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ABSTRACT 

Chemical exchange saturation transfer (CEST) MRI has the ability to noninvasively 

measure endogenous biomarkers and exogenous agents relevant to various diseases and 

medical conditions. My work has focused on the development of MRI pulse sequences 

and data analysis methods to more accurately estimate endogenous and exogenous CEST 

contrast measurements at 7 T and 3 T magnetic field strengths. Chapter 1 discusses the 

various sources of signal that have been measured with CEST MRI in the clinic, the 

acquisition methods used to acquire these signals, and the data analysis methods used to 

quantify the CEST effects from these signals. Appendix A describes the development of a 

respiration gated CEST pulse sequence that was ultimately used with a lung fibrosis 

mouse model to measure extracellular pH (pHe) of the fibrotic lesions. Appendix B 

describes the development of a data processing algorithm that used the Bloch equations 

modified for chemical exchange to generate more accurate and precise pHe estimates 

both at 7 T and 3 T magnetic field strengths relative to a previous data processing 

algorithm. Appendix C describes the development of a retrospective gating technique for 

the lung that generates more accurate and precise endogenous CEST contrast 

measurements.  
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Introduction 

Biomedical imaging modalities offer non-invasive methods to visualize the 

interior of the human body. These modalities offer clinicians a non-invasive tool to 

monitor healthy and diseased tissue. Standard clinical methods permit the anatomical 

delineation of diseased tissues or organs such as location, size, and shape; however, 

measuring molecular information of diseased tissue is an area that is still developing in 

the biomedical imaging field [1]. The ability to monitor molecular information of 

diseased tissue would be extremely beneficial to clinicians when longitudinally 

monitoring disease progression and response to therapy. Currently, imaging methods that 

assess the molecular composition of pathological tissues are primarily performed in vitro 

and in vivo in animal models. Efforts are being made for the clinical translation of many 

of these methods; however, the quantification of results remains a major impediment [2]. 

 Magnetic resonance imaging (MRI) is an attractive imaging method for many 

reasons. The level of radiofrequency (RF) power and the strength of the magnetic field 

gradients used to generate images is sufficiently low so that physical damage to the 

patient is extremely unlikely. Additionally, the human body is transparent to RF 

irradiation, meaning that the depth of penetration is not an issue. With the advancement 

of 3D imaging acquisition methods, the entire body can be imaged in a relatively short 

time frame. Also, many types of MRI protocols can generate different types of contrast, 

allowing for opportunities to tailor MRI protocols to diagnose specific pathologies.  

Chemical exchange saturation transfer (CEST) is a unique method for generating 

MR contrast related to the molecular properties of the tissue. CEST detects agents that 

have one or more protons that undergo exchange with water in the milieu. To accomplish 
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CEST, a low power RF pulse is applied at the chemical shift of the exchangeable proton 

of the agent. The RF pulse saturates the net magnetic signal of the exchangeable proton 

of the agent, which eliminates the net signal detected by MRI. The saturated proton then 

exchanges with water resulting in a partial saturation and signal loss of water. This 

saturation and exchange process is repeated many times throughout the duration of the 

RF saturation pulse resulting in an amplification of saturation of water. A decrease in the 

water signal as a result of the CEST effect is observed with the acquisition of an MR 

image immediately following the RF saturation pulse. The MR image sequence typically 

avoids T1 and T2 weighting to ensure that signal loss is due primarily to the loss of 

protons due to CEST.  

 

1.1 Sources of signal 

Compounds that possess an exchangeable proton can be observed with CEST 

provided that the exchange rate is less than the chemical shift of the proton relative to 

water, and assuming the  endogenous T1 relaxation time of the proton is sufficiently long 

[3]. For instance, fatty tissue and gadolinium (Gd) chelates have short T1 relaxation times, 

which limits the effectiveness of the saturation pulse because the proton immediately re-

aligns with the main magnetic field before it exchanges with water. Additionally, 

exchangeable protons with exchange rates extremely low (< 10 Hz) cannot be imaged 

with CEST. Typical functional groups that contribute to the CEST effect include amide 

(exchange rate = 30 Hz), amine, and hydroxyl groups. Endogenous compounds that have 

been measured with CEST in the clinic will be discussed below.  
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1.1.1 Magnetization Transfer 

Magnetization transfer (MT) is the through-space transfer of energy to water 

through dipole-dipole coupling from the saturated protons of macromolecules, without a 

physical transfer of the protons from the agent to water [4]. Alternatively, the bound 

water molecules have a larger distribution of chemical shifts relative to the narrow 

chemical shift distribution of unbound water. Typically, protons bound to 

macromolecules are not visible due to their short T2* relaxation times. However, the MT 

effect results in an indirect detection of these protons through a reduction in the acquired 

water signal. Magnetization transfer contrast (MTC) is visible over a wide range of 

saturation frequencies (-100 – 100 ppm) and thus lies at the same frequencies of 

endogenous CEST effects such as APT and NOE, which are discussed below. Therefore, 

MTC can confound APT and NOE measurements at 3 and -3 ppm respectively. Typically 

in CEST MRI, efforts are made to reduce the contribution of MT in an acquired CEST 

spectrum to isolate APT and NOE measurements.  

 

1.1.2 Amide Proton Transfer 

Amide proton transfer (APT) refers to the physical exchange of protons of mobile 

proteins and peptides with the protons of water. The concentration of proteins and 

peptides that generate APT is in the millimolar range and the exchange rate is 10-300 s-1, 

both of which are conditions favorable for detection with CEST MRI [5].  

Measuring APT with CEST MRI is attractive to clinicians because tumor and 

ischemic tissue have different CEST contrast as compared to healthy tissue [3]. The APT 

signal increases as the concentration of mobile proteins that undergo APT increases. For 
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slow exchanging CEST agents like proteins, the APT signal increases as the exchange 

rate increases. Thus a disease that results in an increase in the concentration of mobile 

proteins and/or an increase in the exchange rate will contribute to an increase in the APT 

signal observed. 

 

1.1.2.1 Amide Proton Transfer and tumor tissue 

In tumor tissue, an increase in the APT signal is due to an increase in mobile 

protein concentration caused by the increase in cell concentration in tumors as compared 

to healthy tissue [6, 7, 8]. The exchange rate is slightly different due to a slight increase 

in intracellular pH (0.1 units) [9], but it is assumed that this difference is too small to 

significantly affect the APT signal. Additionally, there is a decrease in the extracellular 

pH in tumors due to the preference of cancer cells to undergo anaerobic respiration as 

opposed to oxidative phosphorylation [10]. Therefore, an increase in the exchange rate of 

intracellular proteins due to an increase in intracellular pH may be balanced or even 

counter balanced by a decrease in the exchange rate of extracellular proteins due to a 

decrease in extracellular pH.  

Although the APT signal is advantageous in distinguishing tumors vs. healthy 

tissue that differ in protein concentration, other characteristics such as necrosis and 

hemorrhage also differ in protein concentrations. Therefore, to avoid analyzing multiple 

types of tissues within the tumor, regions of interest are usually selected only around the 

solid portions of the tumor with special consideration to avoid cystic, necrotic, or 

hemorrhagic areas. Fluid attenuated inversion recovery (FLAIR) and T1 weighted MRI 

scans are typically acquired before CEST scans to highlight these regions.  Additionally, 
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some researchers only use the gray or white matter APT signal in healthy tissue when 

compared to the APT signal of diseased tissue because the T1 relaxation time differs 

between gray and white matter, and rapid T1 relaxation reduces CEST contrast [9, 10].  

Solid components of a tumor can show a significantly different APT signal 

relative to healthy tissue. The APT signal shows a positive correlation with tumor grade 

as assessed with histopathology [11, 12]. Thus, APT MRI could potentially serve as a 

non-invasive alternative to biopsies for grading tumors. Additionally, correlations 

between high APT signal intensity and gadolinium enhancement have been observed. In 

some patients, high APT signal intensities appeared in portions of the tumor with little to 

no gadolinium enhancement that were later diagnosed as high grade. This result suggests 

that the addition of APT imaging to the current clinical protocol for glioma patients could 

both serve as an alternative to gadolinium enhanced MRI and/or as a means to enhance 

the specificity of MRI for malignant gliomas.  

APT MRI has the ability to distinguish pseudoprogression from true progression 

in malignant gliomas [13]. Standard therapy for high-grade gliomas involves maximally 

safe tumor resection, followed by monthly radiation therapy. This treatment regimen 

causes inflammation of normal brain tissues, which shows contrast in standard MRI 

images such as gadolinium enhanced T1-weighted MRI and FLAIR MRI. This condition 

is termed pseudoprogression and mimics the appearance of tumor recurrence. APT signal 

has been measured to be significantly higher in patients with true progression than with 

pseudoprogression, thus emphasizing the importance of adding APT MRI to the clinical 

protocol for patients with malignant gliomas. 
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Protein concentration, exchange rate, and the endogenous T1 relaxation time can 

influence the APT signal. A recent study showed that there was no correlation between 

tumor grade and APT signal after correcting for differences in T1 between tumor and 

normal tissue, and no significant difference in the APT signal between healthy and tumor 

tissue [14]. Thus, the ability of APT imaging to distinguish tumor vs. healthy tissue and 

to grade tumors is not as sensitive as expected if efforts are made to completely isolate 

the APT signal from other MRI contrast mechanisms. 

 

1.1.2.2 Amide Proton Transfer and stroke 

APT MRI has shown great success in identifying ischemic regions of brain tissue 

in patients that have suffered a stroke. Unlike tumors, ischemic tissue is highlighted with 

APT MRI due to a difference in exchange rates as compared to normal tissue. 

Intracellular pH in brain tissue is maintained until cerebral blood flow (CBF) decreases as 

is the case during a stroke, due to unopposed anaerobic ATP hydrolysis with 

hypoperfusion and reduced bicarbonate buffering [15]. The pH decrease in the infarcted 

tissue results in a decrease in the exchange rate of APT because the exchange from 

endogenous proteins is base-catalyzed, thus causing a decrease in the APT signal 

intensity relative to normal tissue. APT MRI of stroke patients demonstrated a significant 

decrease in the APT signal of the ischemic core of the pathological tissue as compared to 

healthy tissue [16]. The ischemic core can show a significant decrease in APT as 

compared to the oligaemia, the hypoperfused region surrounding the infarcted tissue that 

ultimately does not infarct. These results are clinically significant as APT MRI was able 

to distinguish diseased tissue with different outcomes. For comparison, Arterial Spin 
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Labeling Perfusion Weighted Imaging (ASL-PWI), the standard clinical MRI scan for 

stroke patients, was not able to distinguish these different tissue regions in this study. 

 

1.1.2.3 Amide Proton Transfer of the spinal cord 

Multiple sclerosis (MS) significantly involves the spinal cord, and much of the 

disability in MS is due to spinal cord lesions. Biochemical neuropathology of MS in the 

spinal cord includes protein accumulation in normal-appearing white matter and 

alterations in neurochemicals, such as glutamate and myoinositol. These biochemical 

alterations increase the APT signal due to increased proteins. In a recent study, 

conventional analysis showed increased asymmetry around the amide proton resonance in 

lesions and normal-appearing white matter in MS patients compared to healthy white 

matter in healthy subjects [17]. The study was conducted at 7 T magnetic field strength, 

and this high field magnetic field strength was necessary to distinguish the subtle tissue 

changes between MS and healthy subjects. 

 

1.1.2.4 Amide Proton Transfer of the lymphatic system 

Breast cancer treatment-related lymphedema (BCRL) is one of the most frequent 

complications of breast cancer treatment. The swelling is due to accumulation of protein 

rich fluid in the interstitium that results when the lymphatic transport capacity exceeds 

the lymphatic load and fluid balance is disrupted. Elevated interstitial protein 

accumulation should be detectable with APT CEST MRI. No significant difference 

between APT contrast was determined in the right and left arms of healthy controls and 

an increase in the APT contrast was measured in the affected arms of BCRL patients 
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[18]. Thus, APT CEST MRI may help to diagnose lymphatic impairment in BCRL 

patients as well as extend to other pathologies where lymphatic compromise occurs.  

 

1.1.3 Nuclear Overhauser Enhancement 

Nuclear Overhauser Enhancement (NOE) is an MT effect that appears upfield 

(lower frequency) from water from -5 to 0 ppm in the CEST spectrum, which 

corresponds to aliphatic or olefinic MR frequencies. The NOE is different than the pure 

CEST mechanism, because the NOE is a type of cross relaxation between water and the 

side groups of macromolecules such as glycosaminoglycans (GAG). The two underlying 

processes that contribute to the NOE effect are the exchange-relayed intramolecular NOE 

and direct intramolecular NOE. The exchange relayed NOE occurs when saturation is 

transferred from water to the side groups of macromolecules through rapidly exchanging 

groups (OH, NH2, and NH) and subsequently to backbone aliphatic protons. Exchange 

relayed NOE is attributed to mobile proteins. Direct intramolecular NOE refers to the 

direct saturation of aliphatic C(α)-H protons of the macromolecule. Both direct and 

exchange relayed intramolecular NOE contribute to the saturation effect seen between -5 

and 0 ppm in a CEST spectrum. 

In healthy tissue, significant differences in the NOE signal have been shown 

between white and gray matter [19, 20], most likely due to the large amount of myelin in 

white matter compared to gray matter [21]. However, one study did not show a 

significant difference [22]. The reason for these differing results is attributed to the 

different pulse sequences used in each study. In studies that produce significant 

differences between white and grey matter, an ROI is drawn solely around white matter 
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for the reference healthy tissue when comparing NOE signal between healthy and tumor 

tissue. 

 

1.1.3.1 Nuclear Overhauser Enhancement and tumors 

The clinical significance of the NOE has only been examined in tumor tissue. The 

NOE has been shown to be significantly lower in tumor tissue as compared to normal 

tissue [19]. Interestingly, this significance has been shown to increase when accounting 

for differences in longitudinal relaxation T1, which is the opposite result of what was seen 

for APT [20]. Additionally, the NOE has been shown to be significantly lower in high 

grade tumors (Grade III and IV) than in low grade tumors, suggesting that the NOE can 

be used to diagnose tumor grades, which is a similar result observed in APT studies. To 

detect a difference in NOE contrast in different tumor grades, a low power RF pulse 

needs to be used to decrease MTC from confounding NOE measurements. In addition, 

the use of a low RF power maximizes the NOE as a result of the slower exchange rate of 

the NOE compared to MT and APT. However, the ideal RF power for the NOE is not the 

same as the ideal RF power for APT, which can result in the loss of statistically 

significant differences seen between tumor grades with APT. Thus, the same pulse 

sequence cannot be used to distinguish tumor grades with both NOE and APT 

measurements, which is inconvenient. 

