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ABSTRACT OF THE DISSERTATION 

 

Chemical Exchange Saturation Transfer (CEST): A Metabolic Imaging Technique Using 

Magnetic Resonance Imaging (MRI) 

by 

Zhengwei Zhou 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2017 

Professor Debiao Li, Chair 

 

Chemical exchange saturation transfer (CEST) is an emerging MR imaging technique 

that is sensitive to the metabolite accumulation/loss. This technique selectively saturates the 

exchangeable protons in certain molecules. After exchange with water protons, the saturation 

can be detected by the change of water signal. Even though CEST imaging has shown great 

potential in some applications, it has not been utilized clinically due to practical issues related to 

imaging speed and reliability. The primary focus of the work in this dissertation is to make the 

current CEST techniques clinically translatable and address the challenges for cardiac and 

lumbar spine applications. 

CEST imaging has been applied in the heart for creatine mapping because cardiac 

dysfunction was linked to loss of metabolites in the creatine kinase system. However, current 

limitations include: (a) long scan time, (b) residual cardiac and respiratory motion, and (c) B0 

field variations induced by respiratory motion. An optimized CEST technique was developed to 

address these problems. These challenges were addressed with the following improvements: (a) 

Images were acquired by single-shot FLASH, significantly increasing the scan efficiency. (b) All 
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images were registered to reduce the residual motion. (c) The acquired Z-spectrum was 

analyzed using 3-pool-model Lorentzian-line fitting to generate CEST signal, reducing the 

impact of B0 field shifting due to respiratory motion. Validation studies were performed in chronic 

myocardial infarction animal model using late gadolinium enhancement as reference. It is shown 

that the infarct region has lower CEST signal compared to remote myocardium. Spatially, the 

hypointense regions in the CEST contrast maps closely match the bright areas in the LGE 

images. In addition, an improved cardiac CEST technique with dual-echo readout was proposed 

to further address the B0 field variation issue. These data combined together suggest that 

cardiac CEST technique has the potential to provide information on metabolic abnormalities for 

cardiac diseases. 

Intervertebral disc (IVD) degeneration is one of the leading causes of chronic low back 

pain. Current imaging modalities of the spine provide anatomical information, but are unable to 

differentiate non-painful from painful IVDs. Previous studies associated low pH as the leading 

cause of discogenic low back pain in degenerate IVDs. We proposed a quantitative CEST 

(qCEST) imaging protocol for pH assessment in the IVD. This technique was applied in animal 

model with induced disc degeneration. It is shown that the exchange rate measured from 

qCEST technique is correlated with the direct pH measurement using tissue pH-meter. In 

addition, gene analysis of harvested degenerated IVDs revealed strong positive correlation 

between up-regulation of pain markers and increase in qCEST signal. Collectively, these 

findings demonstrate that this approach can be used to measure pH in vivo within the IVD and 

has the potential to be used as a novel non-invasive method for the diagnosis of discogenic pain.  

CEST fingerprinting framework was proposed to further improve CEST quantification. 

This is inspired by the magnetic resonance fingerprinting concept where the signal generated 

using randomized sequence parameters will be matched directly to a pre-defined dictionary 

instead of using a repeated, serial acquisition of data to fit to a particular equation. CEST 

fingerprinting utilizes CEST saturation with varying saturation power B1 amplitude and saturation 
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time to create uniqueness of signal evolution for different exchange rates. Phantom studies 

demonstrated that CEST fingerprinting was more efficient (5x faster) compared to pulsed 

qCEST because there is no need for long saturation time and long TR. It is also shown that the 

proposed CEST fingerprinting technique can quantify exchange rate more accurately in the 

presence of MT effects. 

In summary, with the technical improvements proposed in this dissertation, CEST 

imaging can be performed more efficiently and more accurately. These techniques can be 

potentially translated into clinical studies.   
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CHAPTER 1: Introduction 

1.1 Chemical Exchange Saturation Transfer (CEST) 

Chemical exchange saturation transfer (CEST) is an emerging metabolic imaging 

technique using magnetic resonance imaging (MRI) (1,2). This method has been applied in 

different organs for various purposes (3).  

The underlying principles of CEST are illustrated in Fig. 1.1. The existence of solute 

protons that resonate at a different frequency from water protons can be indirectly detected if the 

solute protons have a reasonable chemical exchange rate with water protons. The solute protons 

can be saturated using frequency selective saturation pulses. Some of these saturated protons 

will be transferred into water pool, causing water signal loss. The amount of the water signal loss 

normally indicates the solute proton concentration and the exchange rate. 

The measurement approach of CEST imaging is to acquire images with different 

saturation frequency offsets across the spectrum (Fig. 1.2). Z-spectrum was generated by 

combining these images together after normalization using an image acquired without any 

saturation pulses.  

In general, CEST imaging sequences consist of two parts, CEST preparation module and 

readout module. CEST preparation module is where the saturation pulses are applied to indirectly 

lead to water signal loss. On small animal scanners, a rectangular pulse with constant B1 

amplitude is normally used. This is the most simple and efficient CEST saturation pulse. It is 

commonly known as continuous-wave (cw) saturation pulses. However, due to the hardware limits 

and SAR issues, these pulses  
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Figure 1.1 Principles of chemical exchange saturation transfer (CEST). (a) Equilibrium state of solute 
pool and water pool. (b) Solute protons are saturated after frequency selective saturation pulses. (c) After 
the chemical exchange, some of the saturated solute protons are transferred into water pool, causing water 
signal loss.                                                                                                                           
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cannot be implemented on clinical scanners. Instead, Gaussian-shaped pulse trains are used to 

achieve similar saturation effects. Common readout for CEST sequences include FLASH, EPI 

and TSE. The readout is normally chosen for the balance of scan time and SNR.  

CEST effect normally happens together with direct saturation (DS) effect, which is symmetric with 

respect to the resonant water frequency (assigned as 0 ppm for reference). In order to separate 

CEST effect from DS effect, asymmetry analysis was performed by subtracting the reference side 

(−∆ω) and the label side (+∆ω), in which ∆ω is the resonant frequency of the solute protons.  

MTRasym(∆ω) = S(−∆ω)/S0 − S(+∆ω)/S0 

It should be noted that magnetization transfer (MT) is another common competing effect 

in CEST experiments. It will be discussed in the following chapters on how to minimize 

contamination from MT effects in CEST signal. 

 

Figure 1.2 Measurement approach for CEST imaging. 

1.2 CEST and Current Applications 

CEST can detect many endogenous and exogenous agents. These CEST agents can 

provide powerful contrast for different applications. The CEST contrast is mostly affected by the 

solute proton concentration (determining how many saturated protons can be transferred into 

water pool) and the exchange rate (determining how fast the saturated protons can be transferred 
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into water pool), together with other minor contributing factors. Most CEST applications focus on 

detecting the CEST agent concentration change or the pH environment change, which can be 

indicated from the exchange rate. 

In this section, we will discuss some endogenous and exogenous CEST agents and their 

applications. 

1.2.1 Glucosaminoglycans (GAG) 

GAG is a critical component in the intervertebral disc and cartilage. The labile hydroxyl 

protons (-OH) on GAG can be detected using CEST at +1.0 ppm. gagCEST allows the detection 

of GAG-deficiency in tissue, as is the case in osteoarthritis. This technique has been used in 

human knees (4,5) and spine (6,7). gagCEST can also be used to detect pH change in 

intervertebral disc to assess discogenic lower back pain (8,9). 

1.2.2 Creatine 

Creatine is one important substrate in the creatine kinase system. It is closely related to 

the ATP resynthesis process. The creatine level indicates the ATP activity level in the tissue. The 

amine protons (-NH2) of creatine can be detected using CEST at +1.8 ppm. This technique has 

been applied in the calf to detect the creatine change during and after exercise (10,11). The 

dynamic change of creatine can be captured because the temporal resolution is up to 24 s and 

can be further improved with advanced fast imaging techniques. This technique has also been 

applied to the heart to detect myocardial metabolic abnormalities (12). However, this technique is 

still at early stage and further developments is still needed for clinical translation. 

Because creatine has a moderate exchange rate with water, it is commonly used in pH-

varied phantoms to validate new quantitative CEST methods.  
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1.2.3 Mobile Proteins and Peptides 

One of the earliest CEST application is to detect the amide protons of mobile proteins and 

peptides. The resonant frequency of the amide protons is at +3.5 ppm. This technique is more 

commonly known as amide proton transfer (APT) (13).  

APT imaging has been applied in cancer imaging because of the abnormal expression of 

mobile proteins in the tumor environment (14-17). Multiple studies have shown that APT imaging 

can differentiate between high grade and low grade tumors and provide unique information in 

therapy response (18-21).  

APT imaging can also detect acute ischemic tissue acidosis. It has been shown that ATP 

contrast differs in normal region and ischemic region in animal models and stroke patients (22-

25). However, it should be noted that APT contrast is complex with multiple experimental and 

physiological considerations.  

In addition to the competition from DS effects and MT effects, APT signal may also be 

affected by fat signal (resonant frequency around +3.5 ppm) and nuclear Overhauser 

enhancement (NOE) effects (resonant frequency around -3.5 ppm). Therefore, fat suppression is 

an important component in APT scans to eliminate lipid artifacts (26). NOE effects are normally 

seen to create a negative background from Z-spectrum asymmetry analysis since NOE effects 

can’t be easily eliminated. In a recent study, a new metric was proposed to separate APT signal 

from NOE signal (27).  

APT, especially the application of brain tumor, is so far the most robust CEST technique. 

The current technique is ready for clinical translation. Patient studies are underway to validate the 

technique and demonstrate the potential clinical impact. 



6 

1.2.4 Glucose 

Glucose is the primary energy source in most organs. Abnormalities in glucose uptake is 

associated with a range of pathological conditions. Comparing to other exogenous MRI agents, 

natural D-glucose is biodegradable. It has been FDA-approved for non-imaging purposes.  

The labile hydroxyl protons (-OH) on glucose can be detected using CEST at +1.0 ppm. 

Initial studies used CEST to show the glucose enhancement before and after the infusion (28,29). 

In recent studies, the concept of dynamic glucose enhancement (DGE) was introduced, where 

CEST scans were performed repeatedly to track the dynamic change after D-glucose infusion 

(30,31). The signal change is caused by the glucose uptake and is related to the kinetics of 

delivery, transport and metabolism of D-glucose. One major difference between DGE and 

dynamic contrast enhancement (DCE) is that glucose can transport across blood-brain barrier 

(BBB) while Gadolinium-based contrast agent enhancement will be disrupted by BBB. 

Glucose CEST is among the most eye-catching CEST applications because this technique 

is non-radioactive and the contrast agent is biodegradable. This technique is still in early stages 

of development, but technical improvements with optimized MRI acquisitions can be expected for 

clinical translation. It should be noted though, all current studies were performed on high-field 

scanners. 

1.2.5 X-ray Iodinated Agents  

While CEST can be used for pH imaging, it requires CEST agent to provide contrast in 

different pH environment. However, in some body parts, there is no endogenous CEST agent or 

the endogenous CEST agent can’t provide enough signal.  

Iodinated agents like Iopamidol, Iohexol and Ioversol and Iodixanol are routinely used as 

X-ray and CT agents in clinic. These agents contain amide protons and they can be detected 

using CEST (32). The resonant frequency of the amide protons in the iodinated agents are quite 
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far from the resonant water frequency, which means the CEST signal will not be as sensitive to 

DS effects as other endogenous CEST agents. 

These iodinated agents demonstrate a very high safety profile. They can be potentially 

used for pH imaging (33) or serve as an alternative for MRI perfusion agents (34,35). 

1.2.6 Reporter Genes 

In molecular biology, a reporter gene is a gene that is attached to a sequence of gene of 

interest. The purpose of reporter genes is to indicate whether the gene of interest has been 

expressed properly. Generally, reporter gene expresses molecules that can be seen by imaging 

modalities like MRI. A type of MRI reporter gene expresses proteins that can be imaged using 

CEST (36-38). Compared to other MRI reporter genes, this type of reporter gene is biodegradable 

and nonmetallic, and it provides positive contrast instead of negative contrast.  

1.3 Current MR Metabolic Techniques 

The current MR metabolic techniques mostly include 1H magnetic resonance 

spectroscopy (MRS), 31P MRS and hyperpolarized 13C MRS. Among different nuclei, 1H MRS is 

most commonly used in clinical studies because hydrogen is main element in human body and 

1H MRS does not require additional hardware. 31P MRS and hyperpolarized 13C MRS can also 

detect some essential metabolites in the body. These techniques have shown promising results 

in clinical and preclinical studies. However, they are still limited by some technique challenges. 

Some limitations are common in all MRS techniques, such as low spatial resolution and long scan 

time, while some issues need to be addressed separately for different techniques. This will be 

discussed in detail in the following sections. 

1.3.1 1H Magnetic Resonance Spectroscopy 

1H MRS is based on the fact that the protons of different metabolites have different 

resonant frequencies, which means they show as multiple peaks on the spectrum. In addition to 
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the spatial dimension, MRS has an additional spectral dimension, where protons with different 

resonant frequencies will be encoded (39). Common metabolites studied in 1H MRS include 

choline, creatine, NAA, lactate, lipids, glutamine and glutamate.  

The clinical interpretation of 1H MRS is mainly based on checking the elevation or absence 

of certain metabolites. In tumor imaging, there is a wide list of metabolites elevated including NAA, 

choline, creatine, lipids, lactate and myoinositol. This information is routinely used in combination 

with perfusion and diffusion for tumor evaluation and treatment follow-up (39,40). 1H MRS has 

also been applied to study the metabolic mechanisms of heart failure by quantifying the 

myocardial lipid accumulation and myocardial creatine level (41). Please note that in 1H MRS 

studies, creatine refers to the total amount of creatine and phosphocreatine because the two 

substrates show as the same peak on the proton spectrum. 1H MRS can also be used to detect 

the neurotransmitters glutamate and GABA. This is especially useful in studying psychiatric 

diseases (42,43)and Alzheimer’s disease (44). 

As mentioned before, MRS techniques are normally limited by low spatial resolution and 

long scan time, due to the additional spectral dimension. Advanced fast imaging techniques 

including parallel imaging and compressed sensing have been applied to accelerate the 

acquisition process. With these technical improvements, magnetic resonance spectroscopy 

imaging (MRSI) is now feasible and have been applied in some clinical studies. It has been 

recently shown that 1H-MRSI with high spatial resolution and high SNR can be achieved in 

practical experiments with subspace-based spectroscopic imaging framework (45,46). 

1.3.2 31P Magnetic Resonance Spectroscopy 

31P MRS can provide non-invasive measurements of phosphocreatine (PCr), ATP and 

ADP. These metabolites contain valuable information about cellular metabolism because they are 

important substrates of the creatine kinase (CK) system, an essential way for ATP regeneration.  

ATP + Cr 
Creatine Kinase
⇔            ADP + PCr 
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CK system is the fastest way to regenerate ATP after exercise. When ATP is running out, 

PCr will be depleted to maintain ATP supply. When there is sufficient ATP supply, PCr serves as 

the reservoir of cellular energy. 

 Two major applications of 31P MRS are skeletal muscle and myocardium. In skeletal 

muscle, 31P MRS was performed before and after exercise to assess the metabolic capacity of 

skeletal muscle to support large mechanical work. More specifically, post-exercise recovery of 

PCr, ATP and ADP was measured to study the pathology of metabolic diseases (47). Multiple 

cardiovascular diseases have also been associated with metabolic impairment using 31P MRS 

(48-51).  

31P MRS has more challenges compared to 1H MRS. Due to the limited concentration of 

31P nuclei in the body, the sensitivity is a bigger issue for 31P MRS techniques. When applying 31P 

MRS to the heart, cardiac and respiratory motion needs to be addressed to avoid potential errors. 

