). The final marker design in the desired temperature-

dependent frequency regime was determined using VNA characterization results. In the 

rest of the study, we used coils of 2 mm diameter with 8.5 to 9 turns of winding. Each 

marker was individually tuned to the Larmor frequency of 1H at 7 T at room 

temperature.  
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Figure 2.9: Effects of coil parameters on the resonant frequency of the marker. Markers with varying turn 

numbers and diameters were built, and the resonant frequency of the specified condition was measured with the VNA. 
Results were used for determining the final design. 

 

2.3.2 MR imaging of the RF markers 

In MR imaging, the spin excitation is proportional to transmit the RF magnetic field 

(B1+).  Flip angle (α) is a linear function of the gyromagnetic ratio (γ), the magnitude of 

the RF magnetic field (B1), and the RF pulse duration (tp) for small flip angles, where 

𝛼 = 𝛾𝐵J𝑡h. Since RF markers amplify the local B1 field, it increases the effective flip 

angle exciting the local spins. Therefore, we can take advantage of the amplified local 

B1 to obtain a positive contrast between the RF sensor and tissue by imaging with very 

low flip angles[106]. This study utilizes created contrast difference to measure 

temperature using a metric for relative contrast (RC), the ratio of the maximum signal 

intensity from the RF sensor to the mean background signal.   

The first step of the characterization is to determine the optimum applied flip angle 

for imaging RF markers.  RF markers were submerged in deionized water and a 

gradient-recalled echo (GRE) sequence was performed with different flip angles and 

repetition times. The repetition time of the sequence directly affects the RC curve and 

the optimal flip angle value. The RC of different flip angles with different repetition 

times is shown in Figure 2.10. Longer repetition times provided higher RC but made 

sequences longer as well. To maximize the RC and minimize the sequence duration, a 

0.2° flip angle and a minimum repetition time of 7.1 ms was used in the rest of the 

experiments. We also observed that as flip angles converged to 5°, RC was decreased as 

low as 4, at which the anatomical image could be seen. This observation suggests that 

the same MRI sequence can be used for imaging only markers at low flip angles and 
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tissue at higher flip angles. Lastly in flip angle characterization experiments, RF 

markers were tested at a 90° flip angle, highest RF excitation pulse used in imaging 

sequence to check any potential heating issues by placing a fiber optic temperature 

probe next to the marker. No RF marker-induced Joule heating was observed since B1 

amplification occurred on the agarose gel with virtually no ionic content.  

 

 
Figure 2.10: RC versus flip angle in different repetition times. RF markers were placed on a 12-well plate 

inside MRI and imaged with varying flip angles and repetition times. The optimal flip angle and repetition time pair 
were selected as 0.2° flip angle and 7.1 ms repetition time was selected.  

 

The second factor affecting the marker signal is the marker and imaging slice 

orientation. MRI creates two circularly polarized RF waves in the x-y plane; therefore, 

markers should be oriented with the x-axis or y-axis for maximum signal amplification. 

On the other hand, any marker facing the z-axis, i.e., B0 field, has no coupling with MRI 

RF coils; hence, it does not create signal amplification. In addition to RF coupling, the 

relative orientation of the RF marker to the MR imaging slice also affects the signal. 2D 

MR images are composed of projection of the volumetric signal in slice to the 2D slice 

plane. Since the B1 amplification pattern of our coils was not uniform, as shown in 

Figure 2.8, higher signal was observed when the coil is facing the same direction with 

the MRI slice than when the coil was perpendicular to the MRI slice. Figure 2.11 gives 

a simple rule of thumb for combinations of the marker and slice orientations.  
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Figure 2.11: Desirable marker and MR imaging slice orientation combinations.  

 

While Figure 2.11 summarizes the geometric effects in cardinal directions, the 

marker signal in other orientations is also necessary to use the markers in realistic 

procedures. Therefore, the orientations were examined with a custom motorized rotating 

stage. While keeping the image slice fixed, y-axis-oriented marker was first rotated 

around y-axis using the motorized stage and then around x-axis manually. In the end, the 

marker was oriented facing the z-axis, i.e., the B0 field. RC of the marker during these 

rotations are reported in Figure 2.12, as the first and second rotations appear as orange 

and blue colors, respectively. While the marker could keep the RC when rotated around 

the y-axis, the signal disappeared completely during rotation around the x-axis. In light 

of these experiments, to ensure signal presence in every orientation, two perpendicularly 

placed markers were selected as the final design for temperature monitoring 

experiments.  

 

 
Figure 2.12:RF marker RC in different angles. Two perpendicular markers would ensure contrast in all 

orientations. 
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Another important factor for marker imaging is the spatial resolution. The obtained 

RC should be consistent and should not fluctuate between images to ensure reliable 

measurements. There is a natural resolution limit for robust measurements determined 

by the marker dimensions and orientation. The limit essentially suggests that at least one 

full pixel projection of the image should be positioned inside the marker, or rather the 

maximum signal region of the marker, so that the reading of that pixel gives solely the 

marker signal. If the resolution is larger than the limit, the projection of the pixel may 

not be positioned entirely inside the maximum signal region of the marker and, 

therefore, obtained RC might vary between images due to pixel positioning.  

For the top facing marker of 2 mm diameter with the coronal imaging readout, the 

resolution limit was 0.707 mm. Stabilization of the signal standard deviation below the 

resolution limit is shown in Figure 2.13. For the resolution in the figure, multiple 

markers were moved in 1.5 mm steps inside MRI and are imaged in every step. The 

normalized mean and standard deviation of marker RC standard deviations of this 

experiment is provided in the figure.  Given resolution on the x-axis was found as 

Resolution = Field of View / Pixel Count.  

 

 
Figure 2.13: Deviation of RC values in images with different resolutions. After the resolution limit, the marker 

signal stabilizes and allows reliable sensor measurements.  

 

MR images of the marker with different resolutions are provided in Figure 2.14. B1 

field distribution is visible through the signal in images, verifies the simulations in 

Figure 2.8. Pixel limits for markers in varying diameters with fixed turns for 298 MHz 

and their imaging sequence duration are provided in Table 2.1. The table shows a direct 

trade-off between resolution and imaging speed; hence, the MRI’s spatiotemporal 

resolution is a limiting factor.  
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Figure 2.14: MR images of a marker in different resolutions. The distribution of the magnetic field 

amplification is visible in the image iv. 

 

 

 

 

 

 

 

To demonstrate the orientation-independent operation of our marker, ex vivo 

experiments in a porcine kidney was performed. RF sensor was attached to a 

commercial catheter tubing and the catheter was steered manually inside MRI while 

imaging. Images with different orientations are shown in Figure 2.15.  RF sensor could 

be visualized in various orientations during the catheter navigation in the kidney. 

 

Diameter (mm) Resolution (mm/pixel) Sequence Duration (ms) 

1.6 0.565 1336 

1.8 0.636 1104 

2 0.707 928 

3 1.060 495 

Table 2.1: Required resolution and the duration of the imaging sequence for markers with different diameters 
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Figure 2.15: RF sensor operation in different orientations. Red arrows point the marker position in the MR 

image. The sensor is trackable in all orientations. 

 

2.3.3 Ex vivo temperature measurements inside MRI 

Before starting with the ex vivo temperature measurements, a mapping curve must 

be set. Raw MRI signals cannot be used for direct measurement since they are tissue 

sensitive and prone to background interference. Therefore, RF markers tuned to linear 

temperature response regime at 298 MHz were placed in water baths with different 

thicknesses, and an optical temperature probe was placed next to the RF marker to 

measure reference temperature. First, the RF coil of the MRI scanner was tuned to the 

signal from 40℃ to have high RF coupling with water between 30-50℃. Then, the 

water was heated to 50℃. The samples are continuously imaged using GRE sequence 

tE/tR=3.438/7.183 ms with 0.2° flip angle during convective cooling of water. Since the 

relative permittivity of water is temperature dependent [104], [105], marker signals 

change with temperature. RC values of an RF marker as a function of temperature are 

shown in Figures 2.16. It can be observed that created RC is inversely proportional to 

the thickness of the background water, but the relation is non-linear. This is due to the 

signal integration characteristic of the MR slice imaging since 2D GRE sequences were 

used for this experiment. Moreover, while the temperature dependence of RC is 
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relatively linear around 40 ℃, non-linearity in lower and higher temperatures due to the 

detuning of the MRI scanner’s RF coils were observed. However, since the 

temperatures are expected to be 36-42℃ during medical procedures to avoid tissue 

damage, this non-linearity is not important in clinical applications. 

 

 
Figure 2.16: RC values of markers in different water thickness. RC values decrease with the temperature 
increase. The fitting line for the 1 cm water is used for temperature mapping in ex vivo experiment. 

 

The MRI relaxation values of the actual tissue are different from water; therefore, 

we need an additional mapping measurement to estimate the temperature. A linear line 

was fitted to the mapping data from Figure 2.16 to estimate the temperature with ex vivo 

experiment RC values. Since relaxation values are not changing significantly for our 

marker and tissue with temperature, we introduced a scaled RC, 𝑅𝐶∗(𝑇) =
𝑅𝐶klmno@qr℃. 𝑅𝐶mtuuvn(𝑇)/𝑅𝐶mtuuvn@qr℃, using an initial calibration measurement 

obtained at 36℃ from the tissue. Finally, we obtain the following linear estimation, 

𝑇wx_ = 𝑐J𝑅𝐶∗ + 𝑐K, where c1 and c2 are the line parameters fitted to data from 

corresponding water thickness.  

Porcine heart tissue was used to perform the ex vivo temperature measurement 

experiments. 10 mm-thick heart tissue was cut to be 50-80 mm2 rectangular shape. The 

RF temperature marker made of two RF markers in a catheter tube was placed inside the 

artery, as shown in Figure 2.16. An optical temperature probe was also placed near the 

RF marker to measure the real temperature. The tissue was placed in a sample box 

which was thermally insulated with styrofoam. Then, the tissue was heated by hot water 
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circulation through the tubing at the bottom of the sample box. Calibration RC was 

recorded at T = 36 ℃. Then, the temperature was estimated by imaging the tissue 

approximately every 2 minutes. The temperature estimation and actual temperature 

values are shown in Figure 2.17. The temperature estimation experiment was repeated 

three times, and the mean square root (RMS) error in these experiments was calculated 

as ± 0.6 ℃ for three experiments. 