The exact reason for the decrease in NOE in tumor tissue is not fully understood. 

The NOE signal has contributions from lipids, which is especially relevant for white 

matter. Therefore, the decrease of NOE in tumor tissue may be due to lower lipid 

concentrations in tumor tissue relative to healthy tissue.  
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1.1.4 GlucoCEST MRI 

D-glucose shows a CEST effect from 0.5 and 2 ppm at pH 7, which can be used 

to monitor exogenous glucose uptake through a protocol known as GlucoCEST MRI [23, 

24]. Because the CEST effect of glucose is close to the MR frequency of water, 

GlucoCEST spectra do not have a clear peak at magnetic field strengths of clinical 

scanners. Therefore, MTR asymmetry analysis has to be used to distinguish the CEST 

effect of glucose, which suffers from overlap with MTC and problems from direct 

saturation of water.  

Glucose is an attractive molecule to image with regard to cancer because glucose 

transporters are upregulated in cancer cells. Fluordeoxyglucose Positron Emission 

Tomography (FDG PET) is an imaging technique that exploits this phenomenon. 

However, FDG PET requires chemical labeling, which is expensive and radioactivity is 

relatively difficult to handle and increases the cancer risk in patients. D-glucose has a 

natural MR label, thus requiring no additional modification and is relatively non-toxic.  

Dynamic glucose enhanced MRI (DGE MRI) involves a bolus injection of 

glucose and then subsequent tracking of the injected glucose molecules with dynamically 

acquired CEST MRI. DGE MRI is practically identical to dynamic contrast enhanced 

MRI (DCE MRI) with the exception that glucose is injected instead of gadolinium and 

CEST MRI is used instead of T1 weighted MRI for tracking the agent in tissues.  

DGE MRI has shown strong enhancement in tumor vs. normal brain tissue [25]. 

In glioma patients DCE MRI and DGE MRI uptake have been remarkably similar with 

regards to the areas of enhancement in the brain maps. Unfortunately, a more quantitative 
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analysis method has not been developed for DGE MRI to quantitatively measure 

permeability related parameters like Ktrans, which are typically more informative for 

researchers and clinicians. This lack of an analysis method for DGE MRI is due to the 

complex pharmacokinetics involved with glucose uptake. 

GlucoCEST MRI has also been attempted with patients who have head and neck 

cancer [26]. The study of head and neck cancer is unique for CEST methods because the 

swallowing motions can compromise images of the head and neck. In this study, head 

and neck cancer patients were immobilized to limit artifacts caused by motion. Elevated 

CEST signals in the head and neck tumors relative to normal tissue were seen after the 

injection of unlabeled glucose in all patients. Additionally, glucoCEST MR images 

generally correlated with PET images, even though the exact spatial distribution of PET 

activity and glucoCEST uptake did not exactly match.   

 

1.1.5 GAGCEST MRI 

A glycosaminoglycan (GAG) is a long unbranched polysaccharide consisting of a 

repeating disaccharide unit. GAGs are essential for musculoskeletal function, cell 

regulation, and spinal function. Thus quantification of GAG concentration is important in 

many common diseases where these functions are altered [27]. For instance, 

proteoglycans consist of a core protein and attached GAG chains, and play an important 

role in moveable joints such as the knee and intervertebral disks (IVDs). Osteoarthritis is 

characterized by the loss of proteoglycans in cartilage. Thus, an imaging technique that 

can quantify the concentration of GAG in vivo would be beneficial for diagnosing and 

monitoring the depletion and distribution of GAG in many common diseases.  
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An amide proton with a chemical shift at +3.2 ppm and hydroxyl protons with 

chemical shifts from 0.9 to 1.9 ppm are located on GAGs and are suitable for CEST 

imaging, or more specifically known as GAGCEST MRI. In practice however, the amide 

CEST effect is much weaker than the hydroxyl CEST effect because the chemical 

exchange rate of the amide proton is much slower than the hydroxyl protons and the 

hydroxyl concentration is higher (200-300 mM) than the amide concentration (100 mM) 

in vivo. With MTRasym analysis, the presence of the NOE sites at -3.2 ppm balances the 

amide CEST effect at +3.2 ppm whereas the large hydroxyl CEST effect at +1.0 ppm 

easily overrides the NOE effect at -1.0 ppm. Thus, most studies target the hydroxyl CEST 

effect with MTRasym analysis when estimating GAG concentration. 

The utility of gagCEST has been examined in the knee and IVDs. In the knee, 

MTRasym values in the patellar facet and the femoral trochlea were significantly and 

negatively correlated with knee pain scores suggesting low concentrations of GAG in 

patients with high pain scores [28]. This study also showed a greater correlation with pain 

scores with MTRasym maps than conventional MR images. Another study found that GAG 

CEST is similar to the standard imaging techniques of delayed gadolinium MRI and T2 

mapping in distinguishing normal and damaged patellar cartilage [29].  

GAGs serve an important role in spinal physiology as a lubricant and shock 

absorber. The loss of GAGs occurs in early stages of IVD degeneration and is associated 

with lower back pain. GagCEST studies have shown a moderate reverse correlation with 

the severity of lumbar IVD degeneration as assessed by the Pfirmann grade and MTRasym 

values [30, 31]. Additionally, a negative correlation has been shown with MTRasym values 

and reported back pain. Another study showed that gagCEST values were significantly 
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higher in patients without facet tropism compared to patients with facet tropism. Facet 

tropism is a disease that causes the angle of the facet joints in the vertebra to be different 

than normal [32]. 

 

1.1.6 GluCEST MRI 

Glutamate is a major excitatory neurotransmitter and shows a sharp CEST peak 

around 3 ppm at a pH less than 6.0. However, the peak shifts closer to the water 

resonance as the pH increases because the exchange rate becomes higher with increasing 

pH, causing a phenomenon known as MR coalescence. The imaging of glutamate with 

CEST MRI, known as gluCEST MRI, has been attempted in healthy brain tissue and the 

spinal cord [33, 34, 35, 36]. In brain studies, MTRasym analysis showed that the glutamate 

distribution between gray and white matter in a healthy human brain was similar to PET 

maps that used a glutamate receptor targeted agent. Additionally, the gluCEST ratio from 

gray and white matter is strongly correlated with the glutamate concentration ratio from 

proton magnetic resonance spectroscopy (1HMRS) when using the same ROIs. Since 

1HMRS is highly specific to glutamate concentrations, this result indicated that gluCEST 

MRI in the human brain is predominantly due to glutamate. Another gluCEST brain 

study correctly lateralized the temporal lobe seizure focus in patients with epilepsy [36]. 

MR spectra corroborated these findings. In a spinal cord study, results in healthy human 

volunteers showed a significantly higher gluCEST  MTRasym from gray matter compared 

to white matter. This finding may potentially monitor alterations of glutamate 

concentrations in diseases such as multiple sclerosis (MS). 
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A major disadvantage of gluCEST imaging is the fast exchange rate of glutamate 

and the proximity of the MR frequency of glutamate to water. These disadvantages 

prevent gluCEST from being used at lower magnetic field strengths, which are more 

clinically relevant, because the MR resonance of glutamate coalesces with water and 

cannot be adequately saturated to generate CEST.  

 

1.1.7 CEST of other metabolites 

Creatine is a key component of muscle energy metabolism. Creatine exhibits a 

CEST effect between its amine and bulk water protons [37]. Creatine amine protons have 

a CEST effect at ∼1.8 ppm from water and the CEST effect is linearly proportional to the 

creatine concentration in the physiological pH range and at physiological concentrations. 

To image creatine with CEST, saturation pulses are short (∼ 500 ms) and at high power 

(∼ 3.0 µT) due to the fast exchange rate of creatine. Studies have shown an increase in 

the CEST effect from creatine after exercise with MTR asymmetry analysis [36, 38]. 

Lactate is important in cancer and metabolic disorders where glycolysis 

dominates the energy production pathways. Lactate contains hydroxyl proton residues 

that exhibit a CEST effect from ~0.4 to 0.8 ppm, which is at a similar resonance 

frequency to creatine. To isolate the CEST effect of lactate, studies use a low saturation 

power (∼ 1.5 µT) because the exchange rate of the hydroxyl protons of lactate is slower 

than the exchange rate of the amine protons from creatine. A low saturation power also 

suppresses the contribution from direct water saturation at the resonance frequency of 

lactate. Measuring the CEST effect of lactate has been performed in the human skeletal 

muscle and compared to conventional 1HMRS [39]. This study claimed that MTR 
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asymmetry analysis of lactate has over two orders of magnitude higher sensitivity for 

detecting low levels of lactate compared to conventional 1H-MRS. 

 

1.2 Acquisition Methods 

1.2.1 CEST Spectrum Acquisition 

The standard acquisition method for CEST MRI of humans is to label exchanging 

pools by saturating protons of the exchanging pool at their corresponding resonant 

frequency, waiting for the saturated protons to exchange to the water pool, and then 

detecting the saturation effect through a decrease in the water signal. This process is 

repeated over a range of saturation frequencies to generate a CEST spectrum, which is 

simply a plot of water signal intensity vs. saturation frequency [40]. 2D and 3D imaging 

sequences have been developed that detect CEST contrast [11]. Spin echo planar imaging 

(EPI) is the standard 2D acquisition method and 3D gradient echo imaging is the standard 

3D acquisition method, although other 2D and 3D acquisition methods have also been 

used. 

Most clinical CEST MRI studies have used saturation pulses that are continuous 

wave or Gaussian in shape. The length of the saturation pulse has been varied depending 

on the MRI acquisition method used after the saturation pulse and the CEST agent of 

interest. If a full image is acquired (traditional method), then a saturation pulse of 800 

msec to 5 sec is used. If single k space lines are acquired as is performed with a pulse 

steady state method, then 20 msec saturation pulses are used. The duration of the 

saturation pulse is always the shortest possible while still achieving CEST steady state to 

minimize the scan duration for the subject.  
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1.2.2 Frequency Labeled Exchange (FLEX) Transfer 

FLEX MRI is an alternative method to monitor the CEST effects of exchanging pools 

[41]. FLEX MRI acquires a signal that behaves similarly to a free induction decay (FID) 

that can be processed to generate a CEST spectrum. In FLEX MRI, exchangeable protons 

are labeled by applying two short pulses that are 180o out of phase. The pulse duration is 

short and can be applied on resonance or off resonance with water depending on the 

resonance frequency of the labile pool. CEST agents with resonance frequencies far from 

water receive a pulse off resonance of water to avoid direct water saturation. CEST 

agents with resonance frequencies close to water receive a pulse on resonance with water. 

The pulses are separated by a delay time termed evolution time (Tevolve). Exchangeable 

protons that have chemical shifts corresponding to n/Tevolve Hz, where n is an integer, 

from the frequency at which the RF pulse is applied are not saturated as the 

magnetization is tipped back into the +Z axis during the second pulse. On the other hand, 

exchangeable protons that have chemical shifts corresponding to 1/(2*Tevolve) + n/Tevolve 

experience complete saturation since the second pulse tips magnetization into the -Z axis. 

In this situation, allowing the inverted magnetization to transfer with water during an 

exchange time (Texch) causes suppression of the water signal. Repeating this process over 

a series of Tevolve periods labels multiple exchanging pools. Subsequently, plotting the 

Fourier transform of the signal vs. Tevolve generates a FLEX spectrum.  

The use of excitation pulses instead of saturation to label the pool of interest 

offers a few advantages over the typical CEST MRI acquisition protocol. FLEX provides 

a more efficient means of labeling fast exchanging pools; it permits the excitation of 
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multiple exchanging pools at once; and it acquires information about the labile pool with 

each labeling experiment whereas the standard CEST MRI experiment only acquires 

information about the labile pool at saturation pulses near the labile pool. Each of these 

advantages are beneficial for improving signal-to-noise (SNR).  

As a major disadvantage, FLEX MRI has limited signal generated with each 

labeling experiment. This problem is balanced by the ability to acquire multiple averages. 

Yet if the agent being examined has multiple exchanging pools with vastly different 

exchange rates, then the FLEX spectrum of the rapidly exchanging pool will rapidly 

disappear, and the acquisition of multiple FIDs of the rapidly exchanging pool no longer 

provides significant averaging.  

 

1.2.3 Saturation with frequency alternating RF irradiation (SAFARI) 

SAFARI is a clever acquisition method to rapidly measure APT while minimizing direct 

water saturation and MT that typically confound APT measurements [42]. Since the 

exchange rate of APT is slower relative to MT and water, it is possible to completely 

saturate the APT pool before the MT and water pools. Acquiring results at two different 

powers, where the APT pool is completely saturated at each power but the MT and water 

pools are not, allows for the MT and water pool effects to be removed. 

The SAFARI MRI acquisition scheme begins with the collection of a SAFARI 

image, where a saturation pulse is alternated between +3.5 and -3.5 ppm. The signal of 

the SAFARI image is a combination of the signal loss due to CEST from APT and direct 

water saturation (W) and MT at both off resonance frequencies. 
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Ssat(SAFARI) = So – CEST – P * W(|ωS + �Bo|) – P * W(|-ωS + �Bo|) – P * MT(|ωS + �MT 

+ �Bo|) – P * MT(|-ωS + �MT + �Bo|) [1] 

where So is the unsaturated signal intensity, �Bo is the B0 inhomogeneity, �MT is the center 

of MT asymmetry, ωS = 3.5 ppm is the resonance frequency of APT, and P is the 

irradiation power used. The second image collected is a standard CEST image where the 

entire saturation pulse is applied at the APT resonance frequency, 3.5 ppm. The pulse 

length is the same as for the SAFARI image so the power is essentially doubled, causing 

the direct water and MT effects to double but the APT effect to stay the same.  

Ssat(+ωS) = So – CEST – 2P * W(|ωS + �Bo|) -2P * MT(|ωS + �MT + �Bo|) [2] 

The third image acquired is the control image and similar to the standard CEST 

image except that the saturation pulse is applied at -3.5 ppm.  

Ssat(-ωS) = So – CEST – 2P * W(|-ωS + �Bo|) -2P * MT(|-ωS + �MT + �Bo|) [3] 

A clever three way subtraction, where the SAFARI image is doubled and taken 

from the second and third images [2] + [3] - 2*[1], allows for the isolation of the CEST 

effect from APT.  