The current techniques have long scan time and normally require experienced MR technicians 

because of the complicated protocol. In addition, non-proton MRS techniques require specially 

designed hardware. This equipment is fairly expensive and is only available in a few research 

sites. This greatly limits the clinical translation of 31P MRS.  

1.3.3 Hyperpolarized 13C 

While the sensitivity of endogenous C-nuclei is too low for imaging, the signal can be 

increased as much as 100,000 times by injecting hyperpolarized 13C-labeled substrates(52). The 

fact that many important metabolic substrates including pyruvate and lactate can be labeled using 

hyperpolarized 13C has attracted a lot of attention and opened the door for a new diagnostic 

platform. In addition, the hyperpolarized 13C-nuclei can be transferred during the main steps of 

oxidative metabolism, and different substrates show as multiple peaks on the 13C spectrum, which 

means it is possible to track the kinetics of the metabolic fates of labelled substrates (53).  
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Hyperpolarized 13C has been applied in multiple preclinical studies for different purposes. 

In tumor imaging, by injecting [1-13C] pyruvate, pyruvate-lactate exchange can be measured. It 

has been shown that pyruvate-lactate exchange can be used to identify tumor grade and serve 

as an early response marker for treatment, particularly in oncology (53). In cardiac imaging, 

hyperpolarized 13C, combined with [1-13C] and [2-13C] pyruvate, enables real time imaging of 

myocardial metabolism in vivo. This helps understanding of pyruvate downstream metabolic 

cycles in the normal and diseased heart (54). Hyperpolarized 13C can also be used to provide 

intracellular pH measurement from the ratio of signal intensities of hyperpolarized bicarbonate 

(H13CO3�) and 13CO2 following intravenous injection of hyperpolarized H13CO3� (55). 

Hyperpolarized 13C has shown promising results in preclinical studies. However, it still 

poses technical challenges and practical issues to move into clinical studies. Similar as 1H and 

31P, the additional spectral dimension imposes more challenges to reach the balance of spatial 

resolution, SNR and scan time. In addition to that, there is a natural decay of the hyperpolarized 

signal, and the longitudinal signal will not recover after the RF pulses of imaging sequences. This 

means the acquisition window needs to be finished within a restricted time window (normally a 

few minutes) (52).  EPI or spiral trajectory, combined with parallel imaging and compressed 

sensing is used to perform efficient imaging of rapidly decaying 13C-labeled substrates (56,57). 

Currently, hyperpolarized 13C is only available in a few research sites due to the 

complicated process of hyperpolarizing 13C-labelled agents, transporting the agents and injecting 

the agents. This process needs to be done in a very efficient way because of the natural decay 

of hyperpolarized signal. Normally, one preclinical hyperpolarized 13C experiment involves a 

group of experienced personnel to take care of the hyperpolarization, MRI acquisition and animal 

care. The hyperpolarization equipment is also very expensive, which adds another hurdle for the 

clinical translation of this technique.   
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1.4 CEST: Advantages and Challenges 

1.4.1 Advantages 

Compared to the MR metabolic techniques discussed above, CEST has the following 

advantages: 

a) CEST can achieve high spatial resolution image in a more efficient way. The readout 

of CEST sequences is the same as conventional MRI sequences. There is no need to encode 

the spectral dimension like MRS techniques. Therefore, there is more flexibility in selecting the 

frequency range to be acquired. The practical CEST protocols only acquire images with the 

frequency offsets of interest rather than the entire spectrum. Since CEST is still a new technique 

relatively, the potential of accelerating CEST imaging has not been fully explored yet. With the 

recent technical developments on compressed sensing and low rank reconstruction, CEST 

acquisition can be further accelerated.  

b) CEST has higher sensitivity compared to the MRS techniques. CEST signal is indirectly 

detected via water protons. Due to the natural redundancy of water protons in the body, CEST is 

expected to have enhanced sensitivity. This has been shown in studies comparing Cr CEST with 

1H and 31P MRS (11,12). 

c) Compared to MRS techniques, especially non-proton MRS techniques, it is easier for 

CEST imaging to be translated. Since CEST imaging is a proton-based imaging technique, there 

is no additional hardware requirement. In addition, the image acquisition part of CEST sequences 

is the same as conventional MRI sequences. It is not too difficult for the MR technicians to get 

used to CEST protocol, prescribe the correct spatial location and run the sequence.  

d) CEST has an additional dimension of exchange rate to differentiate among multiple 

molecules. The chemical exchange between water protons and solute protons can be separated 

into three different categories based on the exchange rate 𝑘𝑠𝑤  and chemical shift ∆𝜔 , fast 

exchange regime (𝑘𝑠𝑤 ≫ ∆𝜔), intermediate exchange regime and slow exchange regime (𝑘𝑠𝑤 ≪

∆𝜔). Only protons that fall into the intermediate and slow exchange regime can be detected by 
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CEST imaging. When the exchange rate is too fast, the two protons start to merge as one peak 

on the Z-spectrum. However, if the exchange rate is too slow, the saturated solute protons can 

hardly be transferred into water pool and no water signal loss can be detected.  

Here is an example of how exchange rate serve as additional dimension in CEST imaging. 

The amine protons (-NH2) in Cr and PCr have the same chemical shift. That’s why they show as 

one peak on the 1H MRS spectrum. However, only Cr protons have the moderate exchange rate 

with water. Therefore, Cr can be separated from PCr in CEST imaging. This allows CEST imaging 

to study the kinetics of Cr and PCr.  

1.4.2 Challenges 

However, CEST is still a relatively new technique, and a lot of challenges remain to be 

addressed. 

a) Nearly half of the CEST studies were performed on high field scanners (4.7 T or above). 

This is because CEST signal is related to the field strength. The sensitivity can be improved on 

high field scanners. In addition, the chemical shift between water protons and solute protons is 

also dependent on the field strength. For example, the chemical shift between glucose protons 

and water protons is 1.2 ppm, 147.6 Hz on 3T scanners and 344.4 Hz on 7T scanners. As 

discussed before, if the chemical shift is a lot smaller than the exchange rate, the solute proton 

will fall in the fast exchange regime, which means the solute proton peak will merge with the water 

peak. In general, fast exchange protons will have better performance on high field scanners 

because there is a better separation between the water peak and solute proton peak. 

b) CEST contrast is normally complicated because it involves multiple confounding factors. 

When performing in vivo CEST experiments, there are also other competing effects like direct 

saturation effects and MT effects. There are also competing NOE effects (resonant frequency -

3.5 ppm) if asymmetry analysis is used in APT imaging (amide protons resonant frequency +3.5 

ppm). CEST contrast is also dependent on water relaxation parameters T1 and T2. While most 
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people believe that the CEST signal change is mostly caused by the solute proton concentration 

and the exchange rate, the complexity of CEST signal should always be kept in mind.  

c) CEST contrast is complicated not just because of the confounding factors from the 

tissue properties, but also because it can be affected by external factors including the field 

strength, the parameters of CEST preparation module (saturation time and RF irradiation power 

B1) and the data analysis. Therefore, it needs careful consideration to compare the CEST results 

from different scanners. This adds difficulty to perform multi-center trials.  

d) Quantifying the concentration and exchange rate from other CEST contributing factors 

can potentially address the above issues. However, this is difficult because CEST mechanism is 

based on the complicated Bloch-McConnell equation. There is no explicit analytical solution to 

the equation. All current methods are based on approximated analytical solution (58-60). This 

becomes especially challenging when the Gaussian-shaped saturation pulses are used on clinical 

scanners because this adds a constant-varying input B1 to the equation. These methods repeat 

CEST experiments multiple times with different CEST saturation modules to fit for the 

concentration and exchange rate and would normally require long scan time. Therefore, these 

methods have only been used in phantoms or preclinical models so far. 

1.5 Aims 

The broad, long term goal of this dissertation project is to develop CEST techniques for 

better clinical translation. More specifically, the goal is to apply the techniques on 3T clinical 

scanner and address the challenges for different applications. In this work, the major applications 

are the heart and the spine. For cardiac CEST, the primary focus is to improve the speed and 

robustness of the technique. For application in the spine, the primary focus is to improve 

quantitative CEST and apply it to in vivo studies.   
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Aim 1: To develop a clinical translatable cardiac CEST technique for myocardial metabolic 
activity assessment. 

Aim 1.1: To develop a practical and translatable cardiac CEST approach and test in chronic 
myocardial infarction animal model. 

Chapter 2 presents an optimized cardiac CEST method with more efficient data acquisition 

scheme, advanced motion correction methods and improved CEST signal analysis to achieve a 

clinically affordable scan time. Preliminary validation studies will be performed in chronic 

myocardial infarction animal model. The choice of this animal model is because previous studies 

have shown that the scar has reduced metabolism compared to remote myocardium. Established 

and validated late gadolinium enhancement (LGE) will serve as an in vivo reference for the 

characterization of scar. 

Aim 1.2: To develop an improved cardiac CEST technique with dual-echo readout to address B0 
field variation issue. 

In Chapter 3, an improved cardiac CEST technique with dual-echo readout was proposed 

to allow simultaneous acquisition of CEST-weighted images and B0 maps. This technique was 

developed to address the B0 field variation within navigator acceptance window. Repeatability 

studies will be performed to compare between the previous and proposed cardiac CEST methods.  

Aim 2: To develop a quantitative CEST (qCEST) imaging protocol of intervertebral disc for 
pH assessment and evaluate its applicability for diagnosis of discogenic pain. 

Aim 2.1: To develop a quantitative CEST (qCEST) imaging protocol of intervertebral disc for pH 
assessment and validate in a porcine model. 

Chapter 4 presents the qCEST imaging protocol of intervertebral disc for pH assessment. 

It is based on the observation that CEST effect can be represented as a linear function of 1/B12. 

Multiple CEST experiments with varying B1 amplitudes will be performed for omega plot analysis 

to quantify the exchange rate, which is dependent on pH. Validation studies will be performed in 

a porcine model on a 3T MR scanner. Na-Lactate will be injected into the IVDs to induce various 

pH values within the discs ranging from 5-7. The exchange rates measured from qCEST will be 
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compared with the pH values measured directly using tissue pH-meter to evaluate whether 

qCEST can provide accurate pH measurements. 

Aim 2.2: To preclinically test and validate the hypothesis that the proposed qCEST imaging 
protocol can detect pH changes in the intervertebral discs in the process of disc degeneration. 

Chapter 5 applies the qCEST imaging protocol validated in Chapter 4 in a pre-clinical 

animal model. MRI scans will be performed 2, 6 and 10 weeks after IVD degeneration was 

induced. pH will be directly measured inside the IVD using tissue pH-meter to serve as a reference. 

Pain, nerve- and inflammatory-related markers will be analyzed from the harvested degenerated 

IVDs. Direct comparison will be performed between qCEST signal and pain markers to evaluate 

if qCEST can potentially serve as a non-invasive method for the diagnosis of discogenic pain. 

Aim 3: To develop CEST-fingerprinting technique for more efficient and more accurate 
CEST quantification. 

Chapter 6 presents the CEST fingerprinting framework for more efficient and more 

accurate CEST quantification. This is inspired by the magnetic resonance fingerprinting concept 

where the signal generated using randomized sequence parameters will be matched directly to a 

pre-defined dictionary instead of using a repeated, serial acquisition of data to fit to a particular 

equation. CEST fingerprinting utilizes CEST saturation with varying saturation power B1 amplitude 

and saturation time to create uniqueness of signal evolution for different exchange rates. 

Preliminary validation studies were performed in phantoms. 
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CHAPTER 2: Optimized Cardiac CEST MRI for Assessment of 
Metabolic Activity in the Heart 

2.1 Significance 

Adenosine triphosphate (ATP) is an essential energy source that governs myocardial 

contraction. In the heart, the synthesis of ATP mostly involves the conversion from 

phosphocreatine (PCr) to creatine (Cr) catalyzed by creatine kinase (CK) where PCr serves as 

the energy reservoir(61). During ischemia, PCr will be quickly depleted to maintain ATP supply. 

In the persistent occlusion, the CK system, including ATP, Cr and PCr will all be depleted(62,63). 

It has been previously reported that reduced ATP, Cr and PCr is associated with chronic 

MI(12,49,64) and heart failure(48,61,65). At this stage, the energy reserve of myocardium has 

reached its edge, which means the heart is at high risk of acute mechanical failure at a sudden 

increase in cardiac workload. Thus, the capacity of CK/PCr/Cr system can serve as a great 

indicator of the myocardial metabolic level, and to further assess myocardial contractility and 

cardiac function.  

Cardiovascular disease (CVD), as the leading cause of death in the United States, causes 

nearly 600,000 deaths every year(66,67). More than 1 in 3 US adults live with one or more types 

of CVD(68). As discussed before, it has been previously shown that myocardial metabolic activity 

is closely correlated with cardiac mechanical performance(69-71). This topic has attracted a lot 

of attention because of the potential to improve cardiac performance by myocardial metabolic 

therapy (72-74). Therefore, assessment of myocardial metabolism might have a significant impact 

on improving prognosis of patients and enhancing the understanding in CVD. 

2.2 Background 

 ATP is an essential energy source that governs myocardial contraction (75). The CK 

system plays a vital role in the synthesis of myocardial ATP. ATP is generated from the conversion 

of PCr and adenosine diphosphate (ADP) to Cr catalyzed by CK. Previous studies have linked 
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cardiac dysfunction to the loss of metabolites in the CK system (76-78). The measurement of Cr 

or PCr can serve as a biomarker to investigate the metabolic change in the myocardium 

(48,50,65,79,80).  

Chemical exchange saturation transfer (CEST) is an emerging MRI technique for 

metabolic imaging (1). By saturating the solute protons, water signal will also drop because of the 

constant exchange between solute protons and water protons (3). It has been shown that CEST 

can be used to map Cr distribution because of chemical transfer between its amine protons (-NH2) 

and water protons. CEST can detect Cr separately from other CK metabolites because Cr protons 

alone have an intermediate transfer rate with water protons (10,11,81). Compared to MR 

spectroscopy techniques, CEST yields better spatial resolution and higher sensitivity because of 

indirect detection via water protons (11,13).  

CEST has been applied in the heart for in vivo endogenous Cr imaging in animal studies 

(12,82-84). Haris et al. was the first to show the feasibility of high-spatial-resolution mapping of 

Cr using cardiac CEST. However, the method poses some technical challenges which could 

potentially hinder the clinical translation of the cardiac CEST technique: (a) long scan time (~50 

min per slice), (b) residual cardiac and respiratory motion, and (c) B0 field variations mostly 

induced by respiratory motion.  

In this study, we developed a clinically translatable cardiac CEST technique with 

significantly reduced scan time (~5 min), improved motion registration and CEST signal analysis 

to address the aforementioned challenges. The proposed technique was then validated in chronic 

myocardial infarction porcine model using late gadolinium enhancement (LGE) as a reference. 

This animal model was chosen because it has been clearly shown that scar regions have reduced 

metabolic activity level compared to remote myocardium (85).  
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2.3 Methods 

2.3.1 Animal Preparation 

All animal-related procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Cedars-Sinai Medical Center. Myocardial infarction was induced in 15 

Yucatan minipigs following the procedure described in a previous study (86). Specifically, animals 

were sedated by intramuscular ketamine 20 mg/kg, acepromazine 0.25 mg/kg and atropine 0.05 

mg/kg, followed by 10 mL intravenous thiopental. Endotracheal intubation was then performed, 

and anesthesia maintained by ventilation with 1% to 2% isoflurane. Catheters were inserted 

through the left carotid artery. Coronary X-ray angiography was performed to visualize the 

coronary arteries and identify the site for occlusion. An anteroseptal myocardial infarction was 

induced by inflation of an angioplasty balloon in the mid-left anterior descending artery to cause 

coronary occlusion for 2.5 hours. Finally, the animals were taken to the post-op recovery room. 

All imaging was performed eight weeks after the infarction. 