 

 
Figure 2.17: Ex vivo temperature measurement with marker. Measured RC values were mapped to 

temperatures using the 1 cm water data in Figure 2.16. Estimated temperature values have around ± 0.6 ℃ RMS 
error. 

 

2.4 Discussions 

In this study, we demonstrate a remote temperature measurement method based on 

an RF-resonator tuned to the 7T MRI RF resonance frequency (298 MHz). Proposed RF 

sensor can be used as remote in-situ temperature probes and position tracking markers 

for interventional tools, such as a catheter. We demonstrate temperature measurement 

precision comparable to the MRI thermometry sequences [21], [22], [24]. In contrast to 

MRI thermometry methods, we measure temperature using a basic GRE MR imaging 

sequence without the need for alternating between anatomical and thermometric MRI 

images. Therefore, the proposed method can achieve a higher feedback rate for both 

position and temperature measurements. 
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Moreover, we used a heuristic RF marker tuning approach to tune markers with 

different sizes to the working frequency of our 7T MRI scanner. Although the 7T MRI 

scanner enabled to downscale marker diameter as small as 2 mm, the size of the marker 

was mainly limited by the MR imaging resolution. Similar markers can be developed 

with 1.5 or 3 Tesla MRI scanners, but larger coils with higher turn numbers is needed. 

Another important step is the packaging and insulation of the marker to prevent shifting 

the resonant frequency by the ionic content in the medium. In this study, insulation was 

achieved by confining the two markers inside a catheter tube, but markers that have 

open contact with bodily fluid could be tuned accordingly. Moreover, our marker design 

is restricted to a simple solenoid geometry; however, many different RF marker 

manufacturing methods have been proposed [18], [20], [69], [102], [107]. Different 

antenna designs can provide RF markers with less footprint in future studies.  

RF markers that are capable of measuring the temperature can be useful for 

interventional catheter and laser ablation procedures inside an MR scanner. A fast 

feedback rate for position and temperature information can enable higher control over 

the dose and targeting of the treatment. For example, in laser ablation operations, the 

exposure time and laser power could be controlled for safer treatment, and in active 

catheter operations, continuous and rapid feedback rate in both catheter temperature and 

position would make applications safer.  

Although only remote temperature measurement was investigated in this study, 

other biological stimuli could also be targeted by leveraging environment-dependent 

intrinsic parameters of RF markers as a future work. Many other stimuli, such as ionic 

content, ion concentrations [108], and physical deformations [109], can be employed for 

this sensory response. Hai et al. demonstrated that a similar system could be used in 

biological investigations [30]. Body fluids and tissues have varying permittivity [110], 

[111] and, when markers are designed to be selectively responsive, this could be used as 

a flag mechanism for tissue selection. Markers sensitive to other stimuli would make 

catheter operations more functional.  

One aspect that requires further examination is the measurement during the marker 

(i.e., device) in motion. All of the measurements were conducted in this study when the 

RF sensor was stationary. As motion can create undesirable artifacts in image 

reconstruction and hinder measurement, there are studies on motion correction methods 

for moving RF markers [112]. Sparse reconstruction and phased coil array techniques 
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could be used to address motion-artifact problems [113], [114]. In vivo conditions also 

have similar motion challenges, such as heart beating. Cine imaging [115] can be 

employed for temperature measurements near an active heart in future studies. 

Furthermore, integrating the sensory software to MR imaging would help achieve more 

accurate control of interventional medical devices. Marker localization, tool position 

and orientation tracking with multiple markers, and conversion of signal data to sensory 

readout algorithms can be developed for automation. Such algorithms would give the 

tool controller all the vital information it requires for safe operations.  

Clinical applicability and safety concerns of interventional active medical tools 

require new functional RF markers with similar and new sensory approaches. In 

addition, we expect similar and new RF marker designs specialized for various 

environmental stimuli that would add more functions to MRI-guided interventional 

tools. Thus, the proposed RF marker-based remote sensing could be an integral part of 

future MRI-guided active catheters [5], [50], [71], [116], [117] and endoscopic tools 

[47], [118]–[120]. 
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Chapter 3: 

POLYACRYLIC ACID COATED MAGNETIC NANOPARTICLES 

AS DUAL-MODE MRI CONTRAST AGENTS 

3.1 Background 

3.1.1 MRI Contrast agents 

Contrast agents are crucial for MRI, as more than 40% of the imaging procedures 

are done with contrast agents [121], [122]. Through the years, countless contrast agents 

have been proposed [123]–[130]. There have even been organ-specific agents that 

enable the detection of hard-to-see tumors [131].  

The physics of the contrast agents rely heavily on quantum physics, specifically on 

the spins of protons. Every elementary particle has a spin, sometimes referred to as the 

magnetic moment. The magnetic moment is a physical property that particles have in 

quantized levels. Normally, spins of particles are randomly distributed in all 

orientations, meaning the net vectorial sum, the net magnetization, is zero. However, 

when a magnetic field B0 is applied, spins interact with the magnetic field and tend to 

align themself with the magnetic field. This alignment results in a non-zero net 

magnetization, 𝑀". In this state, particles do not spin in a fixed axis but precess around 

it. The frequency of this precession is found using Larmor’s equation, 𝑓" = 	𝛾 ∗ 𝐵", 

where 𝛾 is the gyromagnetic ratio and 𝐵" is the magnitude of the applied magnetic field. 

In MRI, the proton of the hydrogen in the water molecule is used as the particle imaged. 

For that proton, the gyromagnetic ratio is 𝛾 = 42.58	𝑀𝐻𝑧/𝑇𝑒𝑠𝑙𝑎. In this study, a 7 

Tesla MRI is used; hence, the frequency of the precession is 298.06 MHz.  

This value is important because when an RF pulse with the same frequency, 298.06 

MHz, is applied, protons absorb this wave and changes its orientation. This only 

happens if the frequencies match. The angle of deviation, the flip angle, is related to the 

amplitude of the RF pulse.  

Spins interact with the magnetic field and adjacent proton spins in this excited state 

while slowly decaying. This decay happens in two relaxation mechanisms, longitudinal 

and transverse. Both relaxations are exponential decay, fast at first and getting slower as 
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time passes. In the longitudinal relaxation, under the effect of main magnetic field B0, 

net magnetization slowly returns to the initial state, as shown in Figure 3.1. This 

relaxation is characterized by the T1 relaxation time, the net magnetization in the z-axis 

is derived as 𝑀z =	𝑀" {1 − 𝑒\ |
}~�.  

 

 
Figure 3.1: T1 (longitudinal) relaxation mechanism [132]. 

 

In transverse relaxation, the excited spins lose their coherence and start to dephase, 

as shown in Figure 3.2. Since their spins are still oriented in the xy-plane, this relaxation 

is named transverse relaxation and characterized by the T2 relaxation time. The net 

magnetization in the z-axis is derived as, 𝑀ab =	𝑀" {𝑒\ |
}��.   

In general, T1 relaxation is based on the interaction with the B0, while interactions 

with surrounding spins and other fields account for T2 relaxation. For pure water, T1 

relaxation time is larger than T2 relaxation time, which means T2 relaxation is faster 

and more dominant.  
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Figure 3.2: T2 (transverse) relaxation mechanism [132]. 

 

Contrast agents decrease the relaxation time of the surrounding protons to have 

faster relaxation and stronger signals. T1 contrast agents appear as positive(bright) in 

images, while T2 contrast agents appear negative(dark) in MR images. There have been 

numerous studies for both the T1 contrast agents [124], [128], [133], [134] and T2 

contrast agents [125], [135], [136], as well as dual-mode contrast agents in which the 

contrast type changes with concentration or stimuli [123], [129], [137], [138].  

The ideal contrast agent is expected to be biocompatible, small for tissue 

permeability, and has long blood circulation. Biocompatibility is one of the significant 

criteria for contrast agents as clinicians highly seek after it. Furthermore, prolonged 

blood circulation is essential due to the long duration of full-body MRI sequence. 

Biodistribution of the contrast agent is also a crucial factor which influenced by the size 

and the charge of the nanoparticle.  

SPIONs have been on and off the market in US, EU and Japan. The 

commercialized SPIONs are shown in Tables 3.1, 3.2 and 3.3. Negative contrasts 

indicate T2 contrast, while the positive indicates T1 contrast. As can be seen from the 

tables, large aggregated SPIONs are usually used for liver imaging due to quick uptake 

of macrophages while small clusters circulate in the blood longer allowing angiography 

and imaging of lymph nodes [139]. Here, we will explore the MR contrast enhancement 

of small PAA-SPION nanoparticles. 
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Table 3.1: Names and contrasts types of commercial contrast agents[Reprinted from 126] 

 

 
Table 3.2: Sizes of the contrast agents and their applications[Reprinted from 139] 

 

 
Table 3.3: Contrast agents r1 and r2 values at 0.47 Tesla[Reprinted from 140] 
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3.1.2 Polyacrylic acid-coated superparamagnetic iron oxide nanoparticle (SPION-

PAA) 

SPIONs are single domain superparamagnetic crystals with high saturation 

magnetization. They are known to be biocompatible and biodegradable, although very 

slow [141]. These properties attracted attention in many disciplines, from robotics to 

medicine. These versatile particles are multifunctional and have been used in various 

applications; hyperthermia therapy [31], [32], drug delivery [37], gene therapy [35], 

[36], photopolymerization and 3D printing [34], [142], actuation [33], 

magnetorheological fluid [143] etc. Furthermore, there have been many different 

SPION-based commercial contrast agents, some of which are organ specific, in the 

market. 