Ssat(+ωS) + Ssat(-ωS) -2Ssat(SAFARI) = CEST [4] 

The major advantage of SAFARI MRI is its speed because this method only 

requires the acquisition of four images. Typical CEST and FLEX MRI experiments 

require 35 or more images to be collected. Additionally, SAFARI MRI is insensitive to 

B0 offsets up to 180 Hz allowing for some B0 inhomogeneity. The disadvantage of 

SAFARI MRI is that B0 inhomogeneities greater than 180 Hz, require a correction for 

direct water saturation, which makes APT measurements unreliable.  
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1.2.4 Variable Delay Multi-Pulse (VDMP)  

VDMP MRI is another fast imaging technique that has been used to measure APT and 

NOE. VDMP only requires two image acquisitions at the same RF frequency but with 

different interpulse delays, referred to as the mixing time (٢mix) [43]. The images are then 

subtracted from each other to remove undesired CEST effects and maximize desired 

CEST effects. For instance, for slow exchanging protons that generate APT, the CEST 

signal will increase as ٢mix increases because time is required for the proton to exchange 

from the agent to water. Eventually, as ٢mix is increased further, the CEST signal will 

begin to decrease due to water T1 relaxation. This CEST increase and decrease will differ 

between slow exchanging pools with different exchange rates. Thus, selecting two 

mixing times where the undesired CEST effect is the same at both mixing times but the 

desired CEST effect is different would remove the undesired CEST effect after 

subtraction, leaving only the desired CEST effect. This method has been used with 

imaging the human brain to remove MT from confounding APT measurements [44]. 

Similar to SAFARI MRI, the major advantage of VDMP MRI is its speed because 

VDMP requires the acquisition of only two images. VDMP is also able to remove much 

of the confounding MT contrast in APT measurements by choosing the appropriate ٢mix. 

In addition, the low power used as well as the subtraction method minimizes direct water 

saturation from contaminating APT or NOE measurements. The method is also 

insensitive to B1 inhomogeneity. Although B1 inhomogeneity will affect the magnitude of 

saturation, it will not affect the removal of MT contrast because the magnitude of 

saturation only depends on ٢mix.  
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Also similar to SAFARI MRI, the disadvantage of VDMP MRI is B0 

inhomogeneity. The NOE and APT have MR frequencies close to the MR frequency of 

water meaning that any significant B0 inhomogeneity will result in a large amount of 

direct water saturation especially at low magnetic field strengths. Large direct water 

saturation will confound APT and NOE measurements. 

 

1.3 Analysis Methods  

A CEST spectrum acquisition is the standard method of quantifying CEST 

effects. As a result, there have been multiple methods developed to quantify CEST 

effects in a CEST spectrum, as outlined below. 

 

1.3.1 Magnetization Transfer Asymmetry (MTRasym) 

The APT signal intensity is commonly measured with MTRasym where the signal 

intensity at +3.5 ppm is subtracted from the signal intensity at -3.5 ppm to generate an 

APT contrast measurement. This analysis method is highly dependent on the B0 

homogeneity over the volume imaged as any inhomogeneity will result in errors due to 

asymmetric water and MT MR frequencies.  B0 inhomogeneities can be corrected by 

collecting a large number of points in a CEST spectrum around the water frequency (0 

ppm) and then shifting the CEST spectrum based on the B0 offset, which is determined 

from the offset difference between the minimum signal intensity acquired and the water 

frequency. This adjustment will increase scan time. However, MT is inherently 

asymmetric about the water frequency, so correcting for B0 alone will not correct for MT 

weighting when generating APT maps with MTRasym. Thus, when using an MTRasym 
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approach, contributions are measured from APT and magnetization transfer effects 

(MTR’
asym). 

MTRasym =  MTR’
asym + APT 

1.3.2 Bloch Fitting 

The Bloch equations modified for chemical exchange [45, 46], can be used to fit 

the CEST spectrum and quantify the full APT signal [47]. In this approach, pools 

representing water, amide, and asymmetric magnetization transfer effects are typically fit 

to the measured CEST spectrum.  The fitted parameters can be used to generate an ideal 

two pool (water and amide) and an ideal one pool (water) CEST spectrum to measure the 

pure APT effect.  

APT = [Sw(Δw) - Sw+α(Δw)]/Mo                                                                                       [1] 

where Sw and Sw+α are the simulated signals at 3.5 ppm (  of the water pool and both 

the water and APT pool respectively. M0 is the signal intensity of water without 

saturation. Additional pools can be added to the model if desired, such as an NOE pool. 

In theory, this method removes MT and direct water saturation effects from confounding 

APT measurements.  

In healthy patients, the Bloch fitting model showed a smaller coefficient of 

variation (CV) in both gray matter and white matter when compared to MTRasym analysis. 

A larger contrast to noise ratio (CNR) in ischemic tissue of stroke patients was also 

generated by the model based approach. 

Typically, simulations of the Bloch equations are performed using a matrix 

exponential in either inhomogenous form [45] or homogenous form [48]. However, the 

matrix exponential is computationally expensive.  A suggested solution to this problem 
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calculates the eigenvalue of the Bloch-McConnell matrix corresponding to water signal 

decay towards equilibrium [49]. Assuming that this eigenvalue is small in magnitude 

compared to other eigenvalues (i.e. less negative), over time the eigenvector 

corresponding to this eigenvalue will decay slowly while all others will quickly decay.  

Thus the evolution of the system will be dominated by the smallest magnitude eigenvalue 

and its corresponding eigenvector.   This approach obviates the need to perform the 

matrix exponential for analyzing Z-spectra. 

 

1.3.3 Lorentzian Line Fitting 

The CEST effect for an exchanging pool can be approximated with a Lorentzian 

line shape [50]. The sum of these shapes can provide a fit for the complete CEST 

spectrum. 

Fitted CEST spectrum = ΣLi(Δw)                                                                                     [2] 

where Li is the Lorentzian function of a pool defined as: 

Li(Δw) = Ai                                                                                 [3] 

where A is the amplitude, FWHM is the full width at half maximum, and  is the offset 

frequency of an individual lorentzian function.  is the frequency of bulk water.  

As many as five pools have been fit with Lorentzian line shapes when measuring 

endogenous CEST effects (i=water, amide, amine, NOE, and MT) [52].  

 

1.3.4 Relaxation Compensated CEST MRI (AREX) 

An additional correction accounts for signal reduction throughout CEST MRI 

acquisition by including a Zbase term. 
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Mz(Δw)/ Mo(Δw) = Zbase - ΣLi(Δw)                                                                                  [4]                                      

To correct for direct water saturation and MT effects, a reference spectrum (Zref) 

is inversely subtracted from the complete fit of the CEST spectrum (Zlab). Zref consists of 

the fit for all pools except the pool of interest in the CEST spectrum. Therefore this 

subtraction yields an isolated APT effect known as MTRRex. 

MTRRex = 1/Zlab – 1/Zref                                                                                                     [5] 

Following this subtraction, fluctuations in T1 are corrected with a T1 map, to 

provide relaxation compensated CEST contrast (AREX). 

AREX = MTRex/T1                                                                                                            [6] 

Typically the NOE is only considered to be present upfield from water at -3.5 

ppm, but recent studies have shown evidence for a downfield effect at +3.5 ppm as well. 

As an additional step, a correction can be applied for downfield NOE effects at the same 

resonance frequency as APT [51]. To account for the downfield NOE effect at + 3.5 ppm, 

the upfield NOE effect at – 3.5 ppm is fit and then multiplied by a specific ratio between 

the downfield and upfield NOE effects. 

NOEdownfield/NOEupfield =  rrNOE                                                                                          [7] 

The APT contrast generated with AREX is then subtracted by this number to produce 

dnsAREX, which in theory is the completely isolated APT CEST effect.  

dnsAREX = AREX (+Δw) – rrNOE x AREX(-Δw)                                                            [8] 
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I focused on developing new data processing and pulse sequence methods for CEST MRI 

to generate accurate and precise CEST biomarker estimates during my graduate studies. 

My published work and my work that is publishable but has not yet been accepted in a 

peer reviewed journal are logically connected in a coherent manner. 

 

In chronological order, my first publication (Appendix A) describes the development of a 

respiration gated CEST MRI protocol for a lung fibrosis mouse model under anesthesia. 

My second publication (Appendix B) describes the development of a data processing 

algorithm for acidoCEST MRI at 3 T and 7 T magnetic field strengths that improved pH 

estimates relative to an old data processing method. My third publication (Appendix C) 

describes a retrospective gated CEST MRI protocol for clinical imaging.  

 

The research presented here is original. My contribution to the paper was 100% from me, 

with guidance from co-authors. My research contributes to the CEST MRI field in these 

ways: 1) we were able to perform acidoCEST MRI in the lung of a pulmonary fibrosis 

mouse model, 2) we were able to measure APT contrast in the lung of patients diagnosed 

with cancer, and 3) we improved the accuracy and precision of pH estimates with 

acidoCEST MRI with a novel data processing algorithim. 
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Measuring extracellular pH (pHe) in a lung fibrosis model with acidoCEST MRI 
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ABSTRACT 

 

Purpose:  A feed-forward loop involving lactic acid production may potentially occur 

during the formation of idiopathic pulmonary fibrosis.  To provide evidence for this feed-

forward loop, we used acidoCEST MRI to measure the extracellular pH (pHe), while also 

measuring percent uptake of the contrast agent, lesion size, and the Apparent Diffusion 

Coefficient (ADC).  

Procedures:  We developed a respiration-gated version of acidoCEST MRI to improve 

the measurement of pHe and percent uptake in lesions.  We also used T2-weighted MRI 

to measure lesion volumes and diffusion-weighted MRI to measure ADC. 

Results: The longitudinal changes in average pHe and % uptake of the contrast agent 

were inversely related to reduction in lung lesion volume. The average ADC did not 

change during the time frame of the study.  

Conclusions: The increase in pHe during the reduction in lesion volume indicates a role 

for lactic acid in the proposed feed-forward loop of IPF. 

KEYWORDS: CEST, MRI, pH, idiopathic pulmonary fibrosis 

 

INTRODUCTION 

Idiopathic pulmonary fibrosis (IPF) is a severe disease of the lungs that has no known 

cause and as a result no known cure [1,2]. The median survival rate of a patient 

diagnosed with IPF is 2.9 years [3]. It is therefore imperative that strong efforts are made 

to expand current knowledge of IPF, with specific attention focused upon pathways that 

may promote its progression and may also be targets for therapy. 
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The overexpression of transforming growth factor beta (TGF-β) in IPF induces fibroblast 

differentiation into myofibroblast cells that form fibrotic scars (Figure 1.1) [4,5]. Recent 

studies have shown that physiological concentrations of lactic acid can activate the 

expression of TGF-β, while other studies have shown that TGF-β induces expression of 

lactate dehydrogenase (LDH) that promotes the production of lactic acid [6]. Therefore, a 

pro-fibrotic feed forward loop may potentially occur in IPF patients. Both TGF-β and 

LDH are therapeutic targets, because inhibition of one or both of these targets may inhibit 

this feed forward loop and thereby greatly inhibit the progression of fibrosis in IPF 

patients. 

 

Figure 1.1. A schematic of a proposed feed-forward loop that may drive idiopathic 
pulmonary fibrosis. 

 

We sought to investigate the hypothesized pro-fibrotic feed forward loop during IPF by 

correlating extracellular pH of lung lesions with the progression of the fibrotic lesions in 

mouse models of IPF.  More specifically, we hoped to monitor a decrease in extracellular 

pH of a lesion as the fibrotic lesions grew, or monitor an increase in lesion extracellular 

pH (pHe) as the fibrotic lesions decreased in size. To accomplish this goal, we employed 
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a unique molecular imaging method, termed acidoCEST MRI, which measures tissue 

pHe with outstanding accuracy and excellent precision (Figure 1.1c) [7]. This non-

invasive imaging method uses chemical exchange saturation transfer (CEST) MRI to 

detect iopamidol (Isovue™, Bracco Imaging, Inc.), a clinically approved x-ray/ CT 

iodinated contrast agent [8], and is an extension of previous studies with pH-dependent 

CEST MRI contrast agents [9-11]. This agent possesses two exchangeable amide protons 

that can each be selectively saturated with a MR radio frequency pulse. This transfer of 

the saturation to the bulk water magnetization causes a reduced water MR signal, which 

can be detected by a standard MRI acquisition scheme [12]. A CEST spectrum is then 

generated by repeating this procedure over an array of MR frequencies to determine the 

magnitude of the reduced magnetization following selective saturation of each of the 

labile amide protons [13]. The exchange rates of these labile protons are pH-dependent 

because chemical exchange of an amide group is base-catalyzed [14].  We have 

previously shown that a log10 ratio of the CEST effects from two labile protons on the 

same contrast agent is linearly correlated with pH [15]. Because iopamidol is a highly 

polar chemical agent, it remains in the extracellular space during the time frame of an 

MRI study.  Therefore, the detection of iopamidol with acidoCEST MRI can measure 

extracellular pH (pHe). 

 

Although acidoCEST MRI has been successfully used to measure in vivo pHe in solid 

tumors, kidney, and bladder, measuring pHe in the lung has not yet been attempted 

[7,16].  MRI of the lung is difficult due to low water density that decreases MR signal 

amplitudes.  Fortunately, fibrotic lung lesions have substantially more water density than 
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normal lung tissues, which greatly facilitates identifying a bright image of a lung lesion 

within the relatively dark background in a MR image of lung tissue [17].  In addition, the 

many air-tissue interfaces within the lung causes B1 magnetic field inhomogeneities that 

affect MRI signal amplitudes; however, we have previously shown that acidoCEST MRI 

is insensitive to B1 inhomogeneity because this inhomogeneity equally affects two CEST 

amplitudes from the same agent, and therefore a ratio of the two CEST amplitudes 

cancels the effects of B1 inhomogeneity [18].  The same air-tissue interfaces within the 

lung cause B0 magnetic field inhomogeneities that shift the MR frequencies of the amide 

protons of the agent. We have shown that CEST spectra can be analyzed with Lorentzian 

line shape fitting methods to compensate for B0 inhomogeneities [18]. Therefore, 

acidoCEST MRI is well suited for measuring the pHe of lung lesions in an IPF model. 