2.3.2 MRI Protocol 

Animal studies (N = 15) were performed on a 3 Tesla clinical scanner (Magnetom Verio; 

Siemens Healthcare, Erlangen, Germany) using a 12-channel phase array coil for data acquisition. 

Throughout the imaging procedures, anesthesia was maintained with isoflurane (1-3.5%).  

The imaging protocol included bSSFP CINE, cardiac CEST and LGE. bSSFP CINE was 

performed to localize the quiescent period of the cardiac cycle (1.4 x 1.4 x 6 mm3; 35 cardiac 

phases, TR/TE = 3.2/1.6 ms; flip angle 50°). LGE imaging was completed 15 minutes after the 

contrast agent injection (0.1 mmol/kg, gadobutrol, Gadovist, Bayer Inc.) using phase sensitive 

inversion recovery FLASH (1.3 x 1.3 x 6 mm3; TR/TE/TI = 362/1.5/335 ms; flip angle 20°). All 

imaging was performed in the short axis plane at three mid-ventricular slice locations of the left 

ventricle. Breath hold was controlled by a ventilator in CINE imaging and LGE imaging. 
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Figure 2.1 Pulse sequence diagram of the optimized cardiac CEST imaging technique. 

Cardiac CEST scans were performed before the contrast injection using FLASH readout 

(resolution 2.1 x 2.1 mm2; slice thickness 6-8 mm; TR/TE = 4000/1.5 ms; flip angle 12°). Fig. 1 

shows the pulse sequence diagram of the proposed cardiac CEST technique. ECG triggering and 

navigator gating were used to reduce the effects of cardiac and respiratory motion. Each image 

was acquired by single-shot FLASH (~200 ms readout block placed in quiescent period). Thirty-

three images were collected at different saturation frequency offsets ranging from -4.8 ppm to 4.8 

ppm with a step size of 0.3 ppm. The CEST preparation module consists of five Gaussian-shaped 

pulses with 2700° flip angle and 30 ms duration at a duty cycle of 50% (the equivalent B1 power 

is 3.76 uT). The spoiler gradient was altered in different directions to crush the residual transverse 

magnetization. An additional image was acquired without CEST saturation for normalization 
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reference. The scan time for each slice was approximately 5 minutes with 40% navigator 

efficiency. 

Cardiac CEST imaging technique was optimized in the following aspects: (a) Images were 

acquired by single-shot FLASH instead of segmented acquisition, significantly increasing the scan 

efficiency. (b) All images were registered to reduce the residual left ventricle wall motion (up to 4 

mm myocardial displacement) using Medical Imaging Registration Toolbox (MIRT) (87).  (c) The 

acquired Z-spectrum was fitted to the Lorentzian-shaped 3-pool-model to increase the reliability 

of the generated CEST contrast map by reducing the impact of signal fluctuation from B0 field 

shifting introduced by respiratory motion.  

2.3.3 Image Analysis 

Post processing was performed with custom-written programs in Matlab (The Mathworks, 

Natick, MA, USA). For each pixel, the Z-spectrum was generated as the signal intensity of each 

image acquired at different saturation frequency offsets normalized by the reference image. The 

Z-spectrum was fitted to the following equation. 

Z(∆𝜔) = 1 − (∑𝐿𝑖(∆𝜔)
3

𝑖=1

− ∑ (𝐿𝑖(∆𝜔) × 𝐿𝑗(∆𝜔))
3

𝑖=1,𝑗>𝑖

+∏𝐿𝑖(∆𝜔)
3

𝑖=1

)      [2.1]  

𝑖 = CEST,MT or DWS 

𝐿CEST = 𝐴0
(𝛤0/4)2

(𝛤0/4)2 + (𝑥 − 𝛿0)2
 

𝐿MT = 𝐴1
(𝛤1/4)2

(𝛤1/4)2 + (𝑥 − 𝛿1)2
 

𝐿DWS = 𝐴1
(𝛤1/4)2

(𝛤1/4)2 + (𝑥 − 𝛿1)2
 

This could separate the acquired Z-spectrum into CEST, direct saturation (DS), and 

conventional magnetization transfer (MT), three major effects in saturation experiments with 

aqueous solutions (12,88). The center of the DS curve is the central water frequency, which 
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represents B0 field information. The distance between the center of the CEST curve and DS curve 

is constantly +1.8 ppm, which is the resonant frequency of amine protons. CEST signal is defined 

as the amplitude of the fitted CEST curve.  

CEST maps were generated using pixel-by-pixel Z-spectrum fitting in the myocardium. 

Regions of interest (ROIs) were placed in the center of scar region and the healthy remote 

myocardium using LGE as reference and avoiding the border zone. The average CEST signal 

was determined in scar and healthy remote myocardium. Comparisons were performed using 

Wilcoxon rank-sum test in GraphPad Prism 6 (GraphPad Software, La Jolla, California, USA). A 

two-tailed value of p<0.05 was considered to be statistically significant. 

 

Figure 2.2 Z-spectrum of (a) scar region and (b) healthy myocardium. By using the 3-pool-model fitting, 
Z-spectrum (black) was separated into CEST curve (pink), MT curve (blue) and DWS curve (green). The 
center of DWS curve represents the resonant water frequency (B0 field). The peak of CEST curve was 
defined as the CEST signal. It is clear that the healthy myocardium has higher CEST signal than scar, 
which suggests more Cr distribution in the healthy myocardium. 

2.4 Results 

To separate the CEST signal from MT and DS effects, we used 3-pool-model fitting to 

analyze the Z-spectrum (Fig. 2). The peak of the CEST curve is defined as CEST signal, which 

is used in the following quantitative analysis. Comparing the Z-spectrum analysis curves in the 

scar with those in the healthy myocardium, it is clear that CEST signal is lower in the scar region. 
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Fig. 3 shows typical CEST contrast maps and corresponding LGE images in three slice 

locations. The infarcted regions have lower CEST signal than healthy remote myocardium. 

Spatially, the hypointense regions in the CEST contrast maps closely match the bright areas in 

LGE images. 

In all animals, infarct CEST signal (0.09±0.04) is significantly reduced compared to the 

CEST signal found in the healthy remote myocardium (0.16±0.03), p < 0.0001, as shown in Fig. 

4. 

 

Figure 2.3 (a) CEST maps and (b) corresponding LGE images of one representative subject in three 
slice locations. The hypointense regions (arrows) in the CEST maps match the LGE positive regions 
(arrows).   

2.5 Discussion 

In this work, we developed a cardiac CEST technique with significantly reduced scan time 

(~5 min), improved motion registration and CEST signal analysis to show the feasibility of the 

proposed technique in detecting Cr distribution in the myocardium in a clinically feasible scan time. 
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This feasibility study in a porcine model showed decreased CEST signal in infarcted region 

compared to remote myocardium. The results suggest a lower Cr distribution in the infarcted 

region, which is consistent with previous findings (85). 

As CK metabolites are essential in providing energy for myocardial contraction, cardiac 

metabolic impairment is now considered as a cause, rather than a result of cardiac diseases (71). 

Detection of CK metabolites such as creatine can potentially help the clinical diagnosis and 

treatment of cardiac diseases. It can be used to further understand the underlying mechanisms 

of metabolic change processes in cardiac diseases as well as to evaluate therapy efficiency and 

guide therapy optimization. 

 

Figure 2.4 CEST signal in the scar (0.09±0.04) is significantly reduced compared to healthy remote 
myocardium (0.16±0.03), p<0.0001. 

Cardiac MR Spectroscopy (MRS) is also capable of detecting the activity of CK 

metabolites in the myocardium. PCr and ATP can be detected as two peaks in 31P spectrum. The 

ratio of PCr over ATP can serve as an indicator of myocardial energy metabolism (51,79). In 1H 

spectrum, Cr and PCr have the same chemical shift and only their combined total amount can be 

measured (65,89). However, these techniques have not gained common application over the 

years because of limitations such as low spatial resolution, lengthy scan time, and complicated 
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acquisition protocol. 31P MRS also requires additional hardware, which limits its availability. All of 

these issues hinder the clinical translation of cardiac MRS approaches. However, they can be 

potentially addressed by cardiac CEST techniques. In this study, we have shown the feasibility of 

cardiac CEST imaging with typical cardiac MRI spatial resolution and clinically acceptable scan 

time. Cardiac CEST is also more sensitive compared to MRS techniques because the signal is 

indirectly detected from the water pool. Without any special requirement for hardware or 

technician training, this technique can be easily translated into clinical studies. 

The cardiac CEST sequence we proposed in this study is significantly faster than the 

previous technique(12). One of the major reasons is that we used single-shot FLASH readout 

instead of segmented readout. In addition to its contribution to speed acceleration, single-shot 

readout also minimizes the respiratory motion within the acquisition of each CEST-weighted 

image at different saturation frequency offsets. This reduces the motion artifacts and B0 field 

changes within the acquisition of each single image. It should be noted, though, when the subject 

has a relatively high heart rate and short quiescent period, the image acquired using single-shot 

readout will be blurrier. More advanced image reconstruction methods can be used in the future 

to shorten the acquisition period. 

It is known that the heart is one of the most difficult organs for imaging because of constant 

cardiac motion and respiratory motion. In cardiac CEST imaging, in addition to the motion within 

the acquisition of one image that leads to blurriness and the misregistration between different 

images that causes error in pixel-by-pixel mapping, we are also facing B0 field variations caused 

by residual motion. Respiratory phase mismatch, even within the navigator acceptance window, 

leads to B0 field variations in the myocardium for images acquired with different saturation 

frequency offsets. This is because the relative position of heart (tissue) and lung (air) is changing. 

It is especially worse in the lateral wall region, because this is the interface between heart and 

lung and B0 field is changing rapidly in this region. In this study, 3-pool-model fitting is used to 

generate CEST signal so the B0 field variations can be treated as noise. However, this method 



25 

can address this issue only to certain extent. Therefore, sometimes inhomogeneity is observed in 

the CEST map (Fig. 3), especially in the lateral wall region. This issue can be potentially 

addressed using advanced shimming coil design so the B0 field over the myocardium can be more 

homogeneous.  

This study shows the feasibility of cardiac CEST technique in a pre-clinical setting. 

However, more studies are needed for further investigation. The animal model used in this study 

only yielded transmural infarcts. Non-transmural infarcts are typically smaller in size and may be 

more difficult to detect. Whether the spatial resolution and sensitivity of the current technique is 

enough for non-transmural infarcts requires more studies. The results show that the infarct region 

has about 50% drop in CEST signal compared to healthy remote myocardium. In some mild 

cardiac dysfunctions, the difference could be smaller. Further investigation is needed to evaluate 

whether cardiac CEST technique has the reproducibility and sensitivity to detect cardiac 

dysfunctions with mild metabolic abnormalities. Histopathology studies are also needed to 

demonstrate the CEST signal change is correlated to creatine distribution in the myocardium.   

2.6 Conclusion 

We developed a clinically feasible cardiac CEST technique that is significantly faster than 

the previous approach. In a chronic myocardial infarction pig model, we demonstrated the 

proposed CEST technique can discern differences in the CEST signal between infarct and remote 

myocardium. This technique has the potential to provide information on metabolic abnormalities 

for cardiac diseases. 
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CHAPTER 3: Cardiac CEST MRI with Dual-Echo Readout for 
B0 Correction: A Repeatability Study 

3.1 Background 

ATP is the most important energy source in the myocardium. It governs the myocardial 

contraction. Creatine kinase (CK) system is essential in resynthesizing ATP and the capacity of 

substrates involved in this system, like Cr, can serve as a great indicator of the myocardial 

metabolic level. 

Previous studies have shown the feasibility of cardiac CEST technique to detect creatine 

loss in chronic myocardial infarction. This suggests that cardiac CEST has the potential to provide 

information on metabolic abnormalities for cardiac diseases. However, B0 field variations, mostly 

caused by respiratory motion within the acceptance window in a navigator-gated acquisition, 

especially on the edge of heart-lung interface, can induce errors of the CEST signal. In addition, 

the reproducibility of cardiac CEST technique has not been assessed. Whether this technique 

can be used to detect mild myocardial metabolic impairment still needs further investigation. 

In this work, we developed a cardiac CEST dual-echo technique which not only acquires 

CEST-weighted image, but also enables acquisition of B0 map for each saturation frequency offset. 

CEST reproducibility with the technique was assessed. 

3.2 Method 

3.2.1 Sequence Diagram 

Fig. 3.1 shows the sequence of the proposed cardiac CEST dual-echo technique. The 

structure is similar as the sequence that has been presented in Chapter 2. The major difference 

is that dual-echo readout was used for image acquisition to allow simultaneous acquisition of B0 

map and CEST-weighted images.  
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Figure 3.1 Sequence diagram of proposed cardiac CEST technique with dual-echo readout. 

3.3.2 Image Processing 

Figure 3.2 shows the analysis of images acquired at each CEST saturation frequency 

offset. For each echo, both magnitude images and phase images were reconstructed. Two phase 

images were used to calculate the B0 map according to the following equation. 

∆B0 =
phase1 − phase2
𝛾(TE1 − TE2)

                [3.1] 

Two magnitude images were averaged to generate the CEST-weighted images.  With 

known B0 maps for each frequency offset, the acquired Z-spectrum was fitted to Eq. 2.1 with one 

fewer unknown variable. CEST signal is defined as the amplitude of fitted CEST curve. CEST 

contrast map was generated using pixel-by-pixel Z-spectrum fitting in the myocardium. 

3.2.3 MRI Protocol 

Healthy volunteer studies (N = 14) were performed on a 3T clinical scanner (Magnetom 

Verio; Siemens Healthcare, Erlangen, Germany) using a 32-channel phase array coil for data 

acquisition. 
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Figure 3.2 Image processing workflow of the proposed cardiac CEST dual-echo method. 

Repeatability was evaluated in two mid-ventricular slices for both the previous and 

proposed methods. The sequence parameters were shown in Table 3.1. The two methods used 

the same CEST preparation parameters. 3 Gaussian-shaped pulses with flip angle of 2700º and 

pulse duration of 80 ms were used in the CEST preparation module. The interpulse delay was 80 

ms. Equivalent RF irradiation power is 1.90 uT. CEST saturation frequency offsets range from -

3.6 ppm to 3.6 ppm with a step size 0.3 ppm. Both methods used single-shot flash readout (FOV: 

350 x 280 mm2; spatial resolution: 2.7 x 2.2 x 8.0 mm3; matrix size: 160 x 104; iPAT: 2; flip angle: 

12º). For the previous method, TR/TE = 4000/1.5 ms. For the dual-echo method, the same TR 

was maintained, while the TE1 is 0.97 ms and TE2 is 2.44 ms. Partial Fourier 6/8 was used to 

maintain the same acquisition window without inducing too much cardiac motion for the dual-echo 

method. The scan time is approximately 5 min for both methods. 

3.3.4 Data Analysis 

The myocardium was segmented according to the standard American Heart Association 

model (90). The repeatability of CEST signal was compared globally and segmentally for both 
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previous and proposed methods. Comparisons were performed using Bland-Altman plot in 

GraphPad Prism 6 (GraphPad Software, La Jolla, California, USA). 

Table 3.1 Imaging parameters for the previous and proposed cardiac CEST methods 

 Previous Method Proposed Method 

FOV 350 mm x 280 mm 

spatial resolution 2.7 mm x 2.2 mm 

parallel imaging R = 2 

Image matrix size 160 x 104 

Flip angle 12º 

TE 1.45 ms 0.97/2.44 ms 

TR (echo spacing) 2.4 ms 3.9 ms 

Acquisition window for 
each slice 163 ms 194 ms 

Partial Fourier  N/A 6/8 

slice positions 2 mid-ventricular slices (8 mm thickness) 

CEST preparation module 
3 Gaussian-shaped pulses with flip angle of 
2700º and pulse duration of 80 ms at duty 
cycle of 50% 

3.3 Results 

Fig. 3.3 shows the representative images of the proposed cardiac CEST method with dual-

echo readout. Fig. 3.3a-d represents the CEST-weighted images acquired at different saturation 

frequency offsets. Fig. 3.3e shows the CEST map. The homogeneity across the myocardium can 

be appreciated.  