 
Figure 3.3: Applications of SPION-PAA 

Since the surface properties govern the nanoscale world, the choice of coating of 

the SPION is also known to be essential. There have been numerous works with 

different SPION coatings and functionalized surfaces [32], [135], [138], [142]–[147]. 

Hydrophilic coatings are especially desired in this work for water penetration to boost 

the signal in MRI.  
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This chapter presents polyacrylic acid-coated SPION as a biocompatible dual-mode 

contrast agent due to its hydrophilic coating, small and non-agglomerated structure. 

Synthesis optimization, characterization, and biocompatibility of these SPION-PAA has 

been already proven in the in vitro studies by Yagci Acar et al., previously [31], [36]. 

These SPIONs have also been shown to have photothermal therapy and drug delivery 

potential in vitro or in vivo [32], [147], [148]. Hence, they have a tremendous 

theranostic potential in combining MRI with photothermal therapy and/or drug/gene 

delivery. 

T1 and T2 contrast from PAA_SPIONs were achieved in aqueous colloidal 

solutions of the SPIONs at different concentrations. T1 contrast was also demonstrated 

using PAA-SPION in ex vivo mice experiments.   

 
Figure 3.4:Polyacrylic acid coated SPION, with polyacrylic acid chemical structure and SPION-PAA core-

shell visualization. 

3.2 Methods and Materials 

3.2.1 Synthesis of Polyacrylic acid coated SPION 

Synthesis of the nanoparticles was done by Mona Nejatpour as described in work 

by Nejatpour et al. and by Bilici et al. [31], [143]. Briefly, iron salts (FeCl3·6H2O and 

FeCl2·4H2O) were dissolved in degassed water with nitrogen gas at a 2:1 mole ratio of 

Fe3+: Fe2+. Then, 2 g PAA was added to the reaction flask under nitrogen flow. The 

reaction flask was heated to 85 °C using the oil bath, and 4.63 mL of NH4OH (4.5 M) 

was injected under vigorous stirring. The reaction was terminated after 30 minutes and 

cooled down to room temperature. The solution was placed on a magnet overnight to 

remove any precipitated particles. Finally, SPION-PAAs were washed with deionized 

water using 30 kDa MW cutoff centrifuge filters and stored at room temperature. 
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3.2.2 Characterization of the Particles 

Hydrodynamic sizes of the SPION-PAA particles were measured with Dynamic 

Light Scattering (DLS) technique (Möbius, Wyatt Technologies, USA). 

Transmission electron microscopy( TEM) imaging of the SPION-PAA is done in 

Stuttgart Center for Electron Microscopy. Solution samples were dried on copper grid in 

room conditions overnight and imaged with 200 kV transmission electron microscope 

(CM200, Philips, the Netherlands).  

For VSM measurement of the SPION-PAA, solution drops were poured on a pre-

weighed glass substrate and weighed after drying in room conditions to find the 

nanoparticle amount. The amount was measured to be around 2 mg. Super glue was 

applied to fix dried particles on the glass and the measurement is done (EZ7, 

MicroSense, USA). TEM and VSM measurements were done with the help of Anitha 

Shiva. 

3.2.3 T1-T2 contrast in solution 

All experiments were done in 7 Tesla small animal MRI. Small quadrature birdcage 

coil with 40 mm inner diameter was used in all MRI experiments. T1 and T2 

experiments, SPION-PAA solutions were prepared in the following iron concentrations; 

0.023 mg/mL, 0.046 mg/mL, 0.069 mg/mL, 0.092 mg/mL, 0.11 mg/mL, 0.13 mg/mL, 

0.16 mg/mL, 0.18 mg/mL, 0.23 mg/mL, 0.27 mg/mL, 0.37 mg/mL, and 0.46 mg/mL. 

Solutions were put in 1 mL syringes, closed with rubber cap and stacked in MRI stage. 

Experiment was repeated several times in different concentration ranges. T1-weighted 

RARE and T2-weighted MSME imaging sequences are used for solution experiments. 

In the postprocessing, T1 and T2 values are evaluated using ImageJ software (NIH, 

USA).  

3.2.4 T1 and T2 contrast in ex vivo mice 

Ex vivo mice experiments are done with dead C57BL/6 WT mice. Two injection 

sites were determined around the muscle tissue on the back of the mouse and shaved for 

easy access. For an accurate comparison, a preliminary scan was done on the mouse 

before administering the SPION-PAA. SPION-PAA solutions were prepared in varying 
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concentrations, and 20 μL solution was administered to each site. FLASH and RARE 

imaging sequences were used in all mice experiments. 

 

3.3 Experimental results 

3.3.1 Characterization of SPION-PAA 

SPIONs dispersed in water have a diameter of 50 nm suggesting the formation of 

small clusters, as shown in Figure 3.5. 

 
Figure 3.5: DLS results of the SPION-PAA. 

 

TEM images showed individual particles as well as aggregated ones due to the 

drying method. Figure 3.6 shows particle distribution on the copper grid.  

 

 
Figure 3.6: TEM images of the SPION-PAA particles, scale bar: 40 nm. 

40 nm 40 nm 
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VSM measurements showed high magnetization of the particles. Due to the 

instrument limitations, the saturation could not be observed clearly.  

 

 
Figure 3.7: VSM measurement of the SPION-PAA.  

Thus, the sample has around 20 emu/g.  

 

3.3.2 T1-T2 contrast in solution  

MR images were obtained from MRI, as shown in Figure 3.8.  
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Figure 3.8: T1-weighted RARE sequence image of SPIONs. Concentrations are given on the imaged.  

 

r1 and r2 values were obtained using the derived T1 and T2 values from ImageJ. 

Calculated r1 and r2 values as a function of the iron concentration were shown in 

Figures 3.9 and 3.10, respectively. r1 value is calculated to be around 700 mM-1 s-1 and 

r2 value is calculated to be around 9750 mM-1 s-1. 
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Figure 3.9: r1 values of SPION-PAA as a function of iron content 
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Figure 3.10: r2 values of SPION-PAA as a function of iron content 

We obtain our r1 and r2 values as 700 mM-1s-1 and 9750 mM-1s-1. The calculated 

r2/r1 ratio is 13.92. 

 

3.3.3 T1 and T2 contrast in ex vivo mouse tissue 

In the animal experiment, SPION-PAA concentrations and injection dose were 

known, but the dispersion of the solution in the muscle tissue was a random process. 

The remaining concentration of nanoparticles in the tissue is not in our direct control. 

Hence, our control over the achieved contrast type was limited. Change in T1 and T2 

contrast between different concentrations is not the direct result of concentration of the 

injected solution but the concentration created in the tissue. 

MR images of ex vivo mice with SPION-PAA administration are provided in 

Figures 3.11, 3.12, and 3.13. Unmarked images are pre-scans for comparison, and iron 

concentrations of the injections are given in colored arrows. Since T1 contrast is harder 

to achieve, experiments were done to create T1 contrast. In Figure 3.11, T1 and T2 



 
Polyacrylic Acid coated Magnetic NanopArticles as Dual-mode MRI Contrast agents
  36 

 

contrast is shown in MR images taken with RARE and FLASH sequences. As observed, 

T1 contrast is achieved in the left injection site, while T2 contrast is observed on the 

right injection site.  

As shown in Figure 3.12, T1 contrast is achieved with both concentrations in the 

image taken with the FLASH sequence. T1 contrast is achieved in both injection sites. 

In Figure 3.13, both T1 and T2 contrast is achieved in the right injection site, and 

only T1 contrast in the left injection site. 
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Figure 3.11: Ex vivo mice experiment figure I. T1(bright) and T2(dark) contrasts were achieved in different 

regions.  
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Figure 3.12: Ex vivo mice experiment figure II. T1 was achieved in both injection sites. 
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Figure 3.13: Ex vivo mice experiment figure III. T1 contrast was achieved in both injection sites and T2 was 

visible in the right injection site.  

 

Note the contrast difference in two injections of the same concentration in Figures 

3.12 and 3.13. There is a change of contrast between T1 and T2 in the same 
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concentration. This contrast transition verifies our assumption that the contrast can be 

affected by the tissue porosity. 

3.4 Discussions 

In this work, we showed that SPION-PAA could be employed as a dual-mode 

contrast agent that is able to generate both T1 and T2 contrast depending on the 

concentration. r1 and r2 values of different concentrations are calculated from the MR 

images. Only one recent study in the literature, Wang et al.,  has demonstrated dual-

mode contrast with iron oxide nanoparticles with r1=1.37 mM-1 s-1 and r2=7.53 mM-1 s-

1, which means r2/r1 ratio of about 5.5 [129]. Although the r2/r1 ratio of SPION-PAA is 

a higher, the r1 value is significantly higher than the Wang’s, as well. Ex vivo mice 

experiment showed that this contrast could be achieved in tissue as well. 

The dual-mode feature enables sophisticated measurements like tumor detection 

due to accumulation using the enhanced permeability and retention (EPR) effect in 

highly vascularized tissues. Furthermore, using SPIONs as a contrast agent is 

advantageous for simplifying the system, as multifunctional SPIONs can be used in 

more than one task and help reduce the number of elements in the design. Numerous 

applications of SPIONs have been shown in the literature, from hyperthermia to robotic 

applications. Features of SPION, such as high magnetic saturation, high colloidal 

stability, and biocompatibility, make SPIONs an excellent choice for any design in the 

biomedical engineering field. New projects can benefit from multifunctional SPION 

particles and the existing literature on their biological applications.  