  

Lung MRI is often confounded by rapid lung motion that blurs the image of the lung and 

also causes artifact ‘streaks’ across the MR image.  Respiration gating has often been 

successfully used to reduce or eliminate motion artifacts during lung MRI of mouse 

models [19,20]. The respiration gating is typically implemented by sensing the chest 

motion of a mouse with a pneumatic pad, and then triggering the MR acquisition soon 

after the chest motion has stopped.  However, CEST MRI protocols require a multi-

second period of selective radio frequency pulses prior to the MR acquisition period.  If a 

standard CEST MRI protocol is triggered by respiration gating, then the multi-second 

CEST saturation period between the gating and MR acquisition will cause the synchrony 

between gating and acquisition to be lost.  For this reason, a CEST MRI protocol must be 

redesigned to apply a CEST saturation period before respiration gating, so that the gating 
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can properly trigger the MRI acquisition.  Therefore, the primary goal of our research 

study was to design and evaluate the performance of a respiration-gated acidoCEST MRI 

protocol for measuring lung pHe.   

 

 As a second goal of our research study, we then sought to apply our respiration-gated 

acidoCEST MRI protocol to measure lesion pHe in a mouse model of lung fibrosis.  To 

provide additional evaluations, we also measured the volume of the lung lesions, and 

measured the uptake of the agent in the lesion to estimate vascular permeability.  We 

finally attempted to assess changes in fibrosis within the lung lesions by measuring the 

apparent diffusion coefficient (ADC) with standard diffusion-weighted MRI methods.  

This multiparametric molecular imaging study was designed to investigate the pro-

fibrotic feed forward loop of IPF.   

 

MATERIALS AND METHODS 

Mouse Model 

All in vivo studies were conducted according to approved procedures of the Institutional 

Animal Care and Use Committee of the University of Arizona.  Sixteen male C57BL/6 

mice, aged 8-10 weeks old, were administered 1.5 units/kg of bleomycin (Hospira, Lake 

Forest IL) by oropharyngeal aspiration on Day 0 per standardized protocol [21,22]. Seven 

mice were imaged on Day 14, 21, and 28, while eight mice were imaged on Day 18, 25, 

and 32. Each mouse was euthanized after the last imaging scan.   
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Additional bleomycin-treated mice and PBS-treated controls were euthanized at Day 21.  

Collagen content was evaluated using Gomori Trichrome staining (Richard Allen brand, 

Thermo Fisher Scientific Inc., Pittsburgh, PA) using the manufacturer's suggested 

protocol [22]. 

 

Pulse sequence for acidoCEST MRI with respiration gating 

Our ungated acidoCEST MRI method uses a saturation period with a fixed duration 

between 3 and 5 seconds, followed by a FISP MRI acquisition protocol.  Respiration 

gating is typically performed by triggering the start of the pulse sequence soon after the 

end of exhalation.  However, the long duration of the saturation period exceeds the time 

for one breath, which is typically less than 1.5 seconds at 40 breaths per minute.  This 

long saturation period would cause the FISP acquisition to no longer be synchronized 

with lung position.   

 

To avoid this problem, we redesigned our acidoCEST MRI method to start with a 300 

msec saturation period, then acquire a FISP MR image, and followed by an additional 3.0 

sec saturation period (Figure 1.2).  This pulse sequence was triggered at the start of 

inhalation.  Because the inhalation and exhalation occurred within 300 msec, the start of 

the FISP MR image acquisition occurred when the lungs were relatively motionless.  The 

second CEST saturation period generated steady-state saturation for the next FISP scan.  

The saturation frequency was incremented at the start of the second saturation period.  

The first FISP image acquisition was discarded, because only 300 msec of saturation was 

applied prior to this image acquisition.  The subsequent image acquisitions were retained, 
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because a total of 3.3 seconds of saturation was applied at the same frequency prior to 

each image acquisition.   

 

Simulations of CEST with respiration gating 

A potential pitfall of our gated acidoCEST MRI method is a delay during the end of the 

second saturation period and the start of the first saturation period for the next scan.  We 

have labeled this delay as TB, representing the “time for the next breath” after the second 

saturation period has ended. With a rate 40 breaths per minute, TB ranges from 0 to 1.5 

seconds.  This delay with no saturation pulse causes a loss of CEST amplitude. 

 

To assess the effect of this potential pitfall on our pH measurement, we simulated the 

CEST amplitude of iopamidol using the Bloch equations modified for chemical 

exchange.  These simulations used the pulse sequence shown in Figure 1.2a with TB 

varied from 0 to 1.5 sec.  The simulations used parameters that were obtained by testing 3 

solutions of 100 mM iopamidol in PBS buffer at pH values of 6.4, 6.7 and 7.0.  CEST 

spectra of each sample were obtained with a saturation power of 1.73 µT and saturation 

time of 2 sec, and with a saturation power of 2.45 µT and saturation times of 2 and 4 sec.  

These spectra were simultaneously fit with Bloch equations modified for chemical 

exchange because simultaneously fitting multiple CEST spectra has been shown to 

improve parameter estimations [23,24]. The base catalyzed exchange rate (kb) and the 

rate of direct exchange with water (k0) were fit using equation [1], assuming that the acid 

catalyzed exchange rate (ka) is negligible at physiological pH [25]. These base-catalyzed 
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and direct exchange rates were used to estimate the overall chemical exchange rate at pH 

6.9, which was a typical pH measured for a lung lesion in our in vivo studies.   

 

kex = k0 + ka ⋅ 10-pH + kb ⋅ 10-pOH       [1] 

 

In Vivo MRI Studies 

To prepare for each MRI study, a mouse was anesthetized with 1.5-2.5% isoflurane gas 

anesthetic delivered in 1 L/min oxygen gas ventilation, and secured to a mouse cradle.  A 

rectal probe to monitor temperature and a respiration pad to monitor respiration rate were 

connected to the mouse, and a catheter was inserted into the tail vein to deliver the 

contrast agent.  A bolus of 200 μL iopamidol at 300 mgI/mL concentration was injected 

i.v. via the catheter. The catheter was connected to an infusion pump, and iopamidol was 

pumped into the mouse at 150 μL/hr. The mouse was then placed inside the MRI magnet. 

Core body temperature of the mouse was maintained throughout the imaging experiment 

at 37.0  0.2oC using an automated feedback loop between the temperature probe and an 

air heater (SA Instruments, Inc., Stony Brook, NY).  

 

A CEST-FISP MRI protocol was performed for acidoCEST MRI studies.  The FISP MR 

images were acquired using a 3.20 msec TR; 1.60 msec TE; 30o excitation angle; 1.0 mm 

slice thickness; 453 x 453 µm2 in-plane resolution; 5.80 cm2 field of view; linear 

encoding; 1 average; 419 msec scan time [7].  Selective saturation with 2.8 µT power, 90 

Hz bandwidth, and a 540o flip angle was applied for 3.8 seconds.  This sequence was 

repeated with a series of 54 saturation frequencies to acquire a CEST spectrum.  The 
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acidoCEST MRI protocol was repeated for 4 scans at 4:50 minutes per scan, for a total 

scan time of 19:32 minutes. The images generated from the four CEST-FISP MRI 

acquisitions were averaged and smoothed with Gaussian filtering.  A CEST spectrum was 

constructed for each pixel, and each spectrum was smoothed with a cubic spline function 

and then fitted with a sum of three Lorentzian line shapes using Matlab version R2013b 

(Mathworks, Inc., Natick, MA). Only statistically significant CEST amplitudes greater 

than 2√2 times the standard deviation of the noise were retained, which represented a 

95% probability that the CEST effect was derived from the labile protons and not from 

noise [26].  The pH of each image pixel was determined from a calibration performed 

using an identical CEST-FISP MRI protocol that correlated pH with a log10 ratio of the 

CEST amplitudes of iopamidol (Figure 1.3a). Pixels with a significant CEST amplitude at 

4.2 ppm but with no significant CEST amplitude at 5.5 ppm had their CEST amplitudes 

at 5.5 ppm set to 2√2 times the standard deviation of noise, and then were included in the 

calculation of average pH and standard deviation of pH values. Contrast agent uptake was 

determined from the number of pixels with one or two significant CEST amplitudes 

relative to the total number of pixels of the lesion.  

 

A diffusion-weighted MRI protocol was performed to measure the ADC of water in the 

lesion.  Images were acquired with a 1501 msec TR; 27.0 msec TE; 1 mm slice thickness; 

469 x 469 µm2 in-plane resolution; 6.0 x 3.0 cm2 field of view; 1 average.  Respiratory 

gating was used, and the total acquisition scan time was 14.5 minutes. The b-values for 

the diffusion-weighted MRI sequence were 100, 300, and 700 sec/mm2, which provided 

an excellent fitting to a monoexponential function. The amount of fibrocity in the lesion 
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was qualitatively assessed by determining the isotropic ADC value (based on the average 

of the three orthogonal directions).  

 

A spin-echo MRI protocol with respiratory gating was performed to measure lesion 

volumes.  The lesion volumes were determined from manually selected regions of 

interest. Images were acquired with a 1410 msec TR; 10.7 msec TE; 1 mm slice 

thickness; 10 contiguous slices; 156 x 312 µm2 in-plane resolution; 4.0 cm2 field of view; 

1 average.  The total acquisition scan time was 4.0 minutes.  Lesion volumes were 

measured by summing the areas of the lesion in each slice using ImageJ [27]. 

 

A Students T-test was used to determine significant differences between measurements. 

 

RESULTS 

Lung lesions detected with MRI and histopathology 

The OA administration of bleomycin often causes a patchy distribution of fibrosis.  The 

spin-density-weighted MR images clearly showed locations of large fibrous patches in 

the lung as early as 14 days after administering bleomycin (Figure 1.4a).  The high 

collagen content of similar lung lesions confirmed the fibrous nature of these patches 

(Figure 1.4c). Collagen deposition was measured by trichrome staining and matched 

results reported by Caravan et. al. [28]. Healthy lung tissue typically has minimal 

collagen content (Figure 1.4b).  Therefore, our acidoCEST MRI studies of lung pH were 

limited to the patchy lung lesions with high fibrosis.  

  



54 
 

Pulse sequence for acidoCEST MRI with respiration gating 

Our respiration gated acidoCEST MRI pulse sequence was designed to limit motion 

artifacts induced by lung motion in order to obtain CEST signals that could generate 

reliable pH values (Figure 1.2a). To accomplish this goal, the respiration profile was 

monitored by placing a pneumatic sensor below the prone mouse.  Each breath was 

estimated to last approximately 200 msec, and the breathing rate was estimated to be 60 

to 40 bpm (1.0 to 1.5 seconds per breath) under isoflurane anesthesia, providing a period 

of 0.8-1.3 seconds with no lung motion.  We designed our respiration-triggered CEST 

MRI pulse sequence to perform the FISP acquisition during this period with no lung 

motion. Specifically, the CEST-FISP MRI pulse sequence was triggered at the start of the 

breath, where an initial saturation pulse was applied for 0.3 sec and then FISP MRI 

acquisition was performed. The 0.3 sec saturation pulse had the additional benefit of 

recovering CEST contrast that was lost during TB (which is described below). As shown 

by comparing our respiration-gated pulse sequence to an ungated pulse sequence, the 

gated pulse sequence clearly reduced motion artifacts (Figure 1.2b).  

 

The RF saturation must end at a pre-set time due to the structure of the pulse 

programming system.  The breathing rate is variable, so that the trigger for the next pulse 

sequence occurs at a variable time after the end of the RF saturation period, known as TB 

or “time for next breath”. TB did not include RF saturation, which may affect the pH 

measurement. We simulated the effect of this delay, which showed that the two CEST 

effects from the amides of iopamidol decrease as TB increases (Figure 1.2c).  However, a 

ratio of CEST effects was used to measure pH, and this ratio was found to be invariant 
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with TB.  Therefore, the accuracy of the pH measurements was unaffected by TB.  The 

precision of the pH measurements was dependent on the precision of measuring the 

amplitude of each CEST effect, which was dependent on the % CEST amplitude relative 

to image noise, which was also represented by Contrast-to-Noise (CNR).  Therefore, TB 

can affect the precision of pH measurements.  For this reason, in vivo studies were 

performed with four repetitions of the MR CEST spectroscopic imaging to improve 

image CNR. 

 

Figure 1.2. Respiration-gated CEST-FISP MRI.   
a) The respiration gated CEST-FISP MRI pulse sequence is triggered to start at initial 
inspiration.  The initial CEST saturation period ends shortly after the end of expiration, 
followed by the FISP MR acquisition.  An additional CEST saturation period at the next 
saturation frequency is then applied.  A variable time TB occurs before the next 
inspiration triggers the start of the next pulse sequence.  b) Non-gated vs. gated images 
show the improvement in image quality with gating.  c) Because respiration-gated CEST-
FISP MRI has a variable time TB, a simulation of the two CEST effects was performed to 
show that the % CEST at 4.2 ppm (top line) and % CEST at 5.6 ppm (middle line) both 
decay during TB, but this decay does not affect the CEST ratio (bottom line) and therefore 
did not affect pH measurements. 
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In vivo acidoCEST MRI 

Two amide protons showed selectively detectable CEST effects at 5.5 and 4.2 ppm 

(Figure 1.3b). However, only CEST amplitudes greater than 2√2 times the standard 

deviation of the noise were used for our pH measurements because these amplitudes 

represent a 95% probability that the CEST effect is real. Fortunately, many pixels met 

this criterion due to our image analysis procedure that included Gaussian filtering to 

improve the CNR and cubic spline smoothing of the CEST spectrum from each image 

pixel. These image analysis techniques also facilitated the fitting of Lorentzian line 

shapes to the experimental CEST spectra for each pixel (Figure 1.3c).  The in vivo CEST 

spectrum also showed features at approximately -3 ppm that are caused by a Nuclear 

Overhauser effect from aliphatic protons, which has also been observed in our previous 

studies [7].  However, the fitting of Lorentzian line shapes to the CEST peaks at 5.6 and 

4.2 ppm and the direct saturation of water at 0 ppm is largely unaffected by the presence 

of this feature at -3 ppm.  
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Figure 1.3 CEST MRI of iopamidol. a) Selective saturation of one amide proton of 
iopamidol causes a loss of coherent net magnetization from the proton (shown as a 
conversion of the proton from white to black).  Subsequent chemical exchange of the 
proton from iopamidol to water transfers the saturation to the water.  Only protons of the 
three amide groups and water are shown.  b) An in vivo CEST spectrum of iopamidol in 
the lung with Lorentzian line shapes fitted to the CEST spectrum.  c) A calibration plot of 
iopamidol correlating a log10 ratio of the two CEST effects with pHe. 
 