The Bland-Altman plots of CEST signal were shown in Fig. 3.4. As shown in Fig. 3.4a, the 

repeatability of the average CEST signal of the entire myocardium using proposed method is 

improved compared to the previous method. Fig. 3.4b and c represent the Bland-Altman plots of 

average CEST signal in the lateral segment and septal segment, respectively. It can be seen that 
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most of the improvement comes from the lateral wall segment. This is because there is more B0 

variations in this region. 

 

Figure 3.3 Representative images of proposed cardiac CEST method with dual-echo readout. (a-d) 
CEST-weighted images acquired at different saturation frequency offsets. (e) CEST contrast map. (f) B0 
map. 

3.4 Discussion 

In this study, we developed a new cardiac CEST method with dual-echo readout. This 

technique allows simultaneous acquisition of B0 map and CEST-weighted images. In the healthy 

volunteer studies, it is shown that the proposed technique has improved repeatability compared 

to the previous method.  

As shown in Fig. 3.4, the repeatability of the proposed method is significantly improved in 

the lateral wall segment, while the improvement of the repeatability in the septal segment is not 

as obvious. The lateral wall segment is on the edge of heart-lung interface. The B0 field in this 

area is more sensitive to relative location change of heart and lung induced by respiratory motion. 
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However, CEST imaging is also very sensitive to B0 field inaccuracy, especially for the protons 

whose resonant frequency is very close to water. Therefore, with addition B0 field correction 

instead of treating it as an unknown in the fitting equation could improve the repeatability if cardiac 

CEST.

 

Figure 3.4 Bland-Altman plots of CEST signal for previous and proposed cardiac CEST methods. (a) 
Average CEST signal of the entire myocardium. (b) Average CEST signal in the lateral segment. (c) 
Average CEST signal in the septal segment. The dashed lines represent 95% limits of agreement. 

In this study, the proposed cardiac CEST method was applied in healthy subjects. 

However, further investigation is needed to evaluate whether the proposed technique can detect 

mild metabolic impairment in diabetic patients, coronary microvascular patients or tako-tsubo 
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patients (50,91). These patient groups have been shown to have reduced myocardial metabolic 

activity. In addition, cardiac CEST could also serve as additional information to evaluate whether 

the myocardial treatment is effective.  

3.5 Conclusion 

In this study, a cardiac CEST dual-echo method was developed for simultaneous 

acquisition of B0 maps and CEST-weighted images. The proposed technique is shown to have 

improved repeatability compared to the previous method. 
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CHAPTER 4: Quantitative Chemical Exchange Saturation 
Transfer (qCEST) MRI of Intervertebral Disc in a Porcine 

Model 

4.1 Significance 

Lower back pain is a major medical condition estimated to affect up to 85% of the US 

population (92). It is the leading cause of disability globally (93). It has posed large economic 

burden to the society. The annual direct medical costs of lower back pain in US ranged from $12 

billion to $90 billion, while the annual indirect costs ranged from $7 billion to $28 billion (94). The 

major categories of indirect costs are sick leave and early retirement. There is no significant 

gender difference (95). 

The common causes of lower back pain include intervertebral disc (IVD) degeneration, 

injury or overuse of muscle, herniation, osteoarthritis, spinal stenosis, etc. Among these causes, 

disc degeneration is a significant portion (at least 40%), leading to the term “discogenic pain” (96). 

Although degenerated discs can be identified using MRI, they do not always cause pain. 

Therefore, if a patient with lower back pain has several degenerate discs, further examination is 

required to determine which disc is the source of the pain, prior to a decision of surgical 

intervention. Standard procedures include discography, during which the suspected discs are 

pressurized in order to provoke pain. This is a painful procedure that is also known to further 

accelerate disc degeneration, disc herniation, and loss of disc height and affect the adjacent 

endplates (97). It is also subjective to variations of the placement of the needle, pressure exerted, 

and anesthesia.  

Recent studies have associated low pH with discogenic pain (98,99). pH could potentially 

serve as a new metabolic biomarker for discogenic back pain (100).  
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4.2 Background 

Chemical exchange saturation transfer (CEST) is an emerging MR technique to measure 

pH-dependent signal changes (13,101-103). This technique exploits the constant chemical 

exchange, which is pH-sensitive, between water protons and solute protons in certain molecules. 

The chemical exchange rate is dependent on pH values. The solute protons are first 

magnetization-saturated with a series of frequency selective radiofrequency (RF) pulses, and 

after exchanging with water protons, the saturation is indirectly detected in the water signal (1,3).  

Glycosaminoglycan (GAG) is a critical component to support the function in the IVD. It has 

been reported that GAG can be detected by CEST imaging because of its exchangeable hydroxyl 

protons (4,6). Previous studies have applied gagCEST to detect pH change in the IVD in animal 

models and patients with degenerative disc disease (8,9). However, CEST contrast is a rather 

complicated effect. It involves multiple confounding factors, including but not limited to: (a) 

exchange rate between water and GAG protons, which is dependent on the pH; (b) labile proton 

ratio, which is linearly correlated with GAG concentration; (c) water relaxation parameters T1 and 

T2; and (d) the RF irradiation power of the CEST saturation module.  

Multiple studies have focused on separating the exchange rate or the labile proton ratio 

from other confounding factors in the CEST experiments (59,60,104-107). Among these methods, 

quantitative CEST (qCEST) allows for simultaneous measurements of the exchange rate and 

labile proton ratio. It was developed based on the observation that the CEST effect can be 

represented as a linear function of 1/B12 (108). Multiple CEST experiments were performed with 

varying B1 amplitudes for omega plot analysis (108).  

Simultaneous measurements of pH value and concentration using qCEST have been 

shown in creatine phantom studies (60,106,107). Creatine protons have a slow to intermediate 

exchange rate with water protons (81). However, for GAG protons which undergo relatively faster 

chemical exchange, whether this technique can detect pH changes has not been investigated. In 

addition, most of the studies were performed on a preclinical scanner using continuous-wave (cw) 



35 

saturation pulse (60,107). No in vivo validation has been performed and potential clinical 

application is not yet clear.  

In this work, we propose an in vivo pH-dependent imaging technique in the IVD using 

qCEST on a 3T clinical scanner. We tested the technique in GAG phantoms and validated it in 

vivo in a porcine model using measurement from the tissue pH probe as reference.  

4.3 Theory 

Previous studies have studied the two-pool exchange model using Bloch-McConnell 

equations, describing the proton exchange between pool ‘w’ (water pool) and pool ‘s’ (solute pool). 

In this two-pool system, fr refers to the labile proton ratio M0s/M0w and ksw the exchange rate 

between solute pool and water pool. R1w, R2w, R1s and R2s are longitudinal and transverse 

relaxation rates for water protons and solute protons, respectively.  

The conventional CEST asymmetry analysis takes direct difference between the label 

scan (at the resonant frequency of the solute pool) and reference scan (at the opposite frequency 

with respect to water). It can be defined as CESTR = Zlabel – Zref, where Zlabel and Zref are the 

normalized signal intensity or Z-spectrum for the label scan and reference scan. However, this 

analysis has its limits when it comes to quantitative imaging, because its expression is rather 

complicated and involves multiple confounding factors.  

In recent studies, the inverse CEST difference (CESTRind) was proposed because of its 

simplified expression (60) 

1
CESTRind

=
1

1
Zlabel

− 1
Zref

≈
𝑅1𝑤
𝑓𝑟 ∙ 𝑘𝑠𝑤

+
𝑘𝑠𝑤 ∙ (𝑅2𝑠 + 𝑘𝑠𝑤) ∙ 𝑅1𝑤

𝑓𝑟 ∙ 𝑘𝑠𝑤
1
𝜔12
           [4.1] 

where ω1 is the RF irradiation amplitude. 

Eq. [4.1] is only valid for cw CEST saturation. When pulsed saturation is applied in CEST 

experiments, Eq. [4.1] can be written as (106) 
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1
CESTRind

≈
𝑅1𝑤

DC ∙ 𝑓𝑟 ∙ 𝑘𝑠𝑤 ∙ 𝑐1
+
𝑘𝑠𝑤 ∙ (𝑅2𝑠 + 𝑘𝑠𝑤) ∙ 𝑅1𝑤 ∙ 𝑐22

DC ∙ 𝑓𝑟 ∙ 𝑘𝑠𝑤 ∙ 𝑐1
1
𝜔12
                [4.2] 

where DC stands for duty cycle; c1 and c2 describe the shape of Gaussian saturation pulses (𝑐1 =

𝜎√2𝜋 𝑡𝑝, 𝑐2 =⁄ 𝑐1√√2; 𝜎 and 𝑡𝑝are the width and length of the Gaussian pulse). Note 𝜔1 here is 

defined as the average RF irradiation amplitude of one Gaussian pulse, i.e., 𝜔1 = flip angle/pulse 

duration.  

In this expression, 1/CESTRind is described as a linear function of 1/𝜔12. By measuring 

CESTRind with different RF irradiation amplitude, we can calculate the slope m and intercut n, and 

eventually estimate ksw and fr. 

𝑘𝑠𝑤 =

√R2s2 +
4𝑚
𝑛 ∙ 𝑐22

− R2s

2
                [4.3] 

𝑓𝑟 =
R1w

𝑘𝑠𝑤 ∙ 𝑛 ∙ 𝑐1 ∙ DC
                              [4.4] 

R1w can be measured using T1 mapping techniques. R2s of GAG is approximately 200 s-1 

(109).  

Note Eq. [4.1] is a simplified expression that describes the steady state signal of CEST 

imaging. When performing qCEST experiments, RF saturation pulses need to be long enough to 

ensure the steady state is reached. The simplification only holds for dilute CEST agents 

undergoing slow and intermediate chemical exchange.  

4.4 Method 

4.4.1 Phantom Preparation 

Two sets of phantoms containing GAG prepared from chondroitin sulphate A (Aldrich-

Sigma, St. Louis, MO) and phosphate buffer solution (PBS) with varying pH values and 

concentrations were prepared. For the pH set, the GAG concentration was fixed at 60 mM and 

pH was titrated to 5.8, 6.1, 6.4, 6.7 and 7.0. For the concentration phantom, we used various GAG 



37 

concentrations (100 mM, 80 mM, 60 mM, 40 mM and 20 mM) and titrated the pH to 7.0. The 

solution was then transferred to 15 mL tubes. These ten tubes were put in a phantom holder filled 

with water.  

4.4.2 In vitro MRI Experiments 

Imaging experiments were performed at room temperature on a 3.0 Tesla clinical scanner 

(Magnetom Verio; Siemens Healthcare, Erlangen, Germany). All images were acquired with a 

slice thickness of 8 mm, filed of view of 160 x 160 mm2 and imaging matrix of 128 x 128. 

CEST MRI was performed with pulsed RF saturation turbo spin echo (TSE) sequence 

(TR/TE = 16000/12 ms; 2 averages). CEST saturation module consists of 39 Gaussian-shaped 

pulses, with a duration tp = 80 ms for each pulse and an interpulse delay td = 80 ms (duty 

cycle=50%, total saturation time Tsat = 6240 ms) at saturation flip angle 900q, 1500q, 2100q and 

3000q (B1 amplitudes = flip angle/(Jtp) = 0.73PT, 1.22PT, 1.71PT and 2.45PT; Gaussian saturation 

pulse parameters c1 = 0.50, c2 = 0.59). Z-spectrum was acquired with ten different saturation 

frequencies at r1.6 ppm, r1.3 ppm, r1.0 ppm, r0.7 ppm and r0.4 ppm. B0 field was corrected 

using a water saturation shift referencing (WASSR) map (110).  

T1-weighted MR images were acquired by an inversion recovery TSE sequence with 10 

different inversion delays (TI = 50, 150, 350, 700, 1050, 1400, 2000, 2500, 3000 and 4000 ms; 

TR/TE = 6000/12 ms). T2-weighted MR images were acquired by a TSE sequence with varying 

echo delays (TE = 12, 24, 48, 97, 205 and 399 ms; TR = 6000 ms). 

4.4.3 Animal Preparation 

All animal-related procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Cedars-Sinai Medical Center. A total of four female Yucatan minipigs (S&S 

Farms) were used. Following an 18-hour preoperative fast, each pig was sedated with 

intramuscular drugs (acepromazine 0.25mg/kg, ketamine 20mg/kg, and atropine 0.02–

0.05mg/kg), following which the animal was injected intravenously with propofol (2mg/kg) to 
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induce full anesthesia. After this had been achieved, the trachea was intubated and anesthesia 

was maintained using 1–3.5% isoflurane inhaled via the tracheal tube for the duration of the 

procedure. Following anesthesia, under fluoroscopic guidance three MR-compatible 14G coaxial 

needles (Invivo, Gainesville, FL) were inserted into the mid substance of lumbar discs L1/L2, 

L3/L4 and L5/L6. These lumbar discs were injected with different concentrations of Na-Lactate 

(Sigma Aldrich, St. Louis, MO) in order to induce a gradient of pH values within the discs ranging 

from 5 – 7, as described by Melkus et al (9), and in accordance with pH values measured within 

patients’ pathological discs (111). Following intra-discal injection, exact pH values inside the discs 

were measured using a custom-made needle-shaped tissue pH probe (Warner Instruments, LLC, 

Hamden, CT) which was inserted through the MR-compatible needle, shortly before the MR scan. 

Lumbar disc L2/L3 was also scanned as the control disc. Its pH value was measured immediately 

after the animal was euthanized. 

4.4.4 In vivo MRI Experiments 

Imaging experiments were performed on a 3.0 Tesla clinical scanner (Magnetom Verio; 

Siemens Healthcare, Erlangen, Germany). Animal was placed in right decubitus position with 

body array coils wrapped centered on posterior aspect spinous process. Throughout the imaging 

procedures, anesthesia was maintained with isoflurane (1-3.5%).  

CEST MRI was performed using a two-dimension (2D) reduced filed-of-view (rFOV) TSE 

CEST sequence (TR/TE = 10500/10ms, 2 averages, single shot). rFOV can effectively suppress 

bowel motion artifacts and increase scan efficiency (112). For each IVD, images were acquired 

in the axial plane with a slice thickness of 3 mm, filed of view of 100 x 40 mm2 and spatial 

resolution of 0.8 x 0.8 mm2. CEST saturation module consists of 39 Gaussian-shaped pulses, 

with a duration tp = 80 ms for each pulse and an interpulse delay td = 80 ms (duty cycle=50%, 

total saturation duration Ts = 6240 ms) at saturation flip angle 900q, 1500q, 2100q and 3000q  (B1 

amplitudes = flip angle/(Jtp) = 0.73PT, 1.22PT, 1.71PT and 2.45PT; Gaussian saturation pulse 
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parameters c1 = 0.50, c2 = 0.59). Z-spectrum was acquired with ten different saturation 

frequencies at r1.6 ppm, r1.3 ppm, r1.0 ppm, r0.7 ppm and r0.4 ppm. Scan time of the CEST 

experiment for each RF irradiation amplitude is ~6 min. B0 field was corrected using WASSR.  

T1-weighted MR images were acquired by an inversion recovery TSE sequence with 7 

varying TI (50ms, 150 ms, 350 ms, 700 ms, 1050 ms, 1400 ms and 2000 ms). Images were 

acquired at the same slice position as the CEST MRI sequence (TR/TE = 6000/12 ms; 1 average; 

FOV = 200 x 200 mm2; spatial resolution = 0.8 x 0.8 x 3 mm3; scan time = ~2.5 min). 