Future work should be focused on in vivo imaging with the SPION-PAA. MRI 

imaging of SPION-PAA in vivo is required to verify T1 and T2 contrast generation.  
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Chapter 4: 

EXPLOITATION OF POLYACRYLIC ACID COATED SPIONS AS 

PHOTOINITIATORS 

4.1 Background 

4.1.1 Photopolymerization 

Polymers are defined as macromolecules that are composed of smaller molecules 

called monomers [149]. The name comes from Greek, meaning many (“poly”) parts 

(“meros”). The reactions in which monomers come together and form a larger polymer 

molecule are called polymerization reactions. The type of a polymerization reaction is 

determined by the formation of the polymer chain in the reaction. Although there are 

several types of the polymerization reaction, the most important two are chain 

polymerization and step polymerization. In a chain polymerization reaction, monomers 

are added to the growing end of the polymer chain one by one, similar to an actual chain 

making process, by adding one ring after another [149]. However, in a step 

polymerization reaction, monomers bind to each other to form dimers for the second 

step of the reaction. Dimers merge to tetramers, tetramers to octamers, and so on. The 

reaction follows similar steps until the end product is reached [149].  

The process condition of the polymerization is another important classifier. If the 

reaction mixture is homogeneous, polymerization is called homogeneous 

polymerization. Examples of homogeneous polymerization are bulk polymerization and 

solution polymerization. Heterogeneous polymerization methods include suspension 

and emulsion polymerizations [149]. 

Most vinyl monomers polymerize via chain growth mechanism. Such 

polymerization reactions are usually started with so called initiators. Initiators are 

usually more susceptible to external stimuli such as heat and light; hence they can be 

used to start polymerization with some external triggering. On the other hand, some 

substances can be used to enhance the efficiency of the reaction. These substances are 

named catalysts. 
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The duty of the initiator is indeed to create the first reactive species which will react 

with the first monomer molecule producing a reactive chain end (Figure 4.1). Free 

radical polymerization constitutes the majority of commodity polymers. In that case, 

initiators produce a free radical that will add to the double bond of the vinyl monomer 

producing a monomer radical, that will add on the double bond of the second monomer, 

producing again a free radical chain end which is called as the propagation step. This 

continues until radical die to several reactions (Figure 4.1). Most free radical 

polymerizations use initiators that decompose and form reactive free radical species at 

specific temperature. However, when temperature increase is not desired or practical, 

such as polymeric coatings on large pieces on living tissue etc., photoactive initiators 

come into the seen. Photoinitiators (PI) generate free radicals upon the excitation at 

specific wavelength, usually in UV. Such reactions are called photopolymerizations. 

They are widely used in the coating industry. However, one limitation is the excitation 

wavelength. Most PIs are active in ultraviolet range, which limits light penetration and 

pause operational risks. There is a tremendous effort in the industry to develop PIs 

active in the visible region. 

 
Figure 4.1: Steps of the Photopolymerization. Ultraviolet light creates the free radical by exciting the 

photoinitiator. Then, monomers bind this free radical to create the polymer chain. [150] 

 

4.1.2 SPION Nanocomposites 

Polymer/SPION mixed compositions as nanocomposites or core/shell structures are 

extremely popular and valuable in niche applications such as magnetically addressable 

microrobots [151]–[154], drug delivery patches, etc. 

Lauric acid coated SPIONs (SPION-LA) have been demonstrated as visible range 

PIs in the photopolymerization of acrylic by Yagci Acar et al [142]. This is inspiring 

considering that such an approach eliminated the use of an additional initiator and hence 
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undesired degradation products, increasing the safety and simplicity and reducing the 

cost. In addition, since SPIONs have strong absorption in the visible region, they have a 

great potential to act as a long-wavelength photoinitiator. However, SPION-LA was 

hydrophobic and allowed photopolymerization of hydrophobic monomers in organic 

solvents, which is not suitable for aqueous systems desired for medical applications. 

4.1.3 Synthesis of Polymer/SPION composites with SPION-PAA based photopolymers 

and their hyperthermia potential 

SPIONs are widely investigated for local hyperthermia [32], [147], drug delivery 

[37], and thermal actuation [33]. In the literature, magnetic hyperthermia was conducted 

using alternating magnetic fields (AMF). In AMF, magnetic fields are used to alternate 

the magnetization of the particle to induce loss mechanisms, like Néel and Brownian 

relaxations. During these relaxations, particles heat up, and the temperature of the 

medium containing SPIONs increases [148]. Magnetic hyperthermia may be used for 

triggered drug release or thermal ablation of tumor cells [148], [155], [156]. 

Recently, SPIONs were reported as a photosensitizer that converts light to heat 

efficiently for laser-induced local hyperthermia, called photothermal therapy (PTT). In 

PTT the irradiation wavelength is critical, and red or NIR wavelengths are preferred for 

safety and appreciable penetration depths [157]. PAA-SPIONs were also reported by 

Yagci Acar et al as effective PTT agents at 808 nm, which is one of the most favored 

wavelengths in medical treatments [31]. 

In this chapter of the thesis, the use of SPION-PAA dispersed in water as a PI in 

photopolymerizations of water soluble, a medically relevant monomer, PEGDA was 

explored. This study involved photoDSC studies in determining the effective 

wavelength for photoinitiation, reaction kinetics and solution polymerizations to 

produce PEGDA gels. Lastly, the hyperthermia potential of these gels was evaluated 

under the alternating magnetic field for magnetic hyperthermia and under 808 nm laser 

irradiation for photothermal heating.  

 

In this chapter of the thesis, photopolymerization initiated with SPION-PAA is 

investigated. The verification of the radical source and the polymerization performance 

in different conditions are provided. The heating of the polymerized samples is 
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investigated for their hyperthermia potential. High-resolution TEM images of the 

polymerized samples and Electron Energy Loss Spectroscopy images are presented. 

Demonstrating the photopolymerization function of SPION-PAA extends SPION-PAAs 

abilities and makes the particle an excellent candidate for biomedical research.  

 

4.2 Methods and Materials 

4.2.1 Bulk Photopolymerizations 

Aqueous solutions of SPION-PAA were added to PEGDA (molecular weight of 

525 Da, Sigma-Aldrich, MO, USA) in10 and 20 weight% and irradiated at 360 nm in a 

chamber consisting of 8 ultraviolet lamps (Philips, The Netherlands) for 5 hours. 

4.2.2 Decarboxylation Experiment 

A test tube containing aqueous SPION-PAA was connected using a silicone the to 

another test tube containing 4.7 mM NaOH solution with phenolphthalein pH indicator, 

then placed into the above-mentioned UV chamber. The sample was irradiated with UV 

for 24 hours. Color change in the tube with pH indicator was monitored. 

4.2.3 PhotoDSC Experiments 

Polymerization kinetics was studied using a Photo Differential Scanning 

Calorimeter (PhotoDSC). PhotoDSC experiments were carried out using Q200 DSC 

(TA Instruments, New Castle, DE, USA). 15 microliters of polymerization mixtures 

were placed on the sample stand in T-zero DSC pans. SPION-PAA was placed in the 

reference pans at the same amount used in the polymerization mixtures to compensate 

for the photoheating effects of SPION-PAA itself. All polymerizations were performed 

after 10 minutes of N2 gas purge at 30 °C. UV Arc Lamp (Lumen Dynamics OmniCure 

S2000 UV source) was used as the light source. Two different excitation filters were 

used: A broadband filter with high transmission in 320-480 nm range and a visible 

region filter with high transmission in the 400-500 nm range.  Heat flow as a function of 

time was determined. 
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Given the heat flow from the sample, the rate of polymerization is calculated as 

follows, 

𝑅𝑎𝑡𝑒	𝑜𝑓	𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = �w�_	����
���]	��w��b∗����w�	��	���]x∗���wx	��	�����w�	. 

Equation 2: The calculation of the rate of polymerization from the heat flow 

The total conversion of monomer to polymer was calculated by integrating the rate 

in time.  

Influence of monomer/SPION-PAA ratio, presence of a co-initiator (triethylamine), 

excitation filter, and excitation power on conversion and polymerization rate was 

studied. Polyethylene glycol diacrylate (PEGDA) with a molecular weight of 525 Da 

was selected as the monomer for PhotoDSC experiments.  

4.2.4 Magnetic Heating of Samples 

PEGDA/SPION mixtures with 10 and 20 weight% SPION were prepared and were 

filled into 1 mL polypropylene syringes, then cured at 360 nm. Then, syringes were cut 

to obtain cylindrically shaped polymers. Polymers were placed in 2 mL Eppendorf 

tubes, placed at the center of a coil and exposed to an alternating magnetic field with 

347 kHz frequency and power of 7.5 kW for 15 minutes(EasyHeat, Ambrell, NY, 

USA). The temperature of the gels was recorded with an optical temperature probe 

(FOTEMP OEM-PLUS, Optocon, Germany) that was inserted at the center of the gels, 

as shown in Figure 4.2. 

 
Figure 4.2: Magnetic heating setup of gels. The sample was placed in a vial with an optical temperature probe. 

The vial was put at the center of heater coil. 
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4.2.5 TEM imaging of polymerized gels 

TEM imaging of the polymerized gels was done in Stuttgart Center for Electron 

Microscopy. Polymerized samples were frozen, cut with the microtome device, and 

placed on a copper grid. Imaging was done with two devices: for general overview 120 

kV TEM (912 Omega, Zeiss, Germany), and for HRTEM and STEM images, 200 kV 

TEM (ARM 200CF, JEOL, Japan) were used. 

 

4.3 Results 

4.3.1 Initial Bulk Polymerization 

Initial studies conducted under UV irradiation produced fully polymerized PEGDA 

into a kind of gel, confirming the effective photoinitiation with SPION-PAA (Figure 

4.3). Next, the possible mechanism for SPION-PAA based photoinitiation was 

investigated. 

 
Figure 4.3: Polymerized samples of bulk polymerization. Samples were fully polymerized.  

 

Our previous studies with SPION-lauric acid concluded that photo-Kolbe reaction 

is responsible for the initial radical generation [142]. Irradiation of the SPION with 

carboxylic acid groups adsorbed on its surfaces with high-energy photons create an 

electron-hole pair in the nanoparticle. Interaction of the hole with the carboxylic acid 

produces a carboxylate radical which rearranges to kick off CO2 and produce a carbon 

radical as the first initiating radical for the polymerization, as suggested in Figure 4.4 

[142], [158]. 
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Figure 4.4: Suggested mechanism of initiation. The hole created by the UV irradiation initiates photo-Fries 

rearrangement, a radical is generated, and a CO2 molecule is released. 