 
Figure 1.4. Collagen histopathology assay.  a) An MR image shows the location of the 
lesion.  Histopathology images of b) healthy control tissue and c) bleomycin treated 
tissue show a difference in collagen staining. 
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Lung lesion pHe maps 

Statistically significant CEST effects at 4.2 and 5.5 ppm were detected in each lesion 

(Figure 1.5b, c). These CEST amplitudes were converted to a pH value using a 

calibration of a CEST ratio and pH determined using an identical CEST-FISP MRI 

protocol using phantoms (Figure 1.3a).  A pixel with only one statistically significant 

CEST effect at 4.2 ppm had its CEST effect at 5.5 ppm set to 2√2 times the noise.  No 

pixels were observed that had only one statistically significant CEST effect at 5.5 ppm, so 

that no pixels were classified as being below pH 6.2.  The resulting pixelwise pHe maps 

were overlaid on the anatomical MR images of each lesion (Figure 1.5d).  The average 

pHe of the lesion was determined from these pixelwise values.  The average and standard 

deviation of the average lesion pHe were determined for the 7-8 mice scanned on a single 

day. 

 

The percent uptake of the agent in the lesion was determined by comparing the number of 

pixels that showed one or two CEST effects vs. the total number of pixels that 

represented the lesion.  The percent uptake was used as an indication of vascular 

permeability in the lesion.  This detection of CEST tended to occur in a region of the 

lesion that was nearest to the lung periphery, which suggested that this region of the 

lesions have the highest vascular permeability.  The average and standard deviation of the 

average lesion percent uptake were determined for the 7-8 mice scanned on a single day.  

Similarly, the average and standard deviation of the lesion volumes were determined for 

the 7-8 mice scanned on a single day.   
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Figure 1.5. A representative pHe map of a lung lesion.  a) A spin-echo MR image shows 
the location of the lung lesion. The % CEST b) at 4.2 ppm and c) at 5.5 ppm show that 
statistically significant CEST effects were detected in the lesion. d) The ratio of the 
CEST effects were used to determine pHe. 
 

Lung lesion ADC maps 

The average value and standard deviation of the distributions of ADC values were 

calculated from diffusion-weighted MR images for the 7-8 mice scanned on a single day. 

The region of interest selected for the calculation of the diffusion constants was the same 

region of interest that was selected for the calculation of pHe. 

 

Longitudinal assessments of lung lesions 

The average pHe at Day 14 was 6.74, suggesting that the lesions had elevated levels of 

lactic acid.  The average pHe showed a steady increase over time, with an increase of 

0.25 pH units by the end of the MRI study on Day 32 (Figure 1.6a).  This small increase 

in pHe was statistically significant, owing to the remarkable homogeneity in lesion pHe 

among mice tested on each individual day. The increase in pHe suggested less lactic acid 

production in the lesion over time.  For comparison, the anatomical MR images showed 
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that the average lesion volume steadily decreased during the time frame of the study 

(Figure 1.6b).  Statistically significant decreases in lesion size relative to the first day of 

MR imaging were seen as soon as Day 18, just four days after initiating the MR study. 

Overall, the decrease in lesion volume was consistent with the increase in lesion pHe.   

 

The % uptake of the agent in the lesion showed a steady increase over time, with a 

statistically significant increase of 41% by the end of the MRI study (Figure 1.6c).  

Notably, the decrease in lesion volume and the % uptake of agent suggests that the 

fraction of the lesion that had less vascular permeability had greater potential to be 

removed from the lesion, while the fraction of the lesion that had more vascular 

permeability remained during the time frame of the study. 

 

The average Apparent Diffusion Constant (ADC) was also measured in the lesions 

(Figure 1.6d).  There were no statistical differences in average ADC values of the lesions 

over time.  This result indicated that the degree of fibrocity remained constant as the 

lesion reduced in volume, or that diffusion-weighted MRI was insufficiently sensitive to 

monitor a change in fibrocity in the lesion.  
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Figure 1.6. Longitudinal assessments of lung lesions.  a) The average pHe, b) average 
lesion volume, c) average % uptake of the agent, and d) average ADC value of each 
group of mice are shown for each day.  Error bars represent the standard deviations of the 
average for each group.  Statistically significant differences relative to a measurement on 
Day 14 are indicated with an asterisk (* p<0.05, ** p< 0.01). 
 

DISCUSSION 

We have established a novel respiration gated acidoCEST MRI protocol that is able to 

accurately measure pHe in lung lesions. This protocol relies on the inclusion of a trigger 

to begin the sequence, followed by a short CEST saturation pulse, FISP acquisition, and 

then a long CEST saturation pulse. A major benefit of respiration gating is the 

performance of the FISP acquisition pulse when the mouse is relatively motionless, 

which greatly reduces motion artifacts that would compromise acidoCEST MRI of pHe 

in the lung. This respiration gated sequence may also improve future acidoCEST MRI 

studies on tissues near the lung, such as kidney, liver, and pancreas. 
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This study combined the measurements of pHe and percent uptake of agent in the lung 

lesions with acidoCEST MRI, with the lesion volume measured with T2-weighted MRI, 

and the ADC measured with diffusion-weighted MRI.  The ability to measure four 

biomarkers within one scan session was an efficient evaluation of this lung pathology.  

Furthermore, combining the measurement of multiple biomarkers in one scan session 

improved the comparisons of the biomarkers.  Importantly, the high quality of these 

imaging results contributed to creating low standard deviations of the distributions of 

each of these biomarkers, which led to statistically significant longitudinal changes.  

Future studies may expand the analysis to cover even more biomarkers, such as including 

a magnetization transfer MRI protocol (which is similar to a CEST MRI protocol) to 

monitor longitudinal changes in proteinaceous content of the lesions. Future studies may 

also utilize H&E staining instead of trichrome staining to provide information regarding 

collagen deposition in the animal model since it has been shown to be more sensitive to 

collagen content [28]. 

 

Our study supports the proposed feed forward loop in IPF (Figure 1.1).  The pHe 

measurements with acidoCEST MRI suggested relatively high lactic acid production in 

larger lung lesions, and less lactic acid production as the lesions decreased in size. For 

comparison, a recent study has reported MRI based evidence for bleomycin-induced 

pulmonary inflammation in a rat model [29]. Despite the challenges of the other study, 

especially the more limited analysis of regions-of-interest from MR spectroscopy of 

perfused ex vivo lung tissues relative to our pixelwise analysis of in vivo MRI, both 

studies show evidence for a decrease in lactic acid production at day 21. Our study 
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monitored an increase in extracellular pH, which is a consequence of low LDH 

expression and the other study monitored a decrease in LDH expression itself. Therefore 

both studies may be measuring a combination of fibrosis and inflammation.   

 

Future studies with acidoCEST MRI could assess the relationship between in vivo pHe 

measurements relative to ex vivo analyses of TGF- expression in the lung lesions.  In 

addition, future studies could assess the early response to chemotherapies directed against 

IPF.  For example, an inhibitor of lactic acid dehydrogenase can reduce lactic acid 

production, which may reduce or reverse the formation of IPF lesions.  In addition, 

acidoCEST MRI can be translated to the clinic as a method for monitoring the IPF 

progression and the early therapeutic response of IPF patients.  

 

CONCLUSION 

Respiration-gated acidoCEST MRI can measure the pHe in lung lesions of IPF.  The 

average pHe of the lesions was inversely related to lesion size, which supports the 

proposed feed forward loop in IPF.  The lesion volume was also inversely correlated with 

% uptake, which indicated that the least vascularized portions of the lesions were first 

removed from the lesion over time.  Lastly, no correlation was seen between lesion 

volume and ADC, indicating that the density of fibrocity in the lesions was unchanged as 

the lesions decreased in volume. 

 

 

 

 

 



64 
 

REFERENCES 

 
[1] Nathan SD, Shlobin OA, Weir N, Ahmad S, Kaldjob JM, Battle E, Sheridan MJ, 

du Bois RM. Long-term course and prognosis of idiopathic pulmonary fibrosis in 
the new millennium. Chest 2011;140:221-229.  

[2] Richeldi L. Assessing the treatment effect from multiple trials in idiopathic 
pulmonary fibrosis. Eur Respir Rev 2012;21:147-151. 

[3] Ley B, Collard HR, King TE, Jr. Clinical course and prediction of survival in 
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 2011;183:431-440. 

[4] Sime PJ, Samstrand B, Xing Z, Graham F, Fisher L, Gauldie J. Adenovirus-
mediated gene transfer of the proteoglycan biglycan induces fibroblastic 
responses in the lung.  Chest 1997;111:137S. 

[5] Tarantal AF, Chen H, Shi TT, Lu CH, Fang AB, Buckley S, Kolb M, Gauldie J, 
Warburton D, Shi W. Overexpression of transforming growth factor-beta1 in fetal 
monkey lung results in pulmonary fibrosis. Eur Respir J  2010;36:907-914. 

[6] Kottmann RM, Kulkami AA, Smolnycki KA, Lyda E, Dahanayake T, Salibi R, 
Honnons S, Jones C, Isern NG, Hu JZ, Nathan SD, Grant G, Phipps RP, Sime PJ. 
Lactic acid is elevated in idiopathic pulmonary fibrosis and induces myofibroblast 
differentiation via pH-dependent activation of transforming growth factor-beta. 
Am J Respir Crit Care Med 2012;186:740-751. 

[7] Chen LQ, Howison CM, Jeffery JJ, Robey IF, Kuo PH, Pagel MD. Evaluations of 
extracellular pH within In Vivo Tumors Using acidoCEST MRI. Magn Reson 
Med 2013, DOI: 10.1002/mrm.25053. [Epub ahead of print]. 

[8] Aime S, Calabi L, Biondi L, De Miranda M, Ghelli S, Paleari L, Rebaudengo C, 
Terreno E. Iopamidol: Exploring the potential use of a well-established x ray 
contrast agent for MRI. Magn Reson Imaging 2005;53:830-834. 

[9] Aime S, Barge A, Delli Castelli D, Fedeli F, Mortillaro A, Nielsen FU, Terreno E. 
Paramagnetic Lanthanide(III) complexes as pH-sensitive chemical exchange 
saturation transfer (CEST) contrast agents for MRI applications. Magn Reson 
Med 2002;47:639-48. 

[10] Ward KM, Balaban RS. Determination of pH using water protons and chemical 
exchange dependent saturation transfer (CEST). Magn Reson Med 2000;44:799-
802. 

[11] Liu G, Li Y, Sheth VR, Pagel MD. Imaging In Vivo Extracellular pH with a 
Single Paramagnetic Chemical Exchange Saturation Transfer Magnetic 
Resonance Imaging Contrast Agent. Mol Imaging 2012;11:47-57. 

[12] Ward KM, Aletras AH, Balaban RS. A new class of contrast agents for MRI 
based on proton chemical exchange dependent saturation transfer (CEST). Magn 
Reson Imaging 2000;143:79-87.  

[13] Grad J, Bryant RG. Nuclear magnetic cross-relaxation spectroscopy. JMR 
1990;90:1-8. 

[14] Liepinsh E, Otting G. Proton Exchange Rates from Amino Acid Side Chains - 
Implications for Image Contrast.  Magn Reson Med 1996;35:30-42. 

[15] Sheth VR, Li Y, Chen LQ, Howison CM, Flask CA, Pagel MD. Measuring in 
vivo tumor pHe with CEST-FISP MRI. Magn Reson Med 2012;67:760-768. 



65 
 

[16] Longo DL, Busato A, Lanzardo S, Antico F, Aime S. Imaging the pH evolution of 
an acute kidney injury model by means of iopamidol, a MRI-CEST pH-
responsive contrast agent. Magn Reson Med, 2013;70:859-864. 

[17] Sheth VR, van Heeckeren RC, Wilson AG, van Heeckeren AM, Pagel MD. 
Monitoring Infection and Inflammation in Murine Models of Cystic Fibrosis with 
Magnetic Resonance Imaging. Magn Reson Imaging 2008;28:527-532. 

[18] Sheth VR, Liu G, Li Y, Pagel MD. Improved pH measurements with a single 
PARACEST MRI contrast agent. Contrast Media Molecular Imaging 2012;7:26-
34. 

[19] Garbow J, Dugas JP, Conradi MS. Respiratory gating for MRI and MRS in 
rodents. Third IEEE Symp Bioinform Bioeng 2003;126–129.  

[20] Heijman E, de Graaf W, Niessen P, Nauerth A, van Eys G, de Graaf L, Nicolay 
K, Strikers GJ. Comparison between prospective and retrospective triggering for 
mouse cardiac MRI. NBR 2007;20:439–447. 

[21] Lakatos HF, Burgess HA, Thatcher TH, Redonnet MR, Hernady E, Williams JP, 
Sime PJ. Oropharyngeal aspiration of a silica suspension produces a superior 
model of silicosis in the mouse when compared to intratracheal instillation. Exp 
Lung Res 2006;32:181-99. 

[22] Kulkarni AA, Thatcher TH, Hsiao HM, Olsen KC, Kottmann RM, Morrissette J, 
Wright TW, Phipps RP, Sime PJ. The triterpenoid CDDO-Me inhibits bleomycin-
induced lung inflammation and fibrosis. PloS one 2013;8:e63798. 

[23] Woessner DE, Zhang S, Merritt ME, Sherry AD. Numerical solution of the Bloch 
equations provides insights into the optimum design of PARACEST agents for 
MRI.  Magn Reson Med 2005;53:790-799. 

[24] Randtke EA, Chen LQ, Corrales LR, Pagel MD. The Hanes-Woolf linear QUESP 
method improves measurements of fast chemical exchange rates with CEST MRI. 
Magn Reson Med 2013;71:1603-1612. 

[25] Gregory RB, Crabo L, Percy AJ, Rosenburg A. Water catalysis of peptide 
hydrogen isotope exchange. Biochemistry 1983;22:910–917. 

[26] Haacke EM, Brown RW, Thompson MR, Venkatesan R. Magnetic Resonance 
Imaging Physical Principles and Sequence Design. New York, NY 1999: Wiley-
Liss, pp 349 

[27] Schnieder CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of 
image analysis. Nature Methods 2012;9:671-675. 