4.4.5 Data Analysis 

Post processing was performed with custom-written programs in Matlab (The Mathworks, 

Natick, MA, USA). CESTRind was calculated according to Eq. [4.1] after B0 correction at 1.0 ppm 

(Zlab = Z(+1.0 ppm), Zref = Z(-1.0 ppm)). Linear regression was used to perform :-plot analysis 

between 1/CESTRind and 1/𝜔12 to obtain the slope and intercut. The exchange rate ksw and labile 

proton ratio fr were calculated afterwards following Eqs. [4.3] and [4.4]. These calculations were 

performed pixel-by-pixel and by region of interest (ROI). The T1 maps were obtained by pixel-by-

pixel lease-squares fitting of the signal equation 𝐼 =  𝐼0[1 − (1 + 𝜂) ∙ exp (−TI/𝑇1)] where I is the 

signal intensity, TI is the inversion time and 𝜂  is the inversion efficiency. The T2 maps were 

obtained by fitting the signal equation 𝐼 =  𝐼0 ∙ exp (−TE/𝑇2)] where I is the signal intensity and TE 

is the echo time. 

4.5 Results 

4.5.1 Phantom 

In Fig. 1, we evaluated the relationship between 1/CESTRind and 1/ω12 in tubes with 

varying GAG concentration and pH values. 1/CESTRind is the average signal within the region-of-

interest (ROI) of each tube. In all tubes, 1/CESTRind can be represented as a linear function of 

1/ω12. This experimental finding is consistent with Eq. [4.2]. The r2 values of the linear regression 

for all tubes shown in Fig. 1 are all bigger than 0.97.  
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Figure 4.1 Ω-plots analysis of (a) phantoms with the same concentration (60 mM) but varying pH values 
(5.8, 6.1, 6.4, 6.7 and 7.0); (b) phantoms with the same pH value (7.0) but varying GAG concentration (20 
mM, 40 mM, 60 mM, 80 mM and 100 mM). 

In addition, pixel-wise mapping of chemical exchange rate ksw and labile proton ratio fr 

were reconstructed, shown in Fig. 2. One can appreciate the dependence of chemical exchange 

rate on pH (Fig. 2a) and labile proton ratio on GAG concentrations (Fig. 2b). Quantitatively, the 

chemical exchange rate can be described as ksw = 1.5e8 x 10-pH + 252.0, R2 = 0.9508 (Fig. 2c). 

This follows an acid catalyzed chemical exchange formula (113). The labile proton ratio is linearly 

correlated with GAG concentration (Fig. 2d). It can be represented as fr = 4.6 x 10-5[GAG] – 4.4 x 

10-5 (R2 = 0.9869), where [GAG] is the GAG concentration in mM. The error bars in Fig. 2c and 

2d represent the standard deviation of all the pixels within the ROI of each tube for ksw and fr, 

respectively. These experimental results encouraged in vivo application of qCEST technique. 

4.5.2 Animal Studies 

16 IVDs were studied in this work, 3 of which were excluded because the needle went 

through both sides of the IVD and caused morphological damage. The pH values of the studied 

IVDs after Na-Lactate injection ranged from 5.0 to 7.2.  
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Figure 4.2 Quantitative results of the phantom study. (a) Pixel-wise mapping of labile proton exchange 
rate. (b) Pixel-wise mapping of labile proton ratio. (c) The chemical exchange rate as a function of pH. (d) 
The labile proton ratio as a function of GAG concentration. The error bars in (c) and (d) represent the 
standard deviation of all the pixels within the ROI of each tube for ksw and fr, respectively. 

Fig. 3 shows the anatomical images of one representative mini-pig’s lumbar IVDs and the 

corresponding exchange rate maps. As shown in the figure, the exchange rate was higher in the 

IVDs with lower pH values. Within each disc, there was some inhomogeneity in the exchange rate 

map. This is partially because the current SNR we have cannot guarantee accurate measurement 

for a signal pixel. However, the average value within the ROI of each IVD will provide more reliable 

measurement. This is because SNR will increase after averaging all pixels that are in the similar 

pH environment.  
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In Fig. 4a, we evaluated the relationship between 1/CESTRind and 1/ω12 in representative 

IVDs with different pH values (5.0, 5.8 and 6.7). Similar as shown in phantom studies, 1/CESTRind 

can be represented as a linear function of 1/ω12. In Fig. 4b, we took the average exchange rate 

of each disc, and evaluated its relationship with the corresponding pH value, which was obtained 

by directly measuring the intra-discal pH value using a pH probe. The exchange rate can be 

described by an acid catalyzed chemical exchange formula, ksw = 9.2e6 x 10-pH + 196.9, R2 = 

0.7883. However, because of the difficulty to determine the location of the pH probe, there could 

be some uncertainty of the pH values measured by the tissue pH probe. 

 
Figure 4.3 Representative images of IVDs and corresponding exchange rate maps in one mini-pig. 
(a) T2-weighted image in the sagittal plane. (b) Axial anatomical images of corresponding IVDs. (c) 
Exchange rate maps of corresponding IVDs. The IVDs with lower pH tend to have higher exchange rate. 
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Figure 4.4 (a) Ω-plots analysis of representative IVDs with varying pH values (5.0, 5.8 and 
6.7). (b) The chemical exchange rate as a function of pH in the animal studies.   

4.6 Discussion 

In this study, we investigated the feasibility of qCEST technique to detect pH changes in 

IVDs in vivo on a 3T MR scanner. Phantom studies showed that the approximations used in 

qCEST analysis hold true for GAG and the exchange rate determined from qCEST analysis is 

dependent on pH levels of GAG solutions. The relationship between the exchange rate and pH 

was further studied in the porcine spine studies. The results showed the exchange rate can be 

described as a function of pH using acid catalyzed proton chemical exchange formula. To our 

knowledge, this is the first in vivo study to show the validity of qCEST analysis using tissue pH 

meter as reference.  

Previous studies have investigated the pH dependence of gagCEST. Even though the 

GAG concentration can be corrected using T1U, water relaxation parameters T1 and T2 still 

contribute to the gagCEST signal (8). qCEST analysis, on the other hand, has been shown to 

detect pH changes independent of T1, T2 and concentration in numerical simulations and in 

phantom studies (60,106). It is a more reliable approach to measure pH changes in the IVD, 

because T1 and T2 change significantly after disc degeneration (114). In this in vivo study, we 
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established a relationship between exchange rates and pH levels, which can be potentially 

applied in future studies to translate exchange rates to pH levels.  

Pulsed CEST saturation pulses were used because this study was performed on a 3.0 

Tesla clinical MR scanner. Pulsed qCEST analysis is even more complicated because of the 

constant changing RF irradiation amplitude. Pulsed CEST experiments normally report the 

irradiation power as the equivalent cw B1 field strength. However, the proton exchange in pulsed 

CEST experiments is rather complicated. Simply integrating the equivalent cw B1 field strength 

will cause errors in estimating the exchange rate and labile proton ratio. Meissner et al. came up 

with an analytical solution for pulsed CEST experiment (106). This enables more accurate 

quantitative results of pulsed CEST experiments.  

It should be noted that because of the simplification of the in vivo situation there could be 

some potential systemic error in estimating the exchange rate. One error source is MT effects are 

not considered. This will lead to the underestimation of CEST effects, especially when the RF 

irradiation amplitude is higher, which means the slope can be also underestimated. Therefore, 

the estimation of exchange rate is underestimated because MT effects are not considered. 

Another error source is the approximation of the Gaussian-shaped saturation pulses. Even though 

we have made some corrections as discussed above, the performance of the Gaussian-shaped 

pulses is not fully simulated, especially in the case of intermediate to fast chemical exchange.    

In this study, we explored the relationship between exchange rates and pH levels in both 

phantom studies and in vivo animal studies. However, the results are not exactly the same. One 

reason is these two studies were performed at different temperatures (~20qC for phantom studies 

and ~38qC for animal studies). Another possible reason is the GAG protons in the IVD experience 

a more complicated environment. In addition to CEST effects, MT effects are also present in the 

IVD from semi-solid components such as macromolecules, which could affect the qCEST analysis 

(59). As discussed above, because we didn’t consider MT effects in our model, there is systemic 
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error of underestimating the exchange rate in the in vivo studies, which explains the discrepancy 

between phantom and animal studies.  

A potential limitation of this study is the long scan time (30~40 min for one IVD). Regular 

CEST experiments are relatively slow, because of long TR, multiple averages, etc. In addition to 

that, qCEST analysis also requires (a) long RF saturation time (6s in our study) to achieve the 

steady state and (b) multiple CEST experiments with varying RF irradiation amplitudes to perform 

the :-plots. Compressed sensing and parallel imaging techniques can be utilized to accelerate 

qCEST experiments (115). 

It is known that CEST imaging is prone to B1 inhomogeneity. Not knowing the exact B1 

field may cause errors in the estimation of exchange rate ksw. In this work, we performed a pilot 

study and found B1 field is relatively homogenous within the small ROI (nucleus pulposus) for all 

discs. That’s why we did not acquire B1 map for every IVD. It should be noted though, B1 

inhomogeneity issues need to be carefully considered in qCEST imaging to avoid potential errors.   

The manipulation of pH levels in the IVDs by injecting Na-Lactate mimics the degeneration 

condition only to a limited extent. In addition to pH change, disc degeneration is also correlated 

with a loss of GAG and water content in the nucleus pulposus (116). GAG loss will significantly 

lower the CEST values (7) and the dehydration process will cause the change of MR relaxation 

parameters (117,118). In order to better simulate the degeneration situation, qCEST experiments 

could be performed in the disc degenerative porcine model (119) and in patients with discogenic 

pain (8). 

4.7 Conclusions 

Our work demonstrates the feasibility of in vivo qCEST analysis of GAG in IVDs. The 

validation study shows that the exchange rate determined from qCEST analysis is closely 

correlated with pH value, and can be used to non-invasively measure pH in IVDs. qCEST 
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technique has the potential to provide additional information on IVD physiology and help gain 

insight into the pathogenesis of low back pain and its underlying degenerative processes. 
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CHAPTER 5: Detection of Low Back Pain Using Novel MRI-
Based Biomarker in a Porcine Model of Disc Degeneration 

5.1 Background 

Nearly everyone at some point has back pain that interferes with work, routine daily 

activities, or recreation. It occurs most often between ages 30 and 50, due in part to the aging 

process but also as a result of genetic predisposition, mechanical injuries and a sedentary life 

style (92,120). The risk of experiencing low back pain increases with age. Americans spend at 

least 50 billion dollars each year on low back pain, the most common cause of job-related disability 

and a leading contributor to missed work (121). Low back pain may reflect nerve or muscle 

irritation, bone lesions, or result from injury or trauma to the back. However, IVD degeneration is 

believed to be the major source for chronic back pain, and over 90% of surgical spine procedures 

are performed because of consequences of this degenerative process (116). Current diagnostic 

approaches include CT and MRI, which provide detailed soft tissue imagery, but in its current 

usage fail to differentiate between a pathologically painful IVD and physiologically aging IVD that 

does not generate pain (122,123). 

In adults, the IVD is avascular and its nutrition depends on diffusion via the annulus 

fibrosus and the adjacent vertebral endplates(124). Typically, nucleus pulposus cells obtain 

energy by anaerobic glycolysis, leading to the production of lactic acid, which is then expelled 

from the IVD by diffusion. In degenerated IVDs, due to changes in blood supply, sclerosis of the 

subchondral bone or endplate calcification, the supply of glucose and clearance of lactate drops, 

thereby leading to a sharp drop in pH within the IVD (125,126). The pH of human IVDs ranges 

between 7.1 in healthy IVDs, down to values that reach below 6 in degenerated IVDs (111,127). 

Therefore, a recent hypothesis was made that low pH values within the degenerated IVDs are the 

cause of discogenic low back pain (9,98).  
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As discussed in Chapter 4, recent advances in MRI technologies allowed researchers to 

non-invasively assess changes in pH within the body. Of particular note, chemical exchange 

saturation transfer (CEST) has been studied to measure pH-dependent signal changes (13,101-

103). This technique exploits the chemical exchange, which is pH-sensitive, between water 

protons and solute protons in certain molecules. Previous studies have applied CEST to detect 

pH changes in the IVD in pigs (9) and human patients (8). However, CEST signal is rather 

complicated and has multiple contributing factors. To negate these confounding factors, 

quantitative CEST (qCEST) was developed to measure the exchange rate, independently from 

T1, T2 and solute concentration (59,60,104,105). In Chapter 4, it has been shown that the 

exchange rate measured using qCEST is closely correlated with pH values in the IVD and qCEST 

is feasible for in vivo pH change detection within IVDs on a clinical 3T MR scanner (128).  

In the present study, we hypothesized that discogenic pain is caused by a pH drop within 

the degenerating IVD, and thus can be detected using qCEST in a clinically-relevant, large animal 

model of IVD degeneration (porcine). Changes in the expression profile of several pain markers 

were also examined in vivo in relation to the degenerative processes and changes in pH within 

the IVD.    

5.2 Method 

5.2.1 Study Design 

The objective of our study was to develop a pH-level dependent MR imaging approach to 

diagnose low back pain. Our pre-specified hypothesis was that pain in the degenerating IVDs is 

caused at least partially due to an intra-discal acidic environment, and this pH drop can be 

detected non-invasively using qCEST imaging. Nine healthy female skeletally mature Yucatan 

minipigs (S&S Farms; Average age 1.5 years, 35–40 kg) were included in this study. The sample 

size used was estimated to achieve a power of 0.8 and α = 0.05 using one-way ANOVA. qCEST 

was investigated for its capacity to detect any pH changes within the IVDs, and see whether this 
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change can be correlated to pain marker upregulation. For this purpose, we created an IVD 

degeneration model in a large, clinically-relevant animal model by puncturing the annulus fibrosus 

with a 14 G needle, thus creating four degenerating IVDs per minipig (Fig. 1). Then, the minipigs 

went through MRI scan at 2, 6 and 10 weeks after degeneration. At each time-point, three pigs 

were randomly euthanized in order to directly measure the pH within the IVD using pH meter, and 

the degenerated IVDs were harvested for gene expression analysis, histology and 

immunofluorescence. IVD degeneration was evaluated using imaging parameters and histology. 

Pain was detected using gene expression and immunofluorescence, and was compared qCEST 

measurements within the IVDs. Animals that developed acute procedural complications such as 

nerve damage or signs of distress during follow-up that compromised animal welfare were 

eliminated from the study.  

 

Figure 5.1 IVD degeneration timeline. Minipigs underwent annular injury in four IVD levels to induce 
degeneration (denoted by red color). Following degeneration, animals were randomly divided into 3 groups 
and scanned at 2, 6 and 10 weeks. At each time point, one of the groups was sacrificed and the pH within 
the injured IVDs was measured. The IVDs were harvested for gene analyses and histology.   

5.2.2 IVD Degeneration Animal Model  

All animal procedures were approved by the Cedars-Sinai Medical Center institutional 

review board for animal experiments. The IVD degeneration model was created with modifications 

from a previously established method (129). Following an 18- hour preoperative fast, each minipig 
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was sedated using intramuscular acepromazine (0.25 mg/kg), ketamine (20 mg/kg), and atropine 

(0.02–0.05 mg/kg). The animal was then administered propofol (2 mg/kg) intravenously and 

endotracheal intubation was performed. Anesthesia was maintained using 1– 3.5% inhaled 

isoflurane for the duration of the procedure. In order to induce IVD degeneration, a single annular 

injury was performed, as it was found the most reliable and reproducible method compared to 

nucleus aspiration or injection of apoptotic agents (119). Under fluoroscopic guidance, a 14 G 

Verteport needle (Stryker, Kalamazoo, MI) was used to penetrate and injure the annulus fibrosus 

of the IVD parallel to the endplate via a posterolateral approach. This procedure was repeated at 

four target levels: L1/L2, L2/L3, L3/L4 and L4/L5.  