 

Hence, a decarboxylation experiment was performed with SPION-PAA as well to 

determine if Photo-Kolbe reaction is also responsible from initiation. In the set-up 

shown in Figure 4.4, if CO2 would release upon photoexcitation of the SPION-PAA, it 

would travel to the tube with NaOH and reduce the pH which would be detected by the 

discoloration of the pink solution which had a pH indicator. 

After 12 hours of UV irradiation, the pinkish color of the solution has gotten lighter 

in hue, as shown in Figure 4.5. Hence, this experiment suggests that ultraviolet light 

irradiation of SPION-PAA is the source of CO2, which is possible due to the Photo-

Kolbe reaction. 

 

 
Figure 4.5: Decarboxylation experiment of SPION-PAA. The pinkish color of the basic solution has 

disappeared after 24 hours of ultraviolet light irradiation. 
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4.3.2 Photopolymerization kinetics 

Rate of polymerization and monomer conversion was first determined using 

PEGDA and 10-20-40 weight% SPION-PAA with 40mW incident power in 320-480 

nm wavelength range. We have found that the rate of polymerization and conversion 

increases until 20 weight% and decreases after that (Figure 4.6) which may be due to 

scattering events at high SPION loading.  

In Figure 4.7, the influence of incident power on polymerization for 10 weight% 

SPION-PAA / PEGDA mixture in 320-480 nm wavelength range was summarized. As 

expected, increasing the incident power to 40mW increased the rate and the conversion 

significantly.  

 
Figure 4.6: The rate of polymerization and conversion with different SPION-PAA feed ratios.  
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Figure 4.7: The rate of polymerization and conversion with different incident light powers. A higher power 

induced a higher polymerization rate. 

 

One of the goals of using SPIONs as a photoinitiator is to explore its potential as 

long-wavelength photoinitiator. In order to evaluate the effect of the excitation 

wavelength, visible (400-500 nm) and broadband (320-480 nm) filters were used during 

excitation. A comparison of different excitation wavelength ranges using 20 weight% 

SPION-PAA and 40 mW power is given in Figure 4.8. Indeed, excitation between 400-

500 nm caused photopolymerization of PEGDA with about 40% monomer conversion 

after a brief inhibition period. Broadband excitation, which included UV, caused a faster 

reaction with about 70% monomer conversion. Broad excitation filter provides more 

energetic photons as SPION absorption in the 320-480 nm is higher than 400-500 nm. 

On the other hand, one great advantage of using a visible excitation filter is the 

suppression of PEGDA autopolymerization in addition to safety of the light source and 

better penetration depth. 
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Figure 4.8: The rate of polymerization and conversion with different wavelength ranges. 

 

 Triethylamine (TEA), is added to the polymerization mixture to determine whether 

the co-initiator boosts the polymerization rate. However, it is observed that the addition 

of co-initiator quenched generated radicals and decreased the rate of polymerization, as 

seen in Figure 4.9. 
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Figure 4.9: The rate of polymerization and conversion with and without Triethylamine (TEA). The addition of 

co-initiator decreased the rate of polymerization. 

 

Therefore, the optimal recipe was determined as 20 weight% SPION-PAA as an 

initiator, use of broad-band filter and 60 mW incident light power. Besides, SPION-

PAA was also confirmed as a long-wavelength photoinitiator.  

4.3.3 TEM images of polymerized gels 

In Figure 4.10 and Figure 4.11, the general overview of polymerized sample is 

provided. SPION seems to be homogeneously distributed within the polymer. Electron 

energy loss spectroscopy analysis was performed on the samples. The original signal 

and the derived background-subtracted signal are given in Figure 4.12. The SPION 

inside the polymer is verified with Figure 4.13, as the Fe3O4 signal from the EELS Atlas 

[159], [160] is matched as shown.  
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Figure 4.10: TEM of the polymer, general overview I. Particles appeared to be homogenously distributed.  

 

 
Figure 4.11: TEM of the polymer, general overview II. Particles appeared to be homogenously distributed. 

 



 
Exploitation of Polyacrylic Acid coated SPIONs As Photoinitiators
  53 

 

 
Figure 4.12: EELS of the sample. The background, obtained from the red shaded area, is subtracted from the 

original signal. 

 

 
Figure 4.13: The background subtracted EELS signal(red) and the Fe3O4 signal(green) form the EELS Atlas. A 

good match verifies the SPION inside gel matrix.  

 

In Figure 4.14, elemental signals are provided. As observed from the figure, while 

the iron signal is restricted to the SPION positions, the oxygen signal is present 

throughout the entire image since oxygen is present in both the SPION and the polymer 

itself.  
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Figure 4.14: Elemental Imaging: Image position, the oxygen signal and the iron signal. Oxygen is present both 

in gel and SPION-PAA, while iron is only present in SPION-PAA. 

 

High-resolution transmission electron microscopy is done to verify the SPION-

PAA crystalline structure. The zoomed image given in Figure 4.15 is used to determine 

the distance between molecules inside the SPION crystal. Sometimes referred to as the 

d-spacing, the crystal's interplanar molecular distance helps identify the crystal type. 1D 

projection of the pixels in the red rectangle in the Figure 4.15 is shown in Figure 4.16. 

The figure shows that the mean distance is ~0.2 nm, consistent with the magnetite 

literature [161]. 

 

 
Figure 4.15: A high resolution TEM image of the SPION-PAA in polymer. 1D projection of the red rectangle is 

used to measure crystalline spacing in Figure 4.17. 

 

Image O Fe
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Figure 4.16: 1D projection of the red rectangle area in Figure 4.16. Distance between the first and eighth peak 

is 1.75 nm. 

 

4.3.4 Heating under alternating magnetic field 

One of the advantages of using small sized and highly dispersed SPIONs is the 

ability to load high concentrations of SPIONs into a polymeric matrix, especially for 

magnetic hyperthermia or magnetic dragging applications. Figure 4.10 presents the 

temperature change of the PEGDA/SPION gels under the alternating magnetic field. 

Since the gels contained high loading of SPION-PAA, they were quickly heated to high 

temperatures, proving their potential to be used in hyperthermia applications. 

 

 
Figure 4.17: Magnetic heating of the polymers 
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4.4 Discussion 

SPION-PAA nanoparticles which were confirmed as dual contrast agents in MRI in 

chapter 3, was confirmed as successful photoinitiators in this chapter, forming 

nanocomposites with well-dispersed SPIONs. The influence of several parameters on 

the photopolymerization was investigated, and the optimal parameters were determined. 

Although photopolymerization was fastest and the conversion is highest at broad band 

excitation including UV range, SION-PAA was also confirmed effective long-

wavelength photoinitiator.  

In this chapter, the magnetic hyperthermia potential of SPION loaded polymers 

were also confirmed under alternating magnetic field, which shows the diverse function 

of the SPION-PAA.  

One of the main benefits of SPION-PAA is the high-loading of the particle in the 

polymers. Due to their high stability in solution, SPION-PAA remains colloidal and has 

a long shelf life. High nanoparticle loading to the polymer is possible with these 

nanoparticles. This is advantageous because the total magnetization increases with 

higher loading, causing higher temperature increases with alternating magnetic fields, 

and more force/torque for actuation with the same magnetic field is possible. 

Furthermore, the use of SPION-PAA enables the simplification of the system by 

reducing the number of elements. The use of SPION-PAA/polymer nanocomposite in 

biomedical robotics is advantageous for the same reason. Same SPION particles 

dispersed in the polymer can be used for polymerization, actuation, drug delivery, 

heating, and tracking, as established in Chapter 3. The biocompatible nature of SPION-

PAA makes the end product ideal for biomedical applications.  

Future work on the photopolymerization of SPION-PAA should focus on the 

printing abilities. Stereolithography printing of SPION-PAA should be investigated to 

achieve microrobots that consist of multifunctional SPION-PAA and polymer only. 
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Chapter 5: 

CONCLUSION 

This thesis shows that new sensing, tracking, and imaging methods are feasible and 

practical in MRI. In chapter 2, a new mechanism for sensing and tracking in MRI is 

proposed. The proposed sensor depends on the parasitic capacitance for its resonant 

frequency. Hence, a change in the relative permittivity directly affects capacitance, 

consequently, the resonant frequency. The temperature dependence of the relative 

permittivity makes the resonant frequency sensitive to the temperature, the coupling 

between the MRI and the sensor changes with the ambient temperature. This relation is 

visible in the MR image signal and also quantifiable. The in-situ temperature can be 

measured with the proposed mechanism via the MR images without an extra image 

sequence. We have demonstrated the ex vivo feasibility in a porcine heart with a root 

mean square error of 0.6°C.  

In this thesis, ex vivo demonstration of the idea was done; but the future work for 

the sensor should be concentrated on in vivo applications since the conditions of the live 

environment might be challenging for the sensor. Harsh conditions like the stomach or 

intestines should be tested for the sensor operation. Another essential aspect that needs 

further investigation is the in-motion measurement. Sensor signals might be affected by 

the motion; thus, methods like sparse reconstruction can compensate for the artefact 

created by the motion in MRI. 

In chapter 3, polyacrylic acid-coated SPION is demonstrated as a dual-mode MRI 

contrast agent. Solution and ex vivo mouse tests showed that these SPIONs provide not 

only a strong T2 but also a strong bright (T1) contrast. Future studies for the polyacrylic 

acid-coated SPION should focus on the in vivo MR imaging.  