[28] Caravan P, Yang Y, Zachariah R, Schmitt A, Mino-Kenudson M, Chen HH, 
Sosnovik DE, Dai G, Fuchs BC, Lanuti M. Molecular Magnetic Resonance 
Imaging of Pulmonary Fibrosis in Mice. Am J Respir Cell Mol Biol 
2013;49:1120-6. 

[29] Shaghaghi H, Kadlecek S, Deshpande C, Siddiqui S, Martinez, Purfathi M, 
Hooman H, Ishii M, Profka H, Rizi R. Metabolic spectroscopy of inflammation in 
a bleomycin-induced lung injury model using hyperpolarized 1-13C pyruvate. 
NBM 2014;27:929-947. 

 

 



66 
 

 

APPENDIX B 

 

Clinical translation of tumor acidosis measurements with acidoCEST MRI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PUBLICATIONS 
Kyle M Jones, Edward A Randtke, Christine M Howison, Pavani Chalasani, Robert R 
Klein, Setsuko K Chambers, Philip H Kuo, Mark D Pagel. Clinical translation of tumor 
acidosis measurements with acidoCEST MRI. Molecular Imaging and Biology 2016, 
accepted for publication. 
 
PRESENTATIONS AND MEETING ABSTRACTS 
 
1. Clinical translation of tumor acidosis measurements with acidoCEST MRI, SPIE, San 
Diego, CA, Mar 1 2016. [Oral Presentation] 

 



67 
 

INTRODUCTION 

Tumor metabolism often relies on aerobic glycolysis to produce energy and molecular 

building blocks that are required for biosynthesis in rapidly proliferating cells, known as 

the Warburg effect [1].  An increased glycolysis leads to increased production of lactic 

acid, which causes the extracellular pH (pHe) to become lower in the tumor 

microenvironment [2].  Aggressive tumors are often more metabolically active, and 

therefore the tumor pHe may be used to evaluate tumor aggressiveness [3,4].  

Furthermore, treatments that inhibit tumor metabolism can often slow the rate of 

glycolysis, leading to reduced lactic acid production in the tumor microenvironment.  

Thus an increased tumor pHe may indicate an early response to therapy [5]. 

 

We have measured pHe in tumor models of human cancers with chemical exchange 

saturation transfer (CEST) MRI [6]. Our specific “acidoCEST MRI” protocol measures 

the two CEST signals produced by the amide protons of iopamidol (Isovue™, Bracco 

Imaging, Inc.), which is FDA-approved for clinical CT studies that we have repurposed 

for CEST MRI exams [7]. A ratio of these CEST signals is linearly correlated with pH 

because the exchange of amide protons and water protons is base-catalyzed [8].  The ratio 

is not dependent on concentration, T1 relaxation time of the endogenous tissue, or B1 

inhomogeneity during the CEST saturation period, which greatly improves the utility of 

acidoCEST MRI for diagnostic imaging [9, 10, 11]. 

 

In this study, we aimed to optimize the acidoCEST MRI acquisition protocol for clinical 

translation.  In particular, we sought to improve our analysis methods to avoid overfitting 
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noisy CEST spectra, especially when CEST signal amplitudes are low [12]. This problem 

is exacerbated at lower magnetic field strengths due to greater overlap of features in a 

CEST spectrum.  We investigated fitting CEST spectra with the Bloch equations 

modified for chemical exchange (described as Bloch fitting for the remainder of this 

report) [13]. We also incorporated the measurement of pH directly into this Bloch fitting 

method to improve the determination of pH values.  Finally, we investigated the clinical 

translation of improved acidoCEST methods to the radiology clinic, to evaluate a patient 

with high grade invasive ductal carcinoma and a patient with metastatic epithelial ovarian 

cancer. 

 

MATERIALS AND METHODS 

Chemical solutions 

Analysis of chemical solutions to determine base catalyzed exchange rates 

Solutions of 78 mM iopamidol were adjusted to pH values of 5.82, 6.08, 6.47, 6.72, 6.93, 

7.42 and 7.67.  A solution of 39 mM of the agent was prepared at pH 6.72 to ensure that 

the estimated exchange rate (kex) of each exchanging pool of iopamidol was independent 

of concentration.  Each solution was tested in a 600 MHz Bruker NMR spectrometer at 

37.0 ± 0.5 °C by applying a B0 gradient along the solution’s long axis to perform ultrafast 

CEST MRI [14]. These results were acquired from -7.5 ppm to 0 ppm, -2.5 to 5 ppm, and 

2.5 ppm to 10 ppm to compensate for diffusion that would affect results generated from 

testing the full range of -7.5 to 10 ppm. The region used for Bloch fitting of the CEST 

spectra used a region of -5 to 10 ppm.  The B0 gradient was adjusted relative to in-plane 

spatial resolution to generate a CEST spectrum with 0.03 ppm increments.  The base 
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catalyzed exchange rate (kb) and uncatalyzed exchange rate (ko) of each exchanging pool 

of iopamidol were determined by fitting the Bloch equations to the CEST spectra of 

solutions at different pH values (Equation 1). The acid catalyzed exchange rate (ka) was 

assumed to be negligible for all exchanging pools. 

  kex = ko + kb10(pH-pkw)                                                     [1] 

This analysis allowed us to incorporate the pH into the Bloch equations as a fitting 

parameter, along with the concentration of the agent, T1 and T2 relaxation time constants 

of water, B0 value, and two scale factors to account for potential changes in the baseline 

of the CEST spectrum. 

 

7 T MRI studies of chemical solutions 

Solutions of 10 mM iopamidol were adjusted to pH values of 5.36, 6.40, 6.60, 6.78, 6.96, 

7.13, 7.33, and 7.54. Each solution was placed in a 300 µL centrifuge tube and all 

samples were placed in a box filled with agar. The box was placed in a 7 T Biospec MRI 

scanner (Bruker Biospin, Billerica, MA) maintained at 37.0 ± 0.5 °C using warm air (SA 

Instruments, Inc., Stony Brook, NY). To maintain the temperature of the box, a fiber 

optic sensor was inserted into the agar, which controlled the warm air based on the 

temperature of the agar. Four acidoCEST MRI scans were acquired using a CEST-FISP 

MRI protocol with parameters listed in Table 2.1. Saturation frequencies were iterated 

from -10 ppm to 10 ppm in increments of 0.2 ppm. 

 

3 T MRI studies of chemical solutions 
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Solutions of 50 mM iopamidol were adjusted to pH values of 5.21, 6.42, 6.63, 6.76, 7.03, 

and 7.22. Each solution was placed in a 50 mL conical tube and all samples were placed 

in a Styrofoam container that was filled with water. The container was wrapped with a 

heating pad to maintain a 37.0 ± 0.5 °C temperature, and placed in a 3 T MRI scanner.  A 

fiber optic sensor was inserted into the water inside the container, which controlled the 

heating pad. Four acidoCEST MRI scans were acquired using a CEST-FISP MRI 

protocol with parameters listed in Table 2.1. Saturation frequencies were iterated from -

10 ppm to 10 ppm in increments of 0.2 ppm. 

 

Simulations 

CEST spectra were constructed using the Bloch equations and the experimentally 

determined exchange rates of iopamidol. To simulate an in vivo difference CEST 

spectrum at a particular pH value and B0 field strength, pre-injection and post-injection 

spectra were simulated by setting the concentration of iopamidol to 0 mM and 20 mM, 

respectively. White Gaussian noise was added to each pre-injection and post-injection 

CEST spectrum at a signal-to-noise ratio (SNR) of 40 and then the post-injection 

spectrum was subtracted from the pre-injection spectrum. A SNR of 40 and a 

concentration of 20 mM were chosen because the simulated difference CEST spectrum 

was similar to in vivo CEST spectra from our past studies [15]. Bloch fitting was 

performed on the simulated difference CEST spectrum to estimate the pH value. This 

spectrum was also fit with three Lorentzian line shapes to account for the CEST signals 

from the two amide protons and the hydroxyl groups of iopamidol using our previously 

reported fitting method [16]. This process was repeated 100 times with different white 



71 
 

Gaussian noise for each repetition. These simulations were performed at 7 T magnetic 

field strengths with 3.5 µT saturation power, and at 3 T field strength with 3.5 µT and 1.5 

µT saturation powers, which matched the B0 and B1 combinations that were used for in 

vivo studies. 

 

Mouse model 

The University of Arizona Institutional Animal Care and Use Committee approved our 

studies with mouse models of human ovarian cancer.  A flank tumor model was prepared 

by injecting 106 epithelial SKOV3 tumor cells in 0.5 mL of 50% Matrigel in the 

subcutaneous rear flank of 10 female C.B-17/ICRACC white SCID mice at 4-8 weeks of 

age.  Starting two weeks after cell injection, each mouse was evaluated with acidoCEST 

MRI each week for four weeks.   

 

At the start of each MRI scan, 1.5-2.5% isoflurane in O2 gas was used to anesthetize a 

mouse.  The mouse was positioned in a customized cradle, and a pneumatic pad was 

positioned under the mouse to monitor respiration (SA Instruments, Inc., Stony Brook, 

NY).  A fiber optic sensor was used to monitor core body temperature, which was 

maintained at 37.0  0.5oC using warmed air.  A tail vein was catheterized to deliver the 

contrast agent.   

 

In vivo MRI acquisition methods 

MRI acquisition parameters for all protocols are listed in Table 2.1. 
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MRI of the flank tumor model 

We performed a multi-slice, spin echo MRI acquisition to localize the flank tumor and 

measure tumor volume.  We then performed four pre-injection acidoCEST MRI scans to 

obtain a spectrum of endogenous CEST signals. Each acidoCEST MRI scan consisted of 

40 saturation frequencies that were acquired in 3:47 min.  After injecting 3.7 mgI/g 

iopamidol, an infusion pump was connected to the catheter line to deliver the agent at 400 

μL/hr throughout the remainder of the scan session.  Six post-injection acidoCEST MRI 

scans were then obtained.  The total scan time was 37:50 min. 

 

Delayed gadolinium enhancement imaging of a patient with metastatic ovarian cancer 

A multi-slice gradient echo MRI protocol was used two weeks prior to CEST MRI to 

collect MR images that were enhanced by an intravenous injection of 8 mL of 529 

mg/mL gadobenate dimeglumine (MultiHance®, Bracco Imaging, Inc., Princeton, NJ). 

Images were acquired prior to injection, 30 s after injection (arterial-enhanced image), 60 

s after injection (venous-enhanced image) and 4 min after injection (delayed enhanced 

image).  

 

CEST-MRI of patients with high grade invasive ductal and metastatic ovarian cancer    

At the start of clinical acidoCEST MRI, a multi-slice, gradient echo MRI protocol 

without respiration gating was used to localize the tumor. A WASSR MRI protocol 

identified the B0 offset. The saturation period consisted of ten rectangular pulses each 

with a 99 ms duration and a 0.1 ms delay. This sequence was repeated from -2 to 2 ppm 

in 0.1 ppm increments to generate a water line profile in a total time of 36 s.  
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We used an ungated acidoCEST MRI pulse sequence for patient imaging, which used a 

saturation period composed of 20 rectangular pulses, each 99 ms long followed by a 1 ms 

delay. After each saturation period, a turboFLASH sequence was used to acquire an MR 

image that was identical to that used with the WASSR MRI protocol. This sequence was 

repeated with a series of 20 saturation frequencies at 3.0 to 6.9 ppm in 0.1 ppm 

increments, referenced to the water frequency set to 0 ppm as determined from WASSR 

MRI results. After the last of 10 pre-injection scans, we delivered iopamidol (370 

mgI/mL) at 1 mL/s for 60 s and then at 0.2 mL/s for 5 min via a catheter inserted in the 

arm, for a total of 120 mL of injection volume. Fifteen post-injection scans were acquired 

immediately after the first 60 s of injection.  The total scan time for the pre-injection and 

post-injection scans was 23:45 min. 

 

Image analysis 

Analysis of tumor volumes 

To measure the tumor volume in each mouse, the areas of image regions 

representing tumor tissue were manually selected and summed using ImageJ. 

 

Lorentzian line shape fitting and Bloch fitting 

For Bloch and Lorentzian line shape fitting, a step size of 10-8 and a function 

tolerance of 10-8 was used. Initial values for Bloch fitting were pHe = 7.0; 

concentration = 10 mM; T1 = 2.0 sec; T2 = 0.056 sec; B0 offset = 360 Hz (where 

B0 offset is the water saturation shift offset for an individual pixel relative to the 
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Larmor frequency); and two scale factors set to a value of 1 to account for the 

change in baseline between the pre-injection and post-injection scans. Initial 

values for Lorentzian line shape fitting were widths of 2 ppm and amplitudes of 

10% for both the 4.2 and 5.5 ppm peaks of iopamidol. The offsets of 4.2 and 5.5 

ppm were also used as initial guesses for the location of the two peaks in the 

difference CEST spectrum. A line shape for the hydroxyl groups of iopamidol 

was not fit from in vivo studies due to their proximity to water. The B0 offset was 

estimated by taking the minimum value in the CEST spectrum for both the pre- 

and post-injection images as the true water saturation offset frequency and 

adjusting all other saturation offset frequencies according to the B0 offset estimate 

[17]. 

 

pH analysis of the chemical solutions 

Four MR images were acquired and averaged. A CEST spectrum was constructed 

for each pixel within a region of the image that contained the chemical solutions 

as well as intermediate space filled with agar or water. These spectra represented 

post-injection spectra because the chemical solutions contained iopamidol. To 

generate a pre-injection spectrum for each pixel, a one pool Lorentzian line shape 

for the water peak was fit to the spectrum. The experimental spectrum was then 

subtracted from this fitted Lorentzian line shape to generate a difference CEST 

spectrum. Bloch fitting and Lorentzian line shape fitting was performed with this 

difference CEST spectrum. 
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pHe analysis of the flank tumor model 

For the flank tumor model, the average of the four pre-injection MR images and 

the average of the six post-injection MR images were each spatially smoothed 

with Gaussian filtering, for each set of images acquired at a specific saturation 

frequency (Figure 2.3). The resulting pre-injection image was subtracted from the 

post-injection image acquired at each saturation frequency. A CEST spectrum 

was constructed for each pixel from these difference images.  Each difference 

CEST spectrum was fit with Lorentzian line shapes and Bloch fitting. 