5.2.3 In vivo MRI  

Imaging experiments were performed on a 3T clinical scanner (Magnetom Verio; Siemens 

Healthcare, Erlangen, Germany). Animals were placed in the right decubitus position with body 

array coils centered on the posterior aspect spinous process. Throughout the imaging procedures, 

anesthesia was maintained with isoflurane (1%– 3.5%).  

CEST MRI was performed using a two-dimensional reduced field of view TSE CEST 

sequence (TR/TE 1⁄4 10,500/ 10 ms, two averages, single shot). For each IVD, images were 

acquired in the axial plane with a slice thickness of 3 mm, field of view of 140 × 40 mm2, and 

spatial resolution of 1.1 × 1.1 mm2. CEST saturation module consists of 39 Gaussian-shaped 

pulses, with a duration tp = 80 ms for each pulse and an interpulse delay td =80 ms (duty cycle = 

50%, total saturation duration Ts = 6240 ms) at saturation flip angle 900°, 1500°, 2100°, and 3000° 

(B1 amplitudes = flip angle/ (gtp) = 0.73, 1.22, 1.71, and 2.45 µT). Z-spectrum was acquired with 

10 different saturation frequencies at ±1.6, ±1.3, ±1.0, ±0.7, and ±0.4 ppm. The scan time of the 

CEST experiment for each IVD was approximately 40 min. The B0 field was corrected using a 

water saturation shift referencing (WASSR) map (5). 
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T1 mapping was performed using an inversion recovery TSE sequence with seven varying 

TI (50, 150, 350, 700, 1050, 1400, and 2000 ms). Other imaging parameters are: TR/TE = 6000/12 

ms; FOV = 280 × 280 mm2; spatial resolution = 1.1 × 1.1 × 3 mm3.  

T2 mapping was performed using a TSE sequence with varying echo delays (TE = 12, 25, 

50, 99, 199 and 397ms; TR = 6000 ms). Other imaging parameters are: TR = 6000 ms; FOV = 

280 × 280 mm2; spatial resolution = 1.1 × 1.1 × 3 mm3.  

T1ρ mapping was performed using a rFOV TSE sequence with varying spin lock times 

(TSL = 0, 10, 40 and 80 ms). The spin-lock frequency is 300 Hz. Other imaging parameters are: 

TR/TE = 3500/9.1 ms; 1 average; FOV = 140 × 40 mm2; spatial resolution = 1.1 × 1.1 × 3 mm3). 

Image analysis was performed with custom-written programs in MATLAB (MathWorks, Natick, 

Massachusetts, USA) as previously reported (128).  

5.2.4 IVD pH Measurement 

Measurements of the pH inside the IVD were done immediately following animals’ sacrifice. 

The spine was surgically exposed and a custom-made needle-shaped tissue pH probe (Warner 

Instruments, Hamden, Connecticut, USA) was inserted to the nucleus pulposus of the injured 

IVDs through a fine-cut incision of the annulus fibrosus.  

5.2.5 Gene Expression Analysis 

A quantitative RT-PCR was conducted on degenerated IVDs harvested at 2, 6 and 10 

weeks after degeneration. Total RNA was extracted from the annulus fibrosus and the nucleus 

pulposus by using RNeasy Mini kit (Qiagen GmbH, Hilden, Germany) according to the 

manufacturer’s protocol. RNA was retrotranscribed using random primers and reverse 

transcriptase (Promega Corp., Madison, WI, USA). Quantitative real-time PCR was performed 

with the aid of ABI7500 Prism system (Applied Biosystems, Foster City, CA). The genes studied 

were Bradykinin receptor B1 (BDKRB1; Ss03389804_s1), calcitonin gene-related peptide (CGRP; 

Ss03386432_uH) and catechol-0-methyltransferase (COMT; Ss04247881_g1) to detect pain 
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marker upregulation, interleukin-6 (IL-6) to examine the inflammatory response and brain-derived 

neurotrophic factor (BDNF) to determine nerve growth. 18s was used as a housekeeping gene 

control.  

5.2.6 Histological Analysis and Immunofluorescence Imaging 

Histological analysis was performed on degenerated IVDs harvested at 2, 6 and 10 weeks 

after degeneration. The IVDs were sectioned and stained using hematoxylin and eosin for 

morphological analysis, as previously described (130). For immunofluorescent staining, tissues 

were deparaffinized, and the antigens were retrieved by incubation in preheated Target Retrieval 

Solution (Dako, Carpinteria, CA) for 45 minutes in 37 °C. Nonspecific antigens were blocked by 

applying blocking serum– free solution (Dako). Slides were stained with primary antibodies 

against BDKRB1, CGRP, COMT, IL-6 and BDNF. The primary antibodies were applied to the 

slides and incubated in 4 °C overnight, washed off using PBS, and the slides were incubated with 

secondary antibodies for 1 hour in room temperature, after which they were washed off with PBS 

(Supplementary table S1). Slides were then stained with 4’,6-diamidino-2-phenylindole 

dihydrochloride (1 μg/ml) for 5 minutes in the dark, after which they were again washed three 

times with PBS. A VectaMount mounting medium (Vector Laboratories, Burlingame, CA) was 

applied to the tissue. The slides were imaged using a four-channel Laser Scanning Microscope 

780 (Zeiss, Pleasanton, CA) with ×20 magnification, z-stacking, and 5 × 5 tile scanning. For zoom-

in images, a single z-stacked image was generated. All samples were scanned using the same 

gain and exposure settings.  
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Figure 5.2 IVD degeneration following intra-discal puncture. 
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5.2.7 Statistical Analysis 

GraphPad Prism 5.0f software (GraphPad Prism, San Diego, CA) was used to analyze 

the data. Results are presented as means±SE. Data analysis was conducted using a repeated 

measures one-way ANOVA or a two-way ANOVA with Tukey’s multiple comparison post hoc test. 

To assess significance, p < 0.05 was considered statistically significant.  

5.3 Results 

5.3.1 Induction of IVD Degeneration 

Minipigs underwent surgery during which the annulus fibrosus of four IVDs (L1/2-L4/5) 

were punctured to induce degeneration (Fig. 5.1). The progress of IVD degeneration was 

monitored using MRI, with a clear decrease in the intensity of the T2-weighted signal in punctured 

IVDs compared to healthy IVDs (Fig. 5.2A). A two-fold decrease in water content within the 

punctured IVDs was evident as soon as 2 weeks after induction of degeneration compared to 

healthy porcine IVDs based on T2-weighted mappings (p < 0.0001; Fig. 5.2B). The water content 

was further reduced 10 weeks after induction of degeneration compared to week 2 (p < 0.05). In 

addition, a significant reduction of T1 signal from 1.6 to 1.4 was noticeable at 2 weeks after 

induction of degeneration compared to healthy controls (p < 0.0001; Fig. 5.2C). Further reduction 

of T1 signal to 1.2 was measured 6 weeks after induction of degeneration (p < 0.0001). T1ρ 

mapping revealed two-fold reduction in signal as soon as 2 weeks after induction of degeneration 

(p < 0.0001; Fig. 5.2D). Overall, these quantitative signals show the rapidly progressive 

degenerative status of the punctured IVDs (131,132). Histology revealed an abnormal IVD 

structure and cell matrix following puncture, with extensive fibrosis and formation of cell clusters 

in the nucleus pulposus, typical of degenerated IVDs (Fig. 5.2E)(133). 
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Figure 5.3 pH and qCEST changes following IVD degeneration. (A) Correlation between the qCEST 
signal represented by the exchange rate between solute pool and water pool (ksw) and the pH measured 
within the IVD following animal sacrifice. (B) ROC curve analysis of qCEST signaling for the detection of 
degenerating IVDs. (C) pH and (D) qCEST measurements within the degenerating IVDs at 2, 6 and 10 
weeks after degeneration. (n=12 per experimental group; *p < 0.05, **p < 0.01, ****p = 0.0001; qCEST= 
quantitative chemical exchange saturation transfer). 

5.3.2 MR Signal Correlates with Intra-Discal pH in Degenerated IVDs 

In addition to measuring the degenerative status of the IVDs, qCEST signals were 

acquired from the degenerative IVDs. These values were correlated to their correspondent pH 

readings that were measured directly from the IVDs (Fig. 5.3A). Strong correlation was observed 

between the qCEST signal and pH of the degenerated IVDs (R2 = 0.8004; p < 0.0001). The 

available qCEST readings at weeks 2, 6 and 10 were classified as either healthy or degenerated 

and used to create an ROC curve (area under the curve = 0.813, p = 0.0003) with 81.3% 

A B 
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sensitivity and 76.1% specificity (Fig. 5.3B). Significant pH drop from 7.2 to 6.3 was measured in 

IVDs as soon as 2 weeks after injury (p = 0.0001, Fig. 5.3C). This reduction in pH was maintained 

until week 10. In accordance with the pH drop, the acquired qCEST signal significantly increased 

2 weeks after injury (p < 0.05, Fig. 5.3D). Further increase in signal was observed at 6 and 10 

weeks (p < 0.01), demonstrating high sensitivity of the MR protocol to small changes in pH that 

were not statistically significant by physical measurements.  

 

Figure 5.4 Pain and inflammatory markers upregulation in degenerating IVDs. Quantitative RT-PCR 
analysis of (A-C) pain-related genes (CGRP, BDKRB1and COMT), (D) IL-6 and (E) BDNF harvested from 
the annulus fibrosus and nucleus pulposus of degenerated IVDs at 2, 6 and 10 weeks after induction of 
degeneration.  

5.3.3 MR Signal Correlates with Pain-Markers in Degenerated IVDs 

Next, we evaluated the expression of pain-related factors in the degenerated IVDs. 

Harvested degenerated IVDs underwent gene expression analysis of RNA that was extracted 

from the nucleus pulposus and annulus fibrosus. Specifically, we evaluated the expression of 

bradykinin receptor B1 (BDKRB1), calcitonin gene-related peptide (CGRP) and catechol-0-

methyltransferase (COMT). A 10-fold increase in CGRP expression was observed in the nucleus 

pulposus 6 and 10 weeks after degeneration (p < 0.05, Fig. 5.4A). A 13-fold increase in BDKRB1 
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expression was observed in the annulus fibrosus 6 weeks after degeneration (p < 0.05), while a 

non-significant decrease was observed 10 weeks after degeneration (p = 0.1367, Fig. 5.4B). 

There was a 4-fold increase in COMT expression in the annulus fibrosus at 2, 6 and 10 weeks 

after degeneration (p < 0.01, Fig. 5.4C). In addition, expression of IL-6, which is involved with 

inflammatory processes, were also assessed following degeneration. IL-6 expression analysis 

revealed 20-fold increase in the annulus fibrosus at 6 and 10 weeks after degeneration (p < 0.05, 

Fig. 5.4D). We also evaluated the expression of brain-derived neurotrophic factor (BDNF), which 

is involved with nerve growth. A 22-fold increase in BDNF expression in the annulus fibrosus was 

observed at 6 weeks after degeneration (p < 0.05, Fig. 5.4E). Surprisingly, a non-significant 

downregulation was observed in the annulus fibrosus 10 weeks after degeneration (p = 0.0925), 

while a significant 18-fold increase was observed in the nucleus pulpusos during that time (p < 

0.05). Finally, the measured qCEST signals were paired with the expression levels of the 

aforementioned markers derived from the same IVDs, resulting in strong linear correlations (p < 

0.0001 for all pairings; Fig. 5.5). Combined with our previous results, this data demonstrates that 

an increase in qCEST signal is correlated with an upregulation of several pain markers within the 

IVDs, and therefore enables detection of painful IVDs.  

5.4 Discussion 

In this study, we used MRI to detect discogenic low back pain in a minipig model of IVD 

degeneration. We showed that degeneration was achieved by 10 weeks following injury, as 

detected by MRI and histology. A significant pH drop was observed during the degenerative 

process, as well as a significant increase in the qCEST signal. These changes were detected as 

early as 2 weeks after injury. qCEST signals were well-correlated with pH measurements obtained 

directly from the degenerated IVDs. Gene analysis revealed upregulation of several pain markers 

in degenerated IVDs, and this upregulation was strongly correlated to the increase in qCEST 

signal at various time points.  
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Figure 5.5 Linear correlation between qCEST and biomarkers in degenerating IVDs. Correlation 
curves between qCEST signal and corresponding expression of (A) CGRP, (B) BDKRB1, (C) COMT, (D) 
IL-6 and (E) BDNF extracted from degenerated and healthy IVDs. 

Quantitative MR sequences offer new objective markers of evaluation of healthy and 

injured IVDs. Conventional quantitative protocols of T1-, T2-relaxation, and more recently T1ρ 

mapping, are well-established in the literature and allow detection of pathological changes within 

the IVDs(122,134-137). Of particular interest, T1ρ was compared to discography as a quantitative 

biomarker of low back pain(138). This study demonstrated that loss of proteoglycans, as shown 

by reduced T1ρ signal, can be used to detect painful IVDs. However, its moderate correlation to 

discography stems from the relatively low specificity of the method, as loss of proteoglycans is a 

common feature of IVD degeneration and doesn’t necessarily correlate to pain symptoms (126). 

In addition, performing the discography procedure immediately before the MRI raises the question 

whether contrast injection might have affected the measured T1ρ signal within the IVD due to 

increased water content. Newer methods utilizing gagCEST imaging protocols to evaluate GAG 

content were also tested to detect low back pain. Wada et al. showed that there is a correlation 

between gagCEST signal and Pfirrmann score in patients with low back pain (r = –0.675) (139). 

A similar work utilizing the same approach showed weaker correlation in patients (r = −0.449) (7). 
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While no direct correlation to pain scoring was shown in both works, gagCEST signal is affected 

from several other factors, including T1 and T2 relaxation and collagen content, making this 

approach less reliable (26,112). Although loss of GAGs occurs early in degenerative processes 

of the IVD and can therefore be used as a marker of IVD degeneration (126), no causative 

relationship has been shown between GAGs depletion and discogenic low back pain. 

One hypothesis to explain the pathogenesis of low back pain is low pH in the IVD. Several 

works have shown that cells isolated from degenerated IVDs over-express and secrete several 

pain-related and neurotrophic factors that enhance nerve growth, including BDNF and nerve 

growth factor (NGF) (140-142). In addition, conditioned medium from degenerate IVD cells 

promoted increased neurite outgrowth in nerve cells (140). There is evidence that in degenerative 

IVDs, the number of nerve fibers at the outer layer of the annulus fibrosus increases and nerve 

fibers grow into the inner parts of the annulus and occasionally even into the nucleus pulposus, 

parts that are otherwise not innervated in healthy individuals (143-145). The drop in pH could 

irritate the locally infiltrated nerve fibers, which in turn trigger discogenic pain. In our degeneration 

model, we observed over-expression of BDNF in the annulus fibrosus 6 weeks after degeneration, 

followed by expression of BDNF in the nucleus pulposus at 10 weeks. This pattern of inward 

expression suits the reports that observed nerve fiber penetration into the nucleus pulposus. A 

recent study showed that acidic pH directly causes the increase in several pro-inflammatory, 

neurotrophic and pain-related factors in cultured human nucleus pulposus cells, including IL-6 

and BDNF, in a similar fashion to our findings (146). This upregulation may be responsible for the 

in-growth of nerve fibers into the degenerate IVDs, and low pH is a contributing factor to this 

process.  

Acid sensing ion channels (ASICs), extracellular receptors that respond to low pH, were 

found to be upregulated after exposure to acidic environment in nucleus pulposus cells and 

regulate biological activity of the cells (147-149). ASIC3 was found to protect IVD cells from 

apoptosis in low pH conditions (149). In the same study, it was shown that NGF is required to 
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maintain a basal level of ASIC3, thus it is conceivable that IVD cells secrete nerve growth factor 

to protect themselves from the acidic environment in the IVD and indirectly activate pain fibers in 

this process. Several works inhibited the activity of ASICs in nucleus pulposus cells, showing 

reduction in the expression of pro-inflammatory, neurotrophic and pain related factors in acidic 

environment (146,150). Hence, although the mechanism remains elusive, these findings indicate 

a close relationship between low pH and discogenic pain.  