In the last chapter, performance of the polyacrylic acid-coated SPION as a free 

radical photoinitiator and formation of nanocomposites were demonstrated. Radical 

initiation with the SPION-PAA under UV and the visible range was shown to produce 

nanocomposites with high and well dispersed SPIONs. Further work on the subject 

should be towards the applications. Printing with 3D polymerization methods like 

stereolithography using SPION-PAA particles can be one direction for future work. 
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Demonstration of the printed designs, including microrobot design, should show the 

abilities of the SPION-PAA in the biomedical field. SPION filled PEGDA gels were 

also confirmed as effective heat generators under the alternating magnetic field to 

generate local temperature increases. This may be exploited in the future for 

hyperthermia and drug release. 

Overall, SPION-PAA was shown as a multifunctional nanoparticle that may be 

exploited to design polymeric materials/devices with dual contrast in MRI for tracking 

and magnetic hyperthermia for therapy or triggered drug release. 
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Appendix A: Surface coil trial for RF sensor  

As initial design surface coils were experimented. Designs were surface spiral 

shapes; square spiral, Archimedean spiral and double Archimedean spiral (Figure 0.1). 

 
Figure 0.1: Initial surface coil designs in order; square, Archimedean and double Archimedean spiral 

 

Initial manufacturing method started with polyimide coated copper sheet with thickness 

of 80 μm super glued on to a substrate like glass or plexiglass (Figure 0.2).  

 
Figure 0.2: Manufacturing process of the surface coils. 

Then, coils were cut out using a laser cutter (Figure 0.2). Individual coils were extracted 

and imaged under MRI, which gave high contrasts as shown in Figure 0.3. However, 

this manufacturing method was not robust and coils were too sensitive for deformations. 

Hence, this design was discontinued. 
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Figure 0.3: MRI image of surface coils 

  

Low-Flip Angle 2D MRI image
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Appendix B: Sample code 

Below is the sample code for RC evaluation of the individual markers during MRI 

characterization. This particular code was modified for finding the effect of the 

repetition time on RC values. There are several codes similar to one below, modified for 

evaluating the effect of each parameter.  

 

Code (TR_FA_20210627): 

clear all 
  
Nifti_to_Read = [ 729:738 29:728 ]; 
pos_images_places = 1:10; 
  
flip_angle = [ 0.1:0.1:1.0, 2:5 ]; 
rot_angles = [0:10:90]; 
repetition_time = [7.183, 10, 12.5, 15, 20]; 
FoV_data = 120; 
pixels = [256]; 
measurement_parameters = {'Rotation' , rot_angles , 'flip_angle', 
flip_angle, 'pixel', pixels, 'repetition_time', repetition_time}; 
  
address = 'I:\20210627\Antenna_single_sweep_Berk_imaging_20_'; 
 
last_image_rotates_too_much= 1; 
well_count = 12; 
proximity_number = 3; 
signalbox = 8; 
corner_reference_point_changes = [ floor(length(rot_angles)/3) ,... 
    (length(rot_angles) - floor(length(rot_angles)/3)) ]; 
sample_box_dimensions = [54.5, 70.5]; 
well_halflength = 12.35; 
well_halfwidth = 5; 
well_spacing = 1.35; 
  
%% Parameter Properties 
  
param_count = length(measurement_parameters)/2; 
image_per_rotation = 1; 
  
for param = 4:2:size(measurement_parameters, 2) 
    image_per_rotation = image_per_rotation * 
length(measurement_parameters{param}); 
end 
  
image_per_rotation = image_per_rotation/length(pixels); 
  
%% Read Data && Sample box thresholding 
  
image_numbers = 1:length(Nifti_to_Read); 
V = cell(1, length(image_numbers)); 
raw_images = cell(length(pixels),0); 
pixel_data = image_numbers.*0; 
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threshold_array = zeros(length(pixels), 
length(image_numbers)/length(pixels)); 
pixcol = [0, 0]; 
  
for i = image_numbers 
    filename = strcat(address, int2str(Nifti_to_Read(i)), '_1_1.nii'); 
    V{1, i} = niftiread(filename); 
    pixel_data(i) = size(V{1, i}, 1); 
    rower = 1:length(pixels); 
    row_pos = rower((pixels==pixel_data(i))==1); 
    pixcol(row_pos) = pixcol(row_pos)+1; 
    raw_images{row_pos, pixcol(row_pos)} = double(V{1, 
i})/double(max(max(V{1, i})))*1.0; 
    pxPerMm = pixel_data(i)/FoV_data; 
    sample_box_size=(10*pxPerMm*24*pxPerMm)*12; 
    thrshld = 0.01; 
     
    while threshold_array(row_pos,pixcol(row_pos)) == 0  
        thresholded_size = length(raw_images{row_pos, 
pixcol(row_pos)}(raw_images{row_pos, pixcol(row_pos)}>thrshld)); 
        if (sample_box_size*0.99 > thresholded_size) 
            thrshld = 0.9*abs(thrshld); 
        elseif (sample_box_size*2 <= thresholded_size) 
            thrshld = 2*abs(thrshld); 
        elseif (sample_box_size*1.001 < thresholded_size) 
            thrshld = 1.1*abs(thrshld); 
        elseif (sample_box_size*0.99 <= thresholded_size) &&... 
                (thresholded_size <= sample_box_size*1.001) 
            threshold_array(row_pos,pixcol(row_pos)) = thrshld; 
        end 
    end 
end 
  
  
pos_images(:, :) = raw_images(:,pos_images_places); 
pos_threshold_array = threshold_array(:,pos_images_places); 
  
  
%% Geometric 
  
image_corners = zeros(2,4, size(raw_images,1), size(raw_images,2)); 
Centers = zeros(2, 1, size(pos_images,1), size(pos_images,2)); 
vectors = zeros(2, 2,size(pos_images,1), size(pos_images,2)); 
opened_image = cell(1, length(rot_angles)); 
for pix_var = 1:length(pixels) 
    for j = 1 : corner_reference_point_changes(1) 
        opened_image{1, j} = pos_images{pix_var,j};  
        for T = 2 : pixels(pix_var) 
            for x = 1 : T 
                y = T+1-x; 
                if image_corners(:,1,pix_var,j) == [0;0] 
                    if opened_image{1,j}(x,y) >= 
pos_threshold_array(pix_var,j) 
                        image_corners(:,1,pix_var,j) =[x;y]; 
                    end 
                end 
                if image_corners(:,2,pix_var,j) == [0;0] 
                    if opened_image{1,j}(x,pixels(pix_var)+1-y) > 
pos_threshold_array(pix_var,j) 
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                        image_corners(:,2,pix_var,j) =  
[x;pixels(pix_var)+1-y]; 
                    end 
                end 
                if image_corners(:,3,pix_var,j) == [0;0] 
                    if opened_image{1,j}(pixels(pix_var)+1-
x,pixels(pix_var)+1-y) > pos_threshold_array(pix_var,j) 
                        image_corners(:,3,pix_var,j) =  
[pixels(pix_var)+1-x;pixels(pix_var)+1-y]; 
                    end 
                end 
                if image_corners(:,4,pix_var,j) == [0;0] 
                    if opened_image{1,j}(pixels(pix_var)+1-x,y) > 
pos_threshold_array(pix_var,j) 
                        image_corners(:,4,pix_var,j) =  
[pixels(pix_var)+1-x;y]; 
                    end 
                end 
            end 
        end 
         
    end 
     
    for j = corner_reference_point_changes(1)+1 : 
corner_reference_point_changes(2) 
         
        opened_image{1, j} = pos_images{pix_var,j}; 
         
         
        for x = 1 : pixels(pix_var) 
            for y = 1 : pixels(pix_var) 
                if image_corners(:,1,pix_var,j) == [0;0] 
                    if opened_image{1,j}(x,y) >= 
pos_threshold_array(pix_var,j) 
                        image_corners(:,1,pix_var,j) = [x;y]; 
                    end 
                end 
                if image_corners(:,2,pix_var,j) == [0;0] 
                    if opened_image{1,j}(y,pixels(pix_var)+1-x) > 
pos_threshold_array(pix_var,j) 
                        image_corners(:,2,pix_var,j) =  
[y;pixels(pix_var)+1-x]; 
                    end 
                end 
                if image_corners(:,3,pix_var,j) == [0;0] 
                    if opened_image{1,j}(pixels(pix_var)+1-
x,pixels(pix_var)+1-y) > pos_threshold_array(pix_var,j) 
                        image_corners(:,3,pix_var,j) =  
[pixels(pix_var)+1-x;pixels(pix_var)+1-y]; 
                    end 
                end 
                if image_corners(:,4,pix_var,j) == [0;0] 
                    if opened_image{1,j}(pixels(pix_var)+1-y, x) > 
pos_threshold_array(pix_var,j) 
                        image_corners(:,4,pix_var,j) =  
[pixels(pix_var)+1-y;x]; 
                    end 
                end 
            end 
        end 
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    end 
     
    for j = corner_reference_point_changes(2)+1 : length(rot_angles) 
         
        opened_image{1, j} = pos_images{pix_var,j}; 
         
        for T = 2 : pixels(pix_var) 
            for x = 1 : T 
                y = T+1-x; 
                if image_corners(:,1,pix_var,j) == [0;0] 
                    if opened_image{1,j}(x,pixels(pix_var)+1-y) > 
pos_threshold_array(pix_var,j) 
                        image_corners(:,1,pix_var,j) =  
[x;pixels(pix_var)+1-y]; 
                    end 
                end 
                if image_corners(:,2,pix_var,j) == [0;0] 
                    if opened_image{1,j}(pixels(pix_var)+1-
x,pixels(pix_var)+1-y) > pos_threshold_array(pix_var,j) 
                        image_corners(:,2,pix_var,j) =  
[pixels(pix_var)+1-x;pixels(pix_var)+1-y]; 
                    end 
                end 
                if image_corners(:,3,pix_var,j) == [0;0] 
                    if opened_image{1,j}(pixels(pix_var)+1-x,y) > 
pos_threshold_array(pix_var,j) 
                        image_corners(:,3,pix_var,j) =  
[pixels(pix_var)+1-x;y]; 
                    end 
                end 
                if image_corners(:,4,pix_var,j) == [0;0] 
                    if opened_image{1,j}(x,y) >= 
pos_threshold_array(pix_var,j) 
                        image_corners(:,4,pix_var,j) = [x;y]; 
                    end 
                end 
            end 
        end 
    end 
end 
  
  
for pix_var = 1:length(pixels) 
    for k = pos_images_places 
         
        Centers(:,:,pix_var,k) = [mean(image_corners(1,:,pix_var,k)); 
mean(image_corners(2,:,pix_var,k))]; 
        v11 = image_corners(1,2,pix_var,k)-
image_corners(1,1,pix_var,k); 
        v12 = image_corners(2,2,pix_var,k)-
image_corners(2,1,pix_var,k); 
        v21 = image_corners(1,4,pix_var,k)-
image_corners(1,1,pix_var,k); 
        v22 = image_corners(2,4,pix_var,k)-
image_corners(2,1,pix_var,k); 
        vectors(1,1,pix_var,k) = v11/sqrt(abs((v11^2) + (v12^2))); 
        vectors(2,1,pix_var,k) = v12/sqrt(abs((v11^2) + (v12^2))); 
        vectors(1,2,pix_var,k) = v21/sqrt(abs((v21^2) + (v22^2))); 
        vectors(2,2,pix_var,k) = v22/sqrt(abs((v21^2) + (v22^2))); 
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    end 
end 
  