 

The median value from the pixelwise pHe values of the tumor represented the 

total tumor pHe. In the pixelwise parametric maps, we limited the minimum pHe 

to 6.2 and the maximum pHe to 7.4 because results with chemical solutions 

showed that Bloch fitting was reliable between those values. Additionally, pHe 

values above 7.4 are unlikely in tumors because tumor pHe is not expected to be 

alkaline. 

 

pHe analysis of the patient with high grade invasive ductal carcinoma and the 

patient with metastatic ovarian cancer 

The Bloch and Lorentzian line shape fitting analyses of the imaging results from 

both patients were identical to the fitting process for the flank tumor model 

because pre-injection and post-injection images were acquired while the agent 

was administered intravenously.  As an exception, we changed the saturation 

pulse power and time used for the Bloch fitting procedure to match the conditions 
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of the saturation period of our clinical imaging protocol.  The first five repetitions 

of the post-injection scans of the patient with metastatic ovarian cancer had CEST 

contrast greater than 2*sqrt(2)*noise, which was approximately 2%. Contrast less 

than this threshold signifies uncertainty as to if there is agent present [2]. The 

remaining 10 repetitions had CEST contrast less than 2*sqrt(2)*noise so those 

repetitions were discarded from data analysis and we only averaged the first five 

of the fifteen repetitions of the post-injection scans for our post-injection average 

image. For the patient with high grade invasive ductal breast carcinoma, all 

repetitions of the post-injection scans appeared to have little to no agent uptake. 

Therefore, we averaged all of the post-injection scans for our post-injection 

average image. All ten of the pre-injection scans were averaged for the pre-

injection average image for the two patients. All subsequent analysis was identical 

to analysis of the flank tumor model.  Finally, for the parametric maps, pixels 

with evidence for contrast agent uptake and with pHe values above 7.0 were set to 

7.0 and pixels below 6.2 were set to 6.2 because the precision of determining pHe 

values between these values at 3 T magnetic field strength was reliable based on 

the experiment with chemical solutions at 3 T. 

 

 

 

Histological analysis 
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Tumor tissues from the patient with metastatic ovarian cancer were removed during 

surgery, prepared for histopathology, and stained with standard Hematoxylin & Eosin 

(H&E). 

 

RESULTS 

Simulations 

Our simulations showed that Bloch fitting generated accurate pH values from pH 6.2 to 

7.4 at 7 T magnetic field strength (Figures 1a,d). Lorentzian line shape fitting 

underestimated pH values from pH 6.4 to 7.4 with a more severe underestimation at 

higher pH values at 7 T (Figure 2.1a). Bloch fitting provided precise pH measurements 

from pH 6.4 to 7.4 at 7 T (Figure 2.1a). Lorentzian line shape fitting provided precise pH 

measurements from pH 6.2 to 6.8, but were much less precise at higher pH values at 7 T 

(Figure 1a).  

 

As shown by or simulations at 3 T magnetic field strength, Bloch fitting generated 

accurate pH values from pH 6.2 to 7.4 at 3 T (Figure 2.1b,e). Lorentzian line shape fitting 

produced less accurate pH values, with a more severe underestimation at higher pH 

values (Figure 2.1b). The precision of pH estimates with Bloch fitting at 3 T was 

moderate throughout the pH range and less precise than pH estimates at 7 T (Figure 

2.1b). Lorentzian line shape fitting at 3 T was imprecise, especially at higher pH values 

(Figure 2.1b).  
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The better performance of Bloch fitting compared to Lorentzian line shape fitting at 7 T 

and 3 T magnetic field strengths showed that Bloch fitting is less dependent on noise, and 

can fit spectra when 1 peak is small or non-existent, which is apparent below pH 6.2 and 

above pH 7.0 at 7 T and below pH 6.4 and above pH 6.8 at 3 T. The better performance 

of Bloch fitting and Lorentzian line shape fitting at 7 T compared to 3 T is due to better 

peak separation at 7 T. 

 

Bloch fitting produced more accurate pH estimates with a 1.5 µT saturation pulse than a 

3.5 µT saturation pulse at 3 T (Figure 2.1c,f). The precision of the pH estimates was 

similar at the two saturation powers (Figure 2.1c). The better accuracy in pH estimations 

with a low saturation power was attributed to better peak separation with a lower 

saturation pulse power. However, a low saturation pulse power necessitates a higher 

concentration of agent delivery to generate CEST effects of both peaks that can be 

distinguished from the noise in a CEST spectrum. We decided that better peak separation 

with a low saturation pulse power and thus more accurate pH estimates at 3 T was more 

important than estimating inaccurate pH measurements in cases where agent delivery was 

low.  
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Figure 2.1 Simulation Results. Box plots were created from the fitted pH values of the 
100 simulated difference CEST spectra for a) Lorentzian line fitting and Bloch fitting at 7 
T, b) Lorentzian line fitting and Bloch fitting at 3 T with a 3.5 µT saturation pulse and c) 
Bloch fitting at 3 T with a 3.5 µT saturation pulse and Bloch fitting at 3 T with a 1.5 µT 
saturation pulse. A best fit line was generated from the median values of the box plots for 
d) Bloch fitting at 7 T, e) Bloch fitting at 3 T with a 3.5 µT saturation pulse and f) Bloch 
fitting at 3 T with a 1.5 µT saturation pulse. 

 
Experimental studies with chemical solutions 

Our experimental studies showed that Bloch fitting generated more accurate pH 

measurements with chemical solutions below pH 6.4 and above pH 7.0 compared to 

Lorentzian line shape fitting at 7 T (Figures 2.2b,c). Lorentzian line shape fitting 

estimated experimental pH values from pH 6.4 to 7.0, but was unable to differentiate 

chemical solutions above pH 7.0. These results matched well with simulation results and 

demonstrate that the dynamic range for pH measurements with Bloch fitting is greater 

than with Lorentzian line shape fitting. Lorentzian line shape fitting was unable to 

generate accurate pH measurements of chemical solutions at 3 T whereas Bloch fitting 

was able to generate accurate and precise pH measurements at pH 6.4 to 7.0 (Figures 

2.2e,f). This experimental result demonstrated that acidoCEST MRI is feasible at 3 T 



80 
 

with Bloch fitting, although the dynamic range is smaller than at 7 T. Additionally, Bloch 

fitting at both 3 T and 7 T estimated pH values above 7.4 in areas where the chemical 

solutions were nonexistent, which can be easily filtered and removed from the pH 

parametric map. Lorentzian line shape fitting often estimated pH values in areas without 

chemical solutions, demonstrating that Lorentzian line shape fitting is more susceptible to 

over-fitting into the noise of a CEST spectrum. 

 

Figure 2.2. AcidoCEST MRI results with chemical solutions at 7 T and 3 T. a) A 
reference image at 7 T shows the location of each sample, labeled with the pH value. pH 
measurements using b) Bloch fitting and c) Lorentzian line shape fitting at 7 T shows that 
pH estimates are more accurate and precise with Bloch fitting. d-f) A similar set of 
images and parametric maps were obtained at 3 T. 
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Evaluations of the acidoCEST MRI protocol for the tumor model 

All ten mice of the flank tumor model survived throughout the study. Some pHe 

measurements were not determined from some MRI scan sessions due to insufficient 

uptake of the agent resulting in a 40% success rate (16/40) in measuring tumor pHe in the 

flank model. This success rate indicated that the need for high agent uptake in tumor 

tissues is a potential pitfall of the acidoCEST MRI technique.  

 

We applied Bloch fitting to analyze each CEST spectrum from each pixel within the 

tumor area.  Our Bloch fitting method was less sensitive to noise and therefore was not 

susceptible to over-fitting (Figure 2.4a). For comparison, Lorentzian line shape fitting 

methods were sensitive to noise, and caused overfitting of the CEST spectrum (Figure 

2.4b). Additionally, Bloch fitting used 7 parameters (pHe, concentration, T1 relaxation 

time constant of water, T2 relaxation time constant of water, B0 offset, and two scale 

factors to account for the baseline changing between the pre-injection and post-injection 

scans), which are fewer than the 9 parameters required for Lorentzian line shape fitting 

(amplitude, width and center frequency for three Lorentzian line shapes). Fitting fewer 

parameters may provide a more robust estimate of pHe. 

 

The Bloch fitting analysis estimated a concentration of 5 to 100 mM in the flank tumor 

following injection and infusion (Figure 2.5b).  This concentration generated exogenous 

CEST signals that were larger than endogenous CEST signal amplitudes, but these 

endogenous signals were still significant relative to the exogenous signals for those pixels 

with concentrations close to 5 mM, which can compromise CEST analyses of the 
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exogenous agent.  To address this problem, we subtracted the averaged, smoothed pre-

injection image from the averaged, smoothed post-injection image at each saturation 

frequency, which removed the CEST signals from endogenous molecules, assuming that 

the endogenous contrast was static throughout the imaging session (Figure 2.3).  

 

Figure 2.3. AcidoCEST MR image processing. The four pre-injection images were 
averaged to create and averaged pre-scan image, and the six post-injection images were 
averaged to create and averaged post-scan image. A Gaussian spatial filter was applied to 
both the pre-scan and post-scan images. The averaged, smoothed post-injection image 
was subtracted from the averaged, smoothed pre-injection image to create a difference 
image. 
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Figure 2.4 Analyses of acidoCEST MRI results of the tumor models. A representative 
CEST spectrum from a pixel of the flank tumor model was analyzed by a) Bloch fitting 
and b) Lorentzian line shape fitting. A representative CEST spectrum from a pixel of the 
patient with metastatic ovarian cancer was analyzed with c) Bloch fitting and d) 
Lorentzian line shape fitting.   

 

Evaluations of acidoCEST MRI results for the tumor model 

A representative pHe map of a flank tumor generated with Bloch fitting (Figure 2.5a) 

showed pHe measurements between 6.4 and 7.4 throughout the tumor. This pHe range 

matches well with the expected tumor pHe range from past acidoCEST MRI studies, 

indicating that Bloch fitting generated reasonable pHe measurements. Bloch fitting also 

generated a representative concentration map of a flank tumor (Figure 2.5b), which 
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showed sufficient concentration (> 40 mM) of iopamidol throughout the tumor for 

acidoCEST pHe measurements. In contrast, a representative pHe map of a flank tumor fit 

with Lorentzian line shapes (Figure 2.5c), which showed some pHe measurements below 

6.4 and above 7.4, indicated that fitting with Lorentzian line shapes is more susceptible to 

generating unreasonable pHe measurements as compared to Bloch fitting.  

 

Flank tumor volumes were 50 – 150 mm3 for the first MRI scan and 350 – 550 mm3 for 

the final MRI scan. Larger tumor volumes were correlated with a more acidic pHe in the 

flank tumor model, indicating that this tumor model became more metabolically active 

during tumor growth (Figure 2.5d). The parametric maps showed a larger pHe range 

within the tumor with Lorentzian line shape fitting than with Bloch fitting, which was 

attributed to the lower precision offered by Lorentzian line shape fitting (Figure 2.5e). 

Both tumor models fit with Bloch and Lorentzian line shape fitting showed no 

relationship between tumor volume and concentration of agent in the tumor, suggesting 

that each tumor model had consistent vascular flow and permeability characteristics 

during tumor growth. 

 

A comparison between Bloch and Lorentzian line shape fitting of the median values of 

the pixelwise maps for each mouse imaged showed a weak but positive correlation 

indicating that pHe measurements were similar between the two fitting methods (Figure 

2.5f). The median value was chosen to represent the pHe of each mouse because 

Lorentzian line shape fitting is susceptible to overestimating the pHe quite dramatically at 

pHe values greater than 7.0, which is demonstrated when comparing pixelwise pHe 



85 
 

measurements between Bloch and Lorentzian line shape fitting of a representative mouse 

(Figure 2.5g). Thus the similarity in pHe measurements on a mouse by mouse basis 

between Bloch and Lorentzian line shape fitting was improved when comparing the 

median pHe value of the pixelwise map rather than the average value. 
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Figure 2.5. acidoCEST MRI of the flank tumor model.  a) A representative parametric 
map of tumor pHe and of b) concentration determined with Bloch fitting of the flank 
tumor model is overlaid on the anatomical image.  c) A parametric map of tumor pHe 
determined with Lorentzian line shape fitting of the flank tumor model is overlaid on the 
anatomical image. d) The flank tumor model showed a weak inverse correlation between 
pHe and tumor volume when analyzed with Bloch fitting, suggesting increased 
metabolism as the tumor grew larger. This correlation was weaker when the pixels were 
analyzed with e) Lorentzian line shape fitting. Error bars represent the standard deviation 
of the pixelwise map for a particular mouse. f) When comparing the median values from 
the parametric pHe maps analyzed with Bloch fitting and Lorentzian line shape fitting on 
a mouse by mouse basis, there was a weak positive correlation, suggesting that results 
from the two fitting methods were similar but not identical. g) Within the same mouse, 
pixel values from Bloch and Lorentzian line shape fitting were more similar when Bloch 
fitting estimated low pHe values compared to when Bloch fitting estimated high pHe 
values. 
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Evaluations of the acidoCEST MRI protocol for patients 

Both patients reported no discomfort with i.v. injection and the MRI scan session, which 

supported the clinical feasibility of this method.  Slight patient movement throughout the 

acidoCEST MRI acquisition was evident in the anatomical MR images of the patient with 

metastatic ovarian cancer. However, the movement did not cause motion artifacts in the 

FISP images that were acquired with a spatial resolution that was coarser than the 

anatomical images. The Gaussian spatial filter used for each FISP image corrected for the 

slight changes in location of the tissues for this patient. The tumors were easily identified 

with the T1-weighted gradient echo sequence.  

 

The rapid wash out of iopamidol from the tumors did not provide sufficient time to 

acquire a full CEST spectrum with good CNR. Therefore, we acquired 15 post-injection 

images with saturation offsets between 3.0 and 6.9 ppm. We adjusted the saturation 

offsets to match this range by determining the water MR frequency from the WASSR 

MRI results.  We used a range that was larger than 4.2 to 5.6 ppm to accommodate B0 

inhomogeneity, which was estimated to be 0.2 ppm within the tumor.  

 

Since both patients were imaged with a 3 T MRI scanner, the two peaks of the agent were 

overlapped in the CEST spectra for most pixels in the image of the tumors (Figures 

2.4c,d). Fortunately, Bloch fitting accounts for the shape of the overlapped peaks, which 

is pH dependent. This shape was well characterized in most pixels of the right posterior 

tumor and throughout almost all of the kidney for the patient with metastatic ovarian 

cancer, allowing for good pHe measurements. For the patient with high grade invasive 
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ductal carcinoma, there was not sufficient uptake of the agent to allow for good pHe 

measurements with Bloch or Lorentzian line shape fitting. 