One of the biggest challenges in using animals to study IVD degeneration relates to pain 

perception. Gruber et al. conducted a genome-wide analysis from IVD specimens of human 

patients to examine key pain-related genes associated with discogenic pain (151). Similar to our 

findings, his work showed upregulation of CGRP, COMT and BDKRB1 in pathological IVD 

specimens, which was confirmed by positive immunohistochemical stainings in the annulus. 

These pain-related factors mediate hyperalgesia in chronic inflammation (152), stimulate sensory 

nerves in inflamed tissues (153), and participate in metabolism of pain neurotransmitters, 

including noradrenalin, adrenaline and dopamine (154). CGRP upregulation was also observed 

in an acute injury model of the IVD, and is affected by the expression of neurotrophic genes (155). 

Thus, our findings serve as a biological clue that our degeneration model causes discogenic pain 

in the experimental animals.  

Other studies have attempted to evaluate pH as a measure for diagnosing discogenic low 

back pain. Zuo et al. demonstrated the feasibility of acquiring localized 1H spectra on a 3.0T 

scanner on intact bovine and human cadaveric IVDs to quantify lactate, which causes low pH 

(156). Translating this technique to in vivo spectroscopy suffers from several limitations. As stated 

by the authors, it is difficult to differentiate lactate from the lipid peaks, because their resonance 

frequencies are close. Another limitation is inadequate quantification of metabolites in IVDs within 

the collapsed space. A later study from the same group characterized IVD in vivo by spectroscopy 

(157). A significant elevated water/proteoglycan area ratio was found in IVDs with positive 

discography. In vivo MRS is challenging because of low SNR, physiological motion, and bone 
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susceptibility induced line broadening, making the assessment of lactate imprecise. Another study 

found a non-linear dependence of the CEST effect of GAG on pH in porcine IVD specimens (9). 

However, the study was performed ex vivo at 7.0T MRI and the effectiveness of the method on 

clinical MR systems (1.5 or 3.0T) has not been shown. 

While we followed the animals for up to 10 weeks after degeneration, the degenerative 

processes in humans can take many years and may persist for a long time before causing pain. 

In this study, we observed a pH drop with up-regulation of several pain markers in all of the injured 

IVDs which persisted for 10 weeks. A long-term study is required to fully assess the validity of this 

approach under chronic conditions of IVD degeneration. In addition, as opposed to our findings, 

IVD degeneration doesn’t always lead to discogenic pain in patients, with many of them being 

asymptomatic. We would expect that by 10 weeks the acute changes caused by the method of 

degeneration induction would dissipate, contributing our findings to the degenerative processes 

alone. Seeing as our degeneration method led to positive pain markers in all specimens, perhaps 

some of our findings can be also partially attributed to the method of degeneration induction. 

Future studies should evaluate and compare these findings to human patients suffering from 

progressive degenerative IVD disease.  

Overall, these results show great promise for future human studies, as this approach can 

be implemented on clinical MRI systems. qCEST technique can be used to provide additional 

information on IVD physiology and detect pH changes associated with early degeneration, thus 

provide early diagnosis to patients. This approach has the potential to allow earlier interventions 

for IVD degeneration and prevention of chronic low back pain.  
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CHAPTER 6: CEST-Fingerprinting: Towards Full 
Quantification of Exchange Rate in the Presence of 

Magnetization Transfer Effects 

6.1 Background 

CEST imaging is based on the chemical exchange between solute protons and water 

protons. The chemical exchange rate is affected by pH and temperature. Therefore, CEST signal 

is pH-sensitive. Previous studies have applied CEST imaging to detect acidosis-based ischemic 

penumbra (13,22,103) and tumor acidosis (158-160). However, CEST contrast can be affected 

by multiple confounding factors, including solute concentration, water relaxation parameters T1 

and T2. Some of these parameters also change dramatically in the process of disease. In some 

cases, the change of CEST signal has multiple origins (161,162).  

Attempts have been made to quantify CEST effect by measuring the exchange rate and 

proton fraction ratio (the ratio of solute protons and water protons). These methods repeat the 

CEST experiments multiple times with different CEST saturation time or CEST saturation power 

and fit the exchange rate and proton fraction ratio to the Bloch-McConnell equation. Due to the 

complexity of the equation, fitting to the numerical solutions can be computationally expensive. 

Previous methods were developed based on the approximate analytical solutions, including 

QUEST and QUESP (58), ratiometric CEST (105,163,164) and quantitative CEST with omega 

plot (59,60,106,108). These methods have been applied in some preclinical studies (33,59,128).  

However, there are still some challenges to accurately and efficiently quantify CEST 

effects.  (a) The scan time is too long. This is because the long TR is needed for full longitudinal 

magnetization recovery and long CEST saturation time is needed for the chemical exchange to 

reach steady state of chemical exchange to satisfy the approximate analytical solution. (b) Some 

of the approximations have limited applicability. For lower fields such as 3T scanners, or protons 

with small chemical shift, these approximations might not hold true, which could potentially lead 
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to some error (58,60,106). (c) The accuracy of the current CEST quantification methods will be 

affected by the competing MT effects in in vivo studies(58,106).  However, MT correction remains 

a challenging problem in CEST imaging.    

MR fingerprinting is a new method that provides an alternative way to perform multi-

parametric mapping (165). Instead of using a repeated, serial acquisition of data to fit to a 

particular equation, it uses a pseudorandomized acquisition to create unique signal evolutions for 

different tissue properties. The acquired signal will be matched to a pre-defined dictionary to 

determine the best-fit parameters. This means MR fingerprinting can detect the signal changes 

of a complex multi-parametric system without the need of explicit analytical solutions. 

Similar ideas can be applied in CEST imaging, where CEST saturation time and saturation 

power are pseudorandomized to generate unique CEST signal evolution. The acquired signal can 

be matched to a pre-defined dictionary instead of fitting to the Bloch-McConnell equation. This 

can potentially address the challenges mentioned above. (a) Scan time can be significantly 

reduced. This is because CEST fingerprinting is not based on the analytical solution. This 

eliminates the need for long TR and long CEST saturation time. (b) CEST fingerprinting can be 

applied in more systems with more accurate measurements. This is because there are no 

approximations in the dictionary generation or the signal matching process.  (c) MT effects can 

be addressed in the framework of CEST fingerprinting. The simulated dictionary can serve as 

signal curve when there are no MT effects. Comparing the dictionary to the acquired signal 

provides a chance to correct for MT effects. 

In this study, we proposed CEST fingerprinting technique for exchange rate quantification 

in the presence of MT effects. This technique utilized CEST saturation with varying saturation 

power B1 amplitude and saturation time to create uniqueness of signal evolution for different 

exchange rates. Preliminary studies were performed in phantoms.  
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6.2 Method 

6.2.1 Pulse Sequence Design 

Fig. 6.1a illustrates the acquisition sequence diagram of CEST fingerprinting. In each 

subsequent acquisition block, identified by acquisition index, the parameters of CEST preparation 

modules, RF irradiation power B1 and CEST saturation time, are varied in a pseudorandom 

pattern. The readout was performed in the gap between CEST saturation blocks and the gap time 

is fixed.  

Fig. 6.1b and 6.1c represent example series of the RF irradiation power B1 and CEST 

saturation time. B1 ranges from 0 to 2 uT, while CEST saturation time ranges from 0 - 1.5 s. The 

B1 and saturation time series shown here are optimized for the amine protons of creatine used in 

the phantom studies when the field strength is 3T. For any molecule or any system, the sequence 

parameters can be determined with the following optimization process. (i) B1 was randomly 

chosen in the range with minimal spillover effects; (ii) For each acquisition index, according to the 

corresponding B1, CEST saturation time was determined as when the CEST signal has reached 

certain ratio (for example, 0.5) of the steady state CEST signal. This optimization process ensures 

that enough CEST signal can be generated in an efficient way because CEST signal grows most 

rapidly in the beginning of CEST saturation. 

To show the generality of CEST fingerprinting, Gaussian-shaped saturation pulses are 

used in this study. However, CEST fingerprinting can also be easily applied to continuous-wave 

saturation pulses, which are mostly used in small-animal scanners.  
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Figure 6.1 CEST fingerprinting sequence pattern. (a) Acquisition sequence diagram. In each 
subsequent acquisition block, RF irradiation power B1 and duration of the CEST preparation module are 
varied in a pseudorandom pattern. (b, c) Examples of average RF irradiation power B1 and CEST 
saturation used in this study. 

6.2.2 Dictionary 

With known T1 and T2 values, dictionary was simulated following two-pool Bloch-

McConnell equations. 

�⃗⃗� ̇ = 𝐀 ∙ �⃗⃗� + 𝐶 ,   𝐀 = [𝐋𝐰 − 𝑓𝑟𝐊 +𝐊
+𝑓𝑟𝐊 𝑳𝒔 − 𝐊

]               

𝑳𝒊 = [
−𝑅2𝑖 −∆𝜔0𝑖 0
+∆𝜔𝑖 −𝑅2𝑖 +𝜔1
0 −𝜔1 −𝑅1𝑖

] ,    𝑖 = 𝑤, 𝑠                    

𝑲 = [
𝑘𝑠𝑤 0 0
0 𝑘𝑠𝑤 0
0 0 𝑘𝑠𝑤

]                                                   

𝐶 = [0 0 𝑅1𝑤𝑀0𝑤 0 0 𝑅1𝑤𝑀0𝑠]                       [6.1]     
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𝑀0𝑤  and 𝑀0𝑠  are the equilibrium magnetization for water protons and solute protons, 

respectively. 𝑓𝑟 is the labile proton fraction ratio 𝑀0𝑠/𝑀0𝑤. 𝑘𝑠𝑤 is the exchange rate between the 

solute protons to water protons. 𝑅1𝑤, 𝑅2𝑤, 𝑅1𝑠 and 𝑅2𝑠 are the relaxation parameters for water 

protons and solute protons, respectively. 𝜔1 is the RF irradiation amplitude. ∆𝜔0𝑤 and ∆𝜔0𝑠 is the 

frequency offset from water resonance and solute resonance 𝛿𝑠, respectively. 

Dictionary was simulated at the resonant frequency of solute protons (∆𝜔 = 𝛿𝑠). For each 

T1, T2 combination, a total of 500 signal time courses, each with 20 time points, with different 

exchange rates from 10 s-1 to 500 s-1 with an interval of 10 s-1 were simulated for the dictionary. 

Reference dictionary was defined as the entry simulated at the opposite frequency (∆𝜔 = −𝛿𝑠). 

6.2.3 MT Correction 

Fig. 6.2 illustrates the framework of MT correction with CEST fingerprinting. Fig. 6.2a 

compares the reference dictionary (dictionary simulated at the opposite frequency ∆𝜔 = −𝛿𝑠) and 

the reference signal (data acquired at the opposite frequency ∆𝜔 = −𝛿𝑠). In a perfect water-solute 

2-pool system (such as phantom group 1), the reference signal matches the reference dictionary. 

However, in the presence of MT effects, the reference signal is smaller than the reference 

dictionary. Comparing the two signal curves, MT effects can be quantified, as shown in Fig. 6.2b. 

Assuming MT effects is symmetric, the corrected dictionary with MT effects can be generated 

(shown in Fig. 6.2d) by adding the quantified MT signal to the dictionary with varying exchange 

rates 𝑘𝑠𝑤 (shown in Fig. 6.2c). 

Mathematically, the MT corrections described above is based on the probabilistic model 

for Z-spectrum assuming CEST, MT and DS are non-mutually exclusive events (12). 𝐿𝑖 refers to 

the signal of CEST, MT or DS.  

Z(∆𝜔) = 1 − (∑𝐿𝑖(∆𝜔)
3

𝑖=1

− ∑ (𝐿𝑖(∆𝜔) × 𝐿𝑗(∆𝜔))
3

𝑖=1,𝑗>𝑖

+∏𝐿𝑖(∆𝜔)
3

𝑖=1

)       [6.2] 

MT corrections can be separated into the following steps.  
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Step 1: Estimate the MT signal by comparing the reference signal with reference dictionary (Fig. 

6.2a to Fig. 6.2b). The reference signal corresponds to Z and reference dictionary corresponds to 

DS signal. CEST signal is 0 at this step.  

Step 2: Estimate CEST signal and from dictionary (Fig. 6.2c). In this scenario, reference dictionary 

corresponds to DS signal and the dictionary corresponds to Z in Eq. 6.2. MT signal is 0 at this 

step. 

Step 3: Combine CEST signal, DS signal and MT signal determined from the previous steps 

following Eq. 6.2. 

 

Figure 6.2 Framework of MT correction. (a) Reference dictionary (solid) and reference signal (dashed) 
are different in presence of MT effects. (b) MT effects can be quantified comparing the reference dictionary 
and reference signal. (c) Dictionary is generated by simulating 2-pool Bloch-McConnell equations. (d) 
Corrected dictionary can be generated by adding (b) MT effects to (c) dictionary. 

6.2.4 Signal Matching 

Signal matching was performed between the CEST signal and CEST dictionary. CEST 

signal was calculated by subtracting the label signal (∆𝜔 = +𝛿𝑠) from the reference signal (∆𝜔 =
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−𝛿𝑠). CEST dictionary was calculated by subtracting the corrected dictionary from the corrected 

reference dictionary.  

For each T1, T2 combination, one dictionary entry that has the highest vector dot-product 

with the CEST signal was selected. In this case the labile proton fraction ratio is just a 

multiplicative constant which will not affect the matching result. 

6.2.5 Phantom Preparation 

Three groups of phantoms containing creatine monohydrate (Sigma-Aldrich, St. Louis, 

MO, USA) were prepared. For group 1, pH was varied and other parameters were similar. For 

group 2, agarose was added to induce MT effects. For group 3, the relaxation parameters T1, T2 

and the creatine concentration were also varied. The details of the phantoms are listed in Table 

6.1. T1 and T2 were varied by adding nickel chloride (Sigma-Aldrich, St. Louis, MO, USA) and 

agarose (Sigma-Aldrich, St. Louis, MO, USA).  

Table 6.1 Composition of the Three Phantom Groups 

Group T1 (ms) T2 (ms) Agarose Creatine 
Concentration (mM) pH 

1 786 709 0 60 6.96 
1 1299 1099 0 60 6.85 
1 902 875 0 60 6.45 
1 974 774 0 60 7.27 
1 1226 1133 0 60 6.76 
2 1037 136 1.5% 60 6.70 
2 1059 133 1.5% 60 7.18 
2 1056 136 1.5% 60 7.10 
2 1022 140 1.5% 60 6.77 
2 1035 130 1.5% 60 7.49 
3 1721 140 1.5% 60 6.96 
3 1389 143 1.5% 60 6.94 
3 1042 116 2% 60 6.72 
3 449 137 1% 60 7.45 
3 1069 133 1.5% 100 7.06 
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3 1071 135 1.5% 30 7.06 

6.2.6 MRI Acquisition 

Phantom experiments were performed at 20°C on a 3T clinical scanner (Magnetom Verio; 

Siemens Healthcare, Erlangen, Germany) with a standard 32-channel head receiver coils. CEST 

fingerprinting and pulsed qCEST were performed for comparison. For both methods, images were 

acquired with saturation frequency offsets at r2.6 ppm, r2.3 ppm, r2.0 ppm, r1.7 ppm and r1.4 

ppm. All images were acquired with a slice thickness of 5 mm, field of view of 150 x 150 mm2, 

resolution of 2.3 x 2.3 mm2 and imaging matrix of 64 x 64. B0 field was corrected using WASSR 

method.  