  
  
%% Setting Position Vectors 
 
for set = 1:10 
    for go = 1:image_per_rotation 
            Centers(:,:,:,10+go+(set-1)*image_per_rotation) = 
Centers(:,:,:,set); 
            vectors(:,:,:,10+go+(set-1)*image_per_rotation) = 
vectors(:,:,:,set); 
            image_corners(:,:,:,10+go+(set-1)*image_per_rotation) = 
image_corners(:,:,:,set); 
    end 
end 
  
  
%% Rotation 
  
rotated_images = cell(size(raw_images)); 
angles = zeros(1,10); 
for pix_var = 1:length(pixels) 
    for i = pos_images_places 
        angle = RotMatAngleFinder(vectors(:,:,pix_var,i)); 
        if i == pos_images_places(end) 
            if last_image_rotates_too_much == 1 
                angle = -1*angle; 
            end 
        end 
        angles(i) = angle; 
        rotated_images(pix_var,i) = 
{imrotate(raw_images{pix_var,i},(90-angle), 'nearest', 'loose')}; 
        for go = 1:image_per_rotation 
            angles(10+(i-1)*image_per_rotation+go) = angle; 
            rotated_images(pix_var,10+(i-1)*image_per_rotation+go) = 
{imrotate(raw_images{pix_var,10+(i-1)*image_per_rotation+go},(90-
angle), 'nearest', 'loose')}; 
                         
        end         
    end 
end 
  
  
%% Well data 
  
well_positioning_images = cell(length(pixels), length(rot_angles)); 
well_centers = 
zeros(2,well_count,length(pixels),length(Nifti_to_Read)/length(pixels)
); 
well_coordinates = 
zeros(2,4,well_count,length(pixels),length(Nifti_to_Read)/length(pixel
s)); 
rotated_image_corners = 
zeros(2,4,length(pixels),length(Nifti_to_Read)/length(pixels)); 
well_cell = 
cell(well_count,length(pixels),length(Nifti_to_Read)/length(pixels)); 
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for pix_var = 1:length(pixels) 
    for j = pos_images_places 
  
        well_positioning_images(:, j) = rotated_images(:,j); 
  
        clear opened_image_2 
        opened_image_2(:,:) = well_positioning_images{pix_var,j}; 
        image_size=size(opened_image_2(:,:), 1); 
  
        for T = 1 : image_size 
            for x = 1 : T 
                y = T-x+1; 
                if rotated_image_corners(:,1,pix_var,j) == [0;0] 
                    if opened_image_2(x,y) >= 
threshold_array(pix_var,j) 
                        rotated_image_corners(:,1,pix_var,j) = [x;y]; 
                    end 
                end 
                if rotated_image_corners(:,2,pix_var,j) == [0;0] 
                    if opened_image_2(x,image_size-y) >= 
threshold_array(pix_var,j) 
                        rotated_image_corners(:,2,pix_var,j) =  
[x;image_size+1-y]; 
                    end 
                end 
                if rotated_image_corners(:,3,pix_var,j) == [0;0] 
                    if opened_image_2(image_size-x,image_size-y) >= 
threshold_array(pix_var,j) 
                        rotated_image_corners(:,3,pix_var,j) =  
[image_size+1-x;image_size+1-y]; 
                    end 
                end 
                if rotated_image_corners(:,4,pix_var,j) == [0;0] 
                    if opened_image_2(image_size-x,y) >= 
threshold_array(pix_var,j) 
                        rotated_image_corners(:,4,pix_var,j) =  
[image_size+1-x;y]; 
                    end 
                end 
            end 
        end 
            
        pixel_multiplier = pixels(pix_var) / FoV_data; 
        well_centers_axis1 = 
round(rotated_image_corners(2,1,pix_var,j) + 
well_halfwidth*pixel_multiplier):... 
            
round((2*well_halfwidth+well_spacing)*pixel_multiplier):round(rotated_
image_corners(2,3,pix_var,j)); 
        well_centers_axis2 = 
round(rotated_image_corners(1,1,pix_var,j) + 
well_halflength*pixel_multiplier):... 
            
round((2*well_halflength+well_spacing)*pixel_multiplier):round(rotated
_image_corners(1,3,pix_var,j)); 
  
        well_centers(:,:,pix_var,j)=[well_centers_axis1, 
well_centers_axis1; well_centers_axis2(1)*ones(1,6), 
well_centers_axis2(2)*ones(1,6)]; 
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        for w = 1:well_count 
  
            well_image_halfwidth = round(well_halfwidth * 
pixel_multiplier); 
            well_image_halflength = round(well_halflength * 
pixel_multiplier); 
  
            well_coordinates(:,:,w,pix_var,j) = 
[well_centers(2,w,pix_var,j) + well_image_halflength,... 
                well_centers(2,w,pix_var,j) - well_image_halflength, 
well_centers(2,w,pix_var,j) - well_image_halflength,... 
                well_centers(2,w,pix_var,j) + well_image_halflength; 
well_centers(1,w,pix_var,j) + well_image_halfwidth,... 
                well_centers(1,w,pix_var,j) + well_image_halfwidth, 
well_centers(1,w,pix_var,j) - well_image_halfwidth,... 
                well_centers(1,w,pix_var,j) - well_image_halfwidth]; 
  
            well_cell{w, pix_var, j} = 
rotated_images{pix_var,j}(well_coordinates(1,3,w,pix_var,j):well_coord
inates(1,1,w,pix_var,j),... 
                
well_coordinates(2,3,w,pix_var,j):well_coordinates(2,1,w,pix_var,j)); 
 
        end 
    end 
end 
  
  
%% Setting Well Position Vectors 
  
for pix_var = 1:length(pixels) 
    pixel_multiplier = pixels(pix_var) / FoV_data; 
    for set = pos_images_places 
        for go = 1:image_per_rotation 
            well_centers(:,:,pix_var,10+go+(set-1)*image_per_rotation) 
= round(well_centers(:,:,pix_var,set)); 
            well_coordinates(:,:,:,pix_var,10+go+(set-
1)*image_per_rotation) = round(well_coordinates(:,:,:,pix_var,set)); 
            rotated_image_corners(:,:,pix_var,10+go+(set-
1)*image_per_rotation) = 
round(rotated_image_corners(:,:,pix_var,set)); 
            for w = 1:well_count 
                well_cell{w,pix_var,10+go+(set-1)*image_per_rotation} 
= rotated_images{pix_var,10+go+(set-1)*image_per_rotation}... 
                    (well_coordinates(1,3,w,pix_var,10+go+(set-
1)*image_per_rotation):well_coordinates(1,1,w,pix_var,10+go+(set-
1)*image_per_rotation),... 
                    well_coordinates(2,3,w,pix_var,10+go+(set-
1)*image_per_rotation):well_coordinates(2,1,w,pix_var,10+go+(set-
1)*image_per_rotation)); 
            end             
        end         
    end 
end 
  
%% Locating Markers within wells 
  
marker_info = cell(4, well_count, pix_var, size(rotated_images, 2)-
length(pos_images_places)); 



Appendix B: Sample code  87 

 

  
for pix_var = 1:length(pixels) 
    for k = 1:size(marker_info, 4) 
        for w = 1:well_count 
            temp = well_cell{w, pix_var, k+10}; 
            std_dev = std2(temp); 
            mean_well = mean2(temp); 
            sorted = sort(temp(temp>0), 'descend'); 
            marker_appearance_count=0; 
            marker_index_pos=2; 
            while sorted(1) > (mean_well+8*std_dev) 
                marker_appearance_count=marker_appearance_count+1; 
                [index1, index2] = find(temp==sorted(1), 1); 
                marker_info{1,w,pix_var,k} = marker_appearance_count; 
                marker_info{marker_index_pos, w, pix_var, k} = 
[index1, index2]; 
                if index1 <= proximity_number 
                    index1 = proximity_number+1; 
                end 
                if index2 <= proximity_number 
                    index2 = proximity_number+1; 
                end 
                temp(index1-
proximity_number:index1+proximity_number,... 
                    index2-
proximity_number:index2+proximity_number)=0; 
                sorted = sort(temp(temp>0), 'descend'); 
                marker_index_pos= 1+marker_index_pos; 
            end 
        end 
    end 
end 
 
 
%% Matching Markers 
  
transimage_marker_log = cell(1,1,length(pixels)); 
old_marker_flag = 0; 
  
for pix_var = 1:length(pixels) 
    marker_number = 1; 
    for i = 1:size(rotated_images, 2)-length(pos_images_places) 
        for w = 1:well_count 
            if not(isempty(marker_info{1,w,pix_var,i})) 
                for inWellMarkerNumber = 1:marker_info{1,w,pix_var,i} 
                    old_marker_flag = 0; 
                    if not(isempty(transimage_marker_log)) 
                        sz = size(transimage_marker_log); 
                        for logged_marker = 1:sz(1) 
                            if transimage_marker_log{logged_marker, 1, 
pix_var} == w 
                                for exwells = 2:sz(2) 
                                    if 
not(isempty(transimage_marker_log{logged_marker,exwells, pix_var})) 
                                        old_marker_flag = 1; 
                                        old_marker_number = 
logged_marker; 
                                    end 
                                end 
                            end 
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                        end 
                    end 
                     
                    if old_marker_flag == 0 
                        transimage_marker_log{marker_number,1, 
pix_var} = w; 
                        transimage_marker_log{marker_number,i+1, 
pix_var} = [marker_info{inWellMarkerNumber+1, w, pix_var, i}]; 
                        marker_number = marker_number + 1; 
                    end 
                    if old_marker_flag == 1 
                        transimage_marker_log{old_marker_number,i+1, 
pix_var} = [marker_info{inWellMarkerNumber+1, w, pix_var, i}]; 
                    end 
                end 
            end 
        end 
    end 
end 
  
%% Average marker positions 
  
sz = size(transimage_marker_log); 
marker_average_positions = zeros(2, sz(1), length(pos_images_places), 
pix_var); 
temp_for_avr_pos = [0, 0]; 
  
for pix_var = 1:length(pixels) 
    for i = 1:sz(1) 
        prev_rot_pos_backup = [0,0]; 
        prev_rot_pos_backup_count = 0; 
        for set = 1:length(pos_images_places) 
            temp_for_avr_pos = [0, 0]; 
            marker_appearance_count = 0; 
            for go = 1:image_per_rotation 
                j = go+(set-1)*image_per_rotation; 
                if not(isempty(transimage_marker_log{i,j+1,pix_var})) 
                    temp_for_avr_pos(1) = 
temp_for_avr_pos(1)+transimage_marker_log{i,j+1,pix_var}(1); 
                    temp_for_avr_pos(2) = 
temp_for_avr_pos(2)+transimage_marker_log{i,j+1,pix_var}(2); 
                    marker_appearance_count = marker_appearance_count 
+ 1; 
                end 
            end 
            if temp_for_avr_pos(1) == 0 || temp_for_avr_pos(2) == 0 
                if prev_rot_pos_backup(1) ~= 0 && 
prev_rot_pos_backup(2) ~= 0 
                    temp_for_avr_pos = prev_rot_pos_backup; 
                    marker_appearance_count = 
prev_rot_pos_backup_count; 
                end 
                if prev_rot_pos_backup(1) == 0 || 
prev_rot_pos_backup(2) == 0 
                    temp_for_avr_pos = [0, 0]; 
                    for sset = 1:length(pos_images_places) 
                        for ggo = 1:image_per_rotation 
                            j = ggo+(sset-1)*image_per_rotation; 
                            if 
not(isempty(transimage_marker_log{i,j+1,pix_var})) 
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                                temp_for_avr_pos(1) = 
temp_for_avr_pos(1)+transimage_marker_log{i,j+1,pix_var}(1); 
                                temp_for_avr_pos(2) = 
temp_for_avr_pos(2)+transimage_marker_log{i,j+1,pix_var}(2); 
                                marker_appearance_count = 
marker_appearance_count + 1; 
                            end 
                        end 
                    end 
                end 
            end 
            prev_rot_pos_backup = temp_for_avr_pos; 
            prev_rot_pos_backup_count = marker_appearance_count; 
            marker_average_positions(1,i,set,pix_var) = 
round(temp_for_avr_pos(1)/marker_appearance_count); 
            marker_average_positions(2,i,set,pix_var) = 
round(temp_for_avr_pos(2)/marker_appearance_count); 
        end 
    end 
 end 
  
  
%% Converting image coordinates 
  
marker_image_coor = transimage_marker_log; 
  
for pix_var = 1:length(pixels) 
    for j = 1:sz(1) 
        for k1 = 1:length(pos_images_places) 
            for k2 = 1:image_per_rotation 
                k = (k1-1)*image_per_rotation+k2+1; 
                if not(isempty(transimage_marker_log{j, k, pix_var})) 
                    marker_image_coor{j,k, pix_var} = 
[transimage_marker_log{j, k, pix_var}(1)+ ... 
                        well_coordinates(1,3,transimage_marker_log{j, 
1, pix_var},pix_var,k-1+10)-... 
                        (rotated_image_corners(1,1,pix_var,k-1+10)-
round(15*pixels(pix_var)/pixels(1))), transimage_marker_log{j, k, 
pix_var}(2) + ... 
                        well_coordinates(2,3,transimage_marker_log{j, 
1, pix_var},pix_var,k-1+10)-... 
                        (rotated_image_corners(2,1,pix_var,k-1+10)-
round(15*pixels(pix_var)/pixels(1)))]; 
                end 
                 
                if isempty(transimage_marker_log{j, k, pix_var}) 
                    if not(isempty(transimage_marker_log{j, 1, 
pix_var})) 
                        marker_image_coor{j,k, pix_var} = [ 
marker_average_positions(1,j,k1,pix_var)+... 
                            
well_coordinates(1,3,transimage_marker_log{j, 1, pix_var},pix_var,k-
1+10)-... 
                            (rotated_image_corners(1,1,pix_var,k-
1+10)-round(15*pixels(pix_var)/pixels(1))), 
marker_average_positions(2,j,k1,pix_var)+... 
                            
well_coordinates(2,3,transimage_marker_log{j, 1, pix_var},pix_var,k-
1+10)-... 
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                            (rotated_image_corners(2,1,pix_var,k-
1+10)-round(15*pixels(pix_var)/pixels(1)))]; 
                    end 
                end 
            end 
        end 
    end 
end 
  
  
%% Position Visualiation 
  
rect_image = {}; 
cropped_images = {}; 
sz = size(marker_image_coor); 
  
  
for pix_var = 1:length(pixels) 
    cropping_coordinates(:,1,pix_var,:) = 
[rotated_image_corners(1,1,pix_var,:)-15*pix_var, 
rotated_image_corners(2,1,pix_var,:)-15*pix_var]; 
    for i = length(pos_images_places)+1:size(rotated_images, 2) 
        cropped_images{pix_var,i} = 
imcrop(rotated_images{pix_var,i},[cropping_coordinates(2,1,pix_var,i).
.. 
            cropping_coordinates(1,1,pix_var,i) 
round(sample_box_dimensions(2)*pixels(pix_var)/FoV_data)+round(30*pixe
ls(pix_var)/pixels(1))... 
            
round(sample_box_dimensions(1)*pixels(pix_var)/FoV_data)+round(30*pixe
ls(pix_var)/pixels(1))]); 
        rect_image{pix_var,i} = cropped_images{pix_var,i}; 
        for j = 1:sz(1) 
            if not(isempty(marker_image_coor{j,i+1-10,pix_var})) 
                rect_image{pix_var,i} = 
insertShape(rect_image{pix_var,i},'Rectangle',... 
                    [marker_image_coor{j,i+1-10,pix_var}(2)-
5*pixels(pix_var)/pixels(1) marker_image_coor{j,i+1-10,... 
                    pix_var}(1)-5*pixels(pix_var)/pixels(1) 
11*pixels(pix_var)/pixels(1) 11*pixels(pix_var)/pixels(1)],... 
                    'LineWidth', 1, 'Color', 'g'); 
            end 
        end         
    end 
end 
  
%% SNR calculations 
  
CBR = zeros(sz(1), size(rotated_images, 2)+1, length(pixels)); 
marker_signals = zeros(sz(1), size(rotated_images, 2)+1, 
length(pixels)); 
Background_signal = zeros(sz(1), size(rotated_images, 2)+1, 
length(pixels)); 
  
for pix_var = 1:length(pixels) 
    for k = length(pos_images_places)+1:size(rotated_images, 2) 
        noise_mean = 
mean2(rotated_images{pix_var,k}(rotated_images{pix_var,k}<threshold_ar
ray(pix_var,k))); 
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        noise = 
std2(rotated_images{pix_var,k}(rotated_images{pix_var,k}<threshold_arr
ay(pix_var,k))); 
        temp = 
rotated_images{pix_var,k}(5*threshold_array(pix_var,k)>rotated_images{
pix_var,k}); 
        sample_mean = 
mean2(temp(1.2*threshold_array(pix_var,k)<temp)); 
         
        for i = 1:sz(1) 
            if not(isempty(marker_image_coor{i,1,pix_var})) 
                CBR(i,k,pix_var) = (max(max( ... 
                    cropped_images{pix_var,k}( 
marker_image_coor{i,k+1-10,pix_var}(1)-
signalbox/2:marker_image_coor{i,k+1-10,pix_var}(1)+signalbox/2,... 
                    marker_image_coor{i,k+1-10,pix_var}(2)-
signalbox/2:marker_image_coor{i,k+1-10,pix_var}(2)+signalbox/2)))... 
                    - sample_mean )/ sample_mean; 
                marker_signals(i,k,pix_var)=max(max(img(k-
10,:,:)))*max(max(cropped_images{pix_var,k}( marker_image_coor{i,k+1-
10,pix_var}(1)-signalbox/2:marker_image_coor{i,k+1-
10,pix_var}(1)+signalbox/2,... 
                    marker_image_coor{i,k+1-10,pix_var}(2)-
signalbox/2:marker_image_coor{i,k+1-10,pix_var}(2)+signalbox/2))); 
                
Background_signal(i,k,pix_var)=mean2(temp(1.0*threshold_array(pix_var,
k)<temp))*max(max(img(k-10,:,:))); 
            end 
        end 
    end 
     
    for i = 1:sz(1) 
        if not(isempty(marker_image_coor{i,1,pix_var})) 
            CBR(i,end,pix_var) = marker_image_coor{i,1,pix_var}; 
        end 
    end 
     
end 
  
 
 