The total scan time of CEST fingerprinting method was approximately 10 min. Images 

were acquired with single-shot FLASH readout (flip angle: 15°, iPAT: 2, number of segments: 48, 

number of averages: 1, TE: 1.5 ms). The gap time between two CEST saturation blocks was fixed 

to be 1000 ms. CEST preparation module consists of 30-ms Gaussian saturation pulses (flip angle 

ranging from 100° to 1500°) with 50% duty cycle. For each saturation frequency offset, 20 images 

with varying CEST saturation power B1 and saturation time (as shown in Fig. 6.1b and 6.1c) were 

acquired. This was repeated for all different CEST saturation frequency offsets.  

The total scan time of pulsed qCEST method was approximately 50 min. Images were 

acquired with single-shot TSE readout (flip angle: 180°, iPAT: 2, echo train length: 48, number of 

averages: 3, TR: 16000 ms, TE: 7 ms). CEST preparation module consists of fifty 80-ms 

Gaussian-shaped pulses with 50% duty cycle (total saturation time 8000 ms). CEST experiments 

were repeated with different saturation flip angle 900°, 1500°, 2100° and 2800°.  

T1-weighted MR images were acquired by an inversion recovery TSE sequence with 10 

different inversion delays (TI = 50-2500 ms; TR/TE = 6000/12 ms). T2-weighted MR images were 

acquired by a TSE sequence with varying echo delays (TE = 12-400 ms; TR = 6000 ms). 
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6.2.7 Data Analysis 

Post processing was performed with custom-written programs in Matlab (The Mathworks, 

Natick, MA, USA). The resonant frequency of creatine protons is +2.0 ppm.  Reference signal (-

2.0 ppm) and label signal (+2.0 ppm) were calculated with B0 field correction and normalized with 

a reference image acquired with no CEST saturation pulses. The dictionary simulation and signal 

matching was performed as described above to determine the exchange rate 𝑘𝑠𝑤 . These 

calculations were performed pixel-by-pixel and by region of interest (ROI). The T1 maps and T2 

maps were obtained by pixel-by-pixel logarithmic fit of the signal equation. 

6.3 Result 

Fig. 6.3a shows the simulated CEST signal with different exchange rates ranging from 10 

s-1 to 400 s-1 for tissues with T1 of 1000 ms and T2 of 120 ms using the sequence patterns shown 

in Fig. 6.1b and 6.1c. Fig. 6.3b shows an acquired CEST signal curve from one the phantoms and 

its match to the CEST dictionary. Note the signal curves is normalized to one in these figures.  

 

Figure 6.3 Signal properties and matching results from phantom study. (a) Simulated CEST signal 
with different exchange rates. (b) Measured CEST signal and the corresponding dictionary match. 

Pixel-wise mapping of chemical exchange rate 𝑘𝑠𝑤 of all phantom groups were shown in 

Fig. 6.4. For group 1, both CEST fingerprinting and pulsed qCEST methods can provide 

homogenous exchange rate maps. However, for group 2 and group 3 with MT effects, there is 
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more noise in the exchange rate maps generated by pulsed qCEST method. This is because long 

CEST saturation pulses used in pulsed qCEST method will cause large MT effects. The CEST-

weighted images acquired by pulsed qCEST method have reduced SNR because of the MT 

effects.  

The relationship between exchange rate 𝑘𝑠𝑤 and pH was shown in Fig. 6.5 for both CEST 

fingerprinting and pulsed qCEST methods. All phantom vials were presented, with group 1 in red, 

group 2 in blue and group 3 in green. The error bars represent the standard deviation of the 

exchange rates within the ROI of each tube. The dark gray dashed lines in Fig. 6.5 represent the 

fitted curve of exchange rate as a function of pH. For CEST fingerprinting method, the exchange 

rate can be described as 𝑘𝑠𝑤 = 1.35 × 10pH−5 − 18.14 (R2 = 0.9614). For pulsed qCEST method, 

the exchange rate can be described as 𝑘𝑠𝑤 = 1.25 × 10pH−5 + 145.70 (R2 = 0.6784). The results 

were compared with exchange rates reported by Goerke et al. shown in red dashed line in Fig. 

6.5 (166). It can be seen that the exchange rates measured by CEST fingerprinting method are 

very close to the literature values.  

In summary, CEST fingerprinting method can provide more accurate and more efficient 

measurements of exchange rates in the presence of MT effects. 
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Figure 6.4 Exchange rate maps of the phantom studies. 
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Figure 6.5 Chemical exchange rate as a function of pH. The error bars represent standard deviation of 
the exchange rate within the ROI of each tube. The dark gray dashed line represents the fitted curve of 
exchange rate as a function of pH. This was compared with the exchange rates reported by Goerke et al. 
at 20°C shown in red dashed line (166). 

6.4 Discussion 

In this work, MR fingerprinting concept was introduced for exchange rate quantification in 

CEST imaging. The phantom studies demonstrated that CEST fingerprinting can measure the 

exchange rate more efficiently and more accurately compared to previous CEST quantification 

methods.   

6.4.1 CEST Fingerprinting 

In CEST fingerprinting framework, CEST saturation power and saturation time were varied 

in the CEST preparation module. Similar ideas were also used in previous studies (167-169). The 

random pattern of CEST sequence parameters will generate unique signal evolution, which 

makes the technique more robust to noise. In addition, the oscillatory signal curve contains more 

informative points as compared to conventional CEST quantification methods which always reach 

a steady state level for chemical exchange after some finite amount of saturation time. 

Another key element of CEST fingerprinting framework is dictionary simulation and signal 

matching. In conventional CEST quantification methods, the signal is fitted to the approximated 

analytical solution of BM equations. However, this adds some restrictions to the CEST 
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experiments. Long saturation time is required for the chemical exchange to reach steady state 

and long TR is required for full longitudinal recovery. However, with the signal curve directly 

matched to a pre-defined dictionary, the restrictions described above can be removed. In this 

study, the CEST saturation time Tsat is 1000-2000 ms and the TR is 2000-3000 ms while in the 

conventional CEST quantification methods, Tsat is at least 4000 ms and the TR is normally 8000 

ms or more. This explains why CEST fingerprinting is more efficient than conventional CEST 

quantification methods.  

Long CEST saturation pulses of the conventional CEST quantification methods were 

designed to make sure the chemical exchange between water protons and solute protons has 

reached steady state. However, MT effects were also increased at the same time. In most of the 

cases, MT signal change is much bigger than the CEST signal increase benefited from the long 

CEST saturation pulses. Therefore, long CEST saturation pulses reduce the SNR significantly 

when MT effects are present. As shown in Fig. 6.4b, for pulsed qCEST method, the exchange 

rate maps of group 2 and 3 (with agarose) are noisier than the exchange rate map of group 1 

(without agarose). In CEST fingerprinting, because CEST saturation duration is not too long 

(1000-2000 ms), this is less of an issue. 

CEST fingerprinting has very subtle signal change compared to MRF due to the nature of 

CEST imaging. In most in vivo studies, the CEST signal is less than 5%. This means CEST 

fingerprinting will not be as robust to noise as compared to MRF. Therefore, in the framework, 

highly undersampled image acquisition was not adopted and the sequence parameters were 

optimized to make sure there was enough CEST signal so that the signal curve can be matched 

to the dictionary correctly. 

6.4.2 MT Correction 

In this study, MT correction was performed using dictionary as a no-MT reference. MT 

signal was estimated by comparing the reference signal and reference dictionary. Reference 
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signal and reference dictionary represent the signal and dictionary at the opposite solute resonant 

frequency −𝛿𝑠. Without CEST effects, the difference between the reference signal and reference 

dictionary is solely from MT effects. MT signal can then be quantified. With the assumption of 

symmetric MT effects, the MT signal estimated at −𝛿𝑠 can be used to correct the MT effects at 

+𝛿𝑠.  

There are also other ways to perform MT corrections without the need for reference data. 

These methods use the wide-offset data (|∆𝜔| > 7 ppm) to fit for the MT model. The fitted 

parameters were used to correct for MT effects at solute resonant frequency (27,170). There are 

also attempts to correct for MT effects using 3-pool CEST fingerprinting. However, these methods 

all require multi-parametric fitting/matching. Due to complexity of the model, the fitting/matching 

process could be challenging and multiple points are acquired for MT correction. 

6.4.3 Potential Impacts 

In this work, we presented the proof-of-concept implementation of CEST fingerprinting. 

However, the framework can be extended to quantify other proton-exchange contrast 

mechanisms, including chemical exchange sensitive spin-lock (CESL) (171-173), bSSFPX (174) 

and magnetization transfer (175). The sequences of these techniques are similar to CEST 

sequences in the way that they all use off-resonance saturation pulses. More broadly, the 

framework presented in this study can serve as an example of how to apply MRF concept for 

contrast mechanisms that use preparation pulses to achieve the contrast, such as diffusion. By 

varying the preparation parameters and matching the signal to a pre-defined dictionary, the 

efficiency can be improved because more informative points can be acquired in a faster way. 

6.4.4 Moving to in vivo Studies 

Our study demonstrated CEST fingerprinting in vitro. Further investigation is needed to 

validate this work in vivo. However, there are more complicated completing effects in vivo. One 

of major challenge is the NOE effects resonant at ~ -3 ppm. It can be quite challenging to get the 
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correct reference data for protons that resonate between +2 ppm to +4 ppm without the 

contamination from NOE effects. For these protons, other MT corrections methods that do not 

require reference data need to be used as described above.  

In addition to that, there are normally more than one group of solute protons in vivo. For 

example, there are amide protons of proteins and peptides that resonate at +3.5 ppm and amine 

protons of glutamine that resonate at +3.0 ppm in the brain. The resonant frequencies of the two 

groups of protons are very close, which means the CEST effects of the two solute pools might be 

affected by each other. However, it is possible to use multi-pool Bloch-McConnell equations to 

simulate in vivo situation to achieve more accurate quantification. 

6.5 Conclusions 

In this work, CEST fingerprinting was proposed for exchange rate quantification. Phantom 

studies demonstrated that CEST fingerprinting was more efficient (5x faster) compared to pulsed 

qCEST because there is no need for long saturation time and long TR. It is also shown that the 

proposed CEST fingerprinting technique can quantify exchange rate more accurately in the 

presence of MT effects. 
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CHAPTER 7: Conclusions and Future Work 

7.1 Summary of the Work 

CEST is an emerging magnetic resonance metabolic imaging technique. In this 

dissertation, the major focus is to make the CEST imaging technique more efficient and more 

accurate. Specifically, three areas of improvement were made in this work. 

7.1.1 Cardiac CEST 

The major challenge of cardiac CEST is the scan time and the reliability. In Chapter 2, a 

clinically affordable scan time (~5 min/slice depending on the navigator acceptance rate) was 

achieved by optimized data acquisition scheme, advanced motion correction methods and 

improved signal analysis. Validation studies were performed in chronic myocardial infarction 

animal model using LGE as reference. It was shown that the infarct region has lower CEST signal 

compared to remote myocardium. Spatially, the hypointense regions in the CEST contrast maps 

closely match the bright areas in the LGE images. In Chapter 3, the cardiac CEST technique with 

dual-echo readout was proposed to further improve the reliability of the technique. This method 

allows simultaneous acquisition of B0 map and CEST weighted images for each saturation 

frequency to address the B0 field variations induced by respiratory motion. In the results, the 

proposed cardiac CEST technique with dual-echo readout is shown to have improved 

repeatability compared to the previous method.  

In summary, the cardiac CEST technique has the potential to provide information on 

metabolic abnormalities for cardiac diseases. 

7.1.2 pH Assessment in the IVD 

The major challenge of CEST application in the IVD is how to quantify the exchange rate 

from the complex CEST model which involves multiple confounding factors. qCEST imaging 

protocol was developed based on the observation that CEST effect can be represented as a linear 
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function of 1/B12. Multiple CEST experiments with varying B1 amplitudes were performed for 

omega plot analysis to estimate the exchange rate. In Chapter 4, the qCEST imaging protocol 

was validated in a preclinical porcine model. The pH values inside the IVD was manipulated by 

injecting Na-Lactate. It is shown that the exchange rate measured by qCEST technique is highly 

correlated with the pH value measured using tissue pH-meter. In Chapter 5, qCEST technique 

was applied in an animal model with induced disc degeneration. Direct pH measurement inside 

the degenerated IVDs revealed a significant pH drop after degeneration, which correlated with a 

significant increase in the exchange rate measured by qCEST. In addition, gene analysis of 

harvested degenerated IVDs revealed significant up-regulation of pain, nerve- and inflammatory-

related markers at 6 and 10 weeks after degeneration. A strong positive correlation was observed 

between expression of pain markers and increase in the exchange rate.  

Collectively, these findings demonstrate that this approach can be used to measure pH in 

vivo within the IVD and has the potential to be used as a novel non-invasive method for the 

diagnosis of discogenic pain. 

7.1.3 CEST Fingerprinting 

CEST fingerprinting was introduced to achieve more efficient and more accurate 

exchange rate quantification, to address the limitations of the qCEST technique. Instead of using 

a repeated, serial acquisition of data to fit to a particular equation such as qCEST technique, 

CEST fingerprinting utilizes CEST saturation with varying saturation power B1 amplitude and 

saturation time to create uniqueness of signal evolution for different exchange rates. The acquired 

signal was matched directly to a pre-defined dictionary. MT effects can also be addressed in the 

framework of CEST fingerprinting. The simulated dictionary can serve as signal curve when there 

are no MT effects. Comparing the dictionary to the acquired signal provides a chance to correct 

for MT effects. Phantom studies demonstrated that CEST fingerprinting was more efficient (5x 

faster) compared to pulsed qCEST because there is no need for long saturation time and long 
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TR. It is also shown that the proposed CEST fingerprinting technique can quantify exchange rate 

more accurately in the presence of MT effects. 

7.2 Future Directions 

In general, the future direction for CEST field is to further reduce the scan time and to 

interpret CEST images for specific clinical applications.  

7.2.1 Scan Time Reduction 

CEST fingerprinting has already shown to the ability perform CEST quantification more 

efficiently. However, there is more potential to further improve the data acquisition efficiency. The 

current CEST fingerprinting framework acquires hundreds of images with different saturation 

frequency offsets, CEST saturation power and saturation time. With the recently developed low 

rank tensor reconstruction technique, it is possible to explore the redundancy of the data structure 

and extend the current 2D single-slice imaging to 3D imaging.  

The scan time can also be reduced by addressing the motion more efficiently. As 

presented in Chapter 2 and 3, cardiac and respiratory motion was currently minimized by using 

ECG trigger and navigator gating. However, it is also possible to acquire CEST-weighted data 

constantly, and with additional self-gating lines, the data can be categorized into different motion 

bins. This can be achieved with either steady-state CEST(176) or bSSFPX(174). These two 

methods both acquire data at very short interval, which is enough to capture the cardiac and 

respiratory motion. This can reduce the scan time because of constant data acquisition instead 

of using dead wait time. Potentially, a 3D cardiac CEST technique can be developed. 

7.2.2 Clinical Validations 

In general, some of the CEST imaging techniques are mature for clinical applications. 

However, it is not yet clear how clinical diagnosis can benefit from CEST imaging. There are some 

ongoing studies to interpret CEST signal for clinical applications such brain tumor.  
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More specifically, for cardiac CEST, the first step is to perform histopathology studies to 

show that cardiac CEST signal is correlated with Cr concentration in the myocardium. Cr 

concentration in the ex vivo myocardium can be measured using perchloric acid (PCA) extraction 

method. Cardiac CEST technique can also be applied to clinical patients such as diabetic patient 

cohort and coronary microvascular dysfunction patient cohort because it has been previously 

shown that these patients have reduced myocardial metabolic activity. The patient studies can be 

performed to evaluate if cardiac CEST can serve as an additional information, or even an early 

marker for clinical diagnosis.  

In this dissertation, CEST fingerprinting was only tested in phantom studies. Further 

investigation is needed to validate this technique in vivo. The potential applications include 

penumbra detection for stroke patients and tumor monitor/ treatment.  
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