 

Evaluations of acidoCEST MRI results for patients 

The acidoCEST MRI acquisition and analysis method produced a parametric map of the 

pHe of the tumors (Figures 2.6 and 2.7). The patient with high grade invasive ductal 

carcinoma produced unreliable pHe measurements with Bloch and Lorentzian line shape 

fitting, which was attributed to low uptake of the agent (Figures 2.6b,c,d). The patient 

with metastatic ovarian cancer showed higher uptake of the agent in the tumors, allowing 

for reliable pHe measurements in the tumors and the kidney with Bloch fitting. 

Lorentzian line shape fitting showed pHe measurements of approximately 6.4 throughout 

the tumors and kidney, which is similar to results with chemical solutions and thus 

further demonstrates that Lorentzian line shape fitting is unable to measure pHe at 3 T. 

Our parametric maps for both Bloch and Lorentzian line shape fitting consisted of pHe 

values only between pHe 6.2 and 7.0 with pHe values above 7.0 set to our maximum 

threshold of 7.0, because results with chemical solutions showed that Bloch fitting at 3 T 

was unreliable outside of this range (Fig 2.6a,c). Analysis of the pHe map generated from 

Bloch fitting showed that the right posterior tumor provided the most reliable pHe 

measurements.  The average pHe value of this right posterior tumor was 6.79 units, and 

the standard deviation of the pHe values throughout this tumor was 0.21 units.  

 

In the patient with metastatic ovarian cancer, the agent accumulated with an 84 mM 

concentration in the right posterior tumor, 56 mM in the left posterior tumor, and 58 mM 
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in the anterior tumor (Figure 2.6b). However, the estimation of concentration is highly 

correlated with T1 relaxation time. For instance, it was apparent during the fitting process 

that the concentration estimates were sometimes overestimated due to an underestimation 

of T1. Thus, in future studies, concentration estimates could be improved by acquiring a 

T1 map. The DCE MRI evaluation of the tumor demonstrated good delayed enhancement 

of the right posterior tumor (Figures 2.7d-g), consistent with a tumor that was both 

vascular and fibrous.  The other two tumors did not show the same delayed enhancement 

from DCE MRI, suggesting that the agent would have lower uptake in these tumors.  

Thus, the concentration of agent determined via acidoCEST MRI compared favorably 

with the DCE MRI results. DCE MRI may be useful for pre-screening patients who have 

tumors that can be analyzed with acidoCEST MRI. 

 

The three tumors of the patient with metastatic ovarian cancer were classified with 

histology (Figure 2.8). The anterior tumor was primarily composed of cells, and showed 

little protein or vascularity. The left posterior tumor was similar to the anterior tumor and 

also had a fibrous capsule along the edge, which matched with the delayed enhancement 

DCE MR image that typically results from high accumulation of the agent in fibrous 

tumor regions (Figure 2.8g). The right posterior tumor showed higher vascularity and 

more fibrous tissue than the other two tumors, which correlated with results from the 

delayed enhancement DCE MR image.  Therefore, the histopathological results supported 

the observation that tumor pHe measurements were reliable in the right posterior tumor 

due to higher vascularity and fibrosity that facilitated higher contrast agent uptake and 

retention. 
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The parametric pHe map (Figure 2.7a) of the kidney of the patient with metastatic 

ovarian cancer generated with Bloch fitting showed an average pHe of 6.73 units, with a 

standard deviation of 0.24 units. The outer cortex showed reliable pHe measurements 

between pHe 6.2 and 7.0, but the inner medulla had pHe values below 6.2, which is 

below our minimum threshold for our range of reliable pHe measurements.  These results 

matched the acidic inner medulla and more neutral outer cortex that we and others have 

observed in mouse tumor models, which further supported that our clinical acidoCEST 

MRI protocol produces reliable pHe measurements [17]. The average concentration of the 

agent in the outer cortex was estimated to be 80 mM, and the concentration in the inner 

medulla was 69 mM, which provided assurance that sufficient agent had collected in the 

kidney to produce strong CEST MRI signals.  
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Figure 2.6. Parametric maps of the patient with invasive ductal carcinoma. a) A reference 
anatomical image of the patient with high grade invasive ductal carcinoma. b) Parametric 
maps of tumor concentration determined with Bloch fitting, c) tumor pHe determined 
with Bloch fitting, and d) tumor pHe determined with Lorentzian line shape fitting are 
each overlaid on the anatomical image. 



92 
 

 

Figure 2.7. Parametric maps of the patient with metastatic ovarian cancer. a) Parametic 
maps of tumor pHe determined with Bloch fitting, b) tumor concentration determined 
with Bloch fitting, c) and a parametric map of tumor pHe determined with Lorentzian 
line shape fitting are overlaid on a reference image. d) A gradient echo MR image 
showed the location of the tumor and kidney. e) arterial, f) venous, and g) delayed 
contrast enhanced gradient echo MR images showed different levels of agent uptake in 
each tumor. 

 
Figure 2.8. Histopathology of the metastatic ovarian tumors. Staining for collagen in a,d) 
the left posterior tumor, b,e) the right posterior tumor and c,f) anterior tumor showed 
higher fibrosity in the right posterior tumor and the rim of the left posterior tumor. 
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DISCUSSION 

This study has established the clinical translation of acidoCEST MRI from imaging of a 

flank tumor model to the clinical imaging evaluation of a patient with metastatic ovarian 

cancer.  Our acidoCEST MRI study produced measurements of pHe and concentration of 

agent in tumor tissues.  The comparison of pHe measurements estimated with Bloch 

fitting compared to Lorentzian line shape fitting were more accurate and precise in 

simulations, chemical solutions, a flank tumor model, and a patient with metastatic 

ovarian cancer, demonstrating the superiority of Bloch fitting relative to Lorentzian line 

shape fitting for acidoCEST MRI.  

 

Iopamidol was previously used to measure pHe of the bladder in a patient, whereby the 

bladder accumulated high concentrations of the agent for the pHe measurement [18]. This 

previous report did not indicate that reliable pHe measurements were made in other 

organs, which may possibly be related to the level of uptake of the agent in these other 

organs.  Similarly, in the patient with metastatic ovarian cancer, we observed a high 

concentration of agent throughout the kidney, and sufficient concentration in the right 

posterior tumor for pHe measurements, while the other two tumors had lower uptake of 

agent that made the pHe measurements less reliable for these tumors. Additionally, in the 

patient with high grade invasive ductal breast carcinoma, low uptake of the agent was 

seen throughout the tumor and nearby tissue.  This evidence indicates that pHe 

measurements can only be made in tissues with high uptake of the agent.   
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The previous study of bladder pHe was limited to measurements of pHe below 7.0, 

because the CEST signal at 5.6 ppm is weak above this pHe value, which obviates a 

ratiometric analysis of two CEST signals.  We also observed this limitation, which 

prompted us to replace our previous ratiometric analysis method with a new Bloch fitting 

method to determine pHe. Our Bloch fitting method does not require two distinguishable 

CEST signals in the CEST spectrum, which allowed us to measure pHe above 7.0 at 7 T. 

Unfortunately we were not able to measure pHe above 7.0 at 3 T due to SNR limitations. 

Bloch fitting of CEST spectra is a significant technological advancement, further 

improving clinical translation of acidoCEST MRI. 

 

We have previously developed paramagnetic CEST (paraCEST) agents that can measure 

pHe [9, 10, 11]. However, our paraCEST agents contain paramagnetic lanthanide ions, 

which may cause potential toxicity especially at the concentration levels needed for 

CEST MRI detection [19]. Furthermore, a ratio of the CEST signals from these 

paraCEST agents is less dependent on pH than the same ratiometric analysis of 

iopamidol, so that pHe measurements are more precise when iopamidol is used in an 

acidoCEST MRI protocol. Other diamagnetic CEST (diaCEST) agents have been used to 

measure in vivo pHe in animal models, including iopromide (Ultravist) [15]. Together, 

these examples indicate that clinical translation of acidoCEST MRI will likely be 

facilitated by using diaCEST agents rather than paraCEST agents. 

 

CEST MRI has been used in the clinic to measure amide proton transfer (APT), an 

endogenous CEST effect that arises from chemical exchange between proteins and water. 
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APT MRI can distinguish benign oligaemia from acidotic ischaemic penumbra in patients 

with acute stroke, and can distinguish pseudoprogression from true progression in 

patients with malignant glioma who had prior radiation therapy [20, 21]. However, APT 

MRI is also sensitive to the concentration of mobile proteins in tissues, so that normal 

and pathological tissues with different protein concentrations may be misinterpreted as 

having a difference in pHe.  Furthermore, APT MRI is sensitive to other conditions such 

as saturation power and endogenous T1 relaxation time of the tissue.  For comparison, 

acidoCEST MRI with an exogenous CEST agent can measure pHe in a manner that is 

independent of concentration, saturation power, and T1 relaxation time, which offers 

advantages relative to APT MRI. 

 

Our current study has established the clinical translation of acidoCEST MRI with an 

exogenous diaCEST agent for measuring tumor pHe.  Yet future studies are warranted to 

understand the utility of this new molecular imaging method for clinical diagnoses.  

Future studies should investigate the relationship between in vivo pHe measurements and 

ex vivo analyses of pH-related molecular biomarkers, to further understand the 

relationship between tumor acidosis and molecular drivers in cancer.  Future studies 

should also investigate the change in tumor pHe in early response to therapies that 

directly target the lactate production pathway, or that indirectly affect metabolism that 

can cause a general reduction in lactate production.  Future clinical studies may establish 

that measurements of tumor pHe can be used as an independent marker to improve the 

diagnosis and care of each individual cancer patient through personalized medicine.  
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These many reasons justify the continued clinical translation and development of 

acidoCEST MRI. 
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Table 2.1 Summary of imaging parameters 
 7 T chemical 

solutions and 
flank tumor 
model 

3 T chemical solutions and patients 
 

 

Anatomical  Ovarian Ductal Carcinoma 
Acq Sequence Spin Echo Gradient Echo Spin Echo 
TR 1076 msec 4.36 msec 2.96 msec 
TE 12.7 msec 2.3 msec 1.2 msec 
Slice thickness 1 mm 3 mm 1 mm 
Number of slices 10 88 60 
Orientation Axial Axial Axial 
In-plane resolution 453x453 µm2 1.5x1.5 mm2 1.4x1.4 mm2 

Matrix size 128x128 288x216 288x248 
Field of view 5.8x5.8 cm2 42.0 cm2 34.0 cm2 

Number of averages 1 1 1 
Respiration gating No No No 
Total acq. time 2:17 min 11 sec  30 sec 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CEST-FISP acidoCEST WASSR acidoCEST 
TR 3.70 msec 4.47 msec 4.47 msec 
TE 1.60 msec 1.62 msec 1.62 msec 
Excitation Angle 10o 15o 15o 
Slice thickness 1 mm 10 mm 10 mm 
Number of slices 1 1 1 
Orientation Axial Axial Axial 
In-plane resolution 453x453 µm2 2x2 mm2 2x2 mm2 

Matrix size 128x128 160x160 160x160 
Field of view 5.8x5.8 cm2 32.0 cm2 32.0 cm2 

Number of averages 1 1 1 
Respiration gating No No No 
Sat. Power 3.5 µT 1.5 µT 1.5 µT 
Sat. Pulse Shape Half Gauss Rectangular Rectangular 
Sat.Time 5 sec 1.0 sec 2.0 sec 
Acq. time (1 image) 5.4 sec 1.715 sec 2.715 sec 
Acq. time (Full CEST 
spectra) 

3:47 min 36.0 sec 57.0 sec 
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a retrospective gating technique to measure CEST contrast in the lung  
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INTRODUCTION 

Lung cancer is the leading cause of cancer-related death in both men and women in the 

United States, accounting for 27% of cancer deaths in 2014 [1]. Mortality from lung 

cancer correlates with the extent of spread (or clinical stage) at the time of diagnosis; 

therefore, increasing emphasis has been placed on screening methods for early detection. 

Biomedical imaging offers a non-invasive screening method to distinguish benign vs. 

malignant lung nodules. Positron emission tomography (PET) with fluorodeoxyglucose, 

diffusion weighted magnetic resonance imaging (DW MRI), perfusion MRI, and 

computed tomography (CT) have been used to diagnose cancer with each modality 

having its advantages and disadvantages [2, 3, 4, 5]. PET with fluorodeoxyglucose is a 

highly sensitive imaging technique, but fluorodeoxyglucose uptake is non-specific to 

tumors and areas of inflammation can be falsely identified as tumor tissue. DW MRI has 

been shown to be successful in differentiating tumor tissue from peritumoral edema, but 

its strength in diagnosing tumors remains questionable due to the lack of studies showing 

pathological correlations as a result of the difficulty associated with registering DW MRI 

images to the biopsy site. Perfusion CT and MRI have been shown to be more effective at 

distinguishing malignant from benign pulmonary nodules than FDG uptake assessment, 

but this result has only been shown in lesion sizes ≥ 16 mm, thus limiting its use to a 

small patient population. Additional techniques are desired to improve the specificity of 

diagnosing lung nodules. 

 

Chemical exchange saturation transfer (CEST) MRI is a novel biomedical imaging 

technique that provides molecular-level information about the tissue microenvironment. 
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CEST is achieved by applying a saturation pulse at the resonance frequency of slow to 

intermediate exchanging protons of exogenous or endogenous molecules, allowing the 

saturated protons to exchange to the water pool, and acquiring an image to monitor a 

decrease in the water signal due to the exchange of saturated protons. The decrease in the 

water signal is referred to as CEST contrast and is sensitive to the exchange rate of the 

saturated protons with the bulk water as well as the concentration of the molecules being 

saturated. 

 

Amide proton transfer (APT) MRI is a specific type of CEST MRI that involves the 

exchange between endogenous amide protons from mobile proteins and bulk water. Past 

studies have shown higher APT contrast in tumor tissue compared to normal tissue [6], as 

well as correlations between APT signal intensity and tumor grade as assessed with 

histopathology [7, 8]. Thus, measuring APT contrast in tumor tissue could eventually 

become a noninvasive tumor grading technique, which would be extremely beneficial to 

guiding treatment plans, especially in the lung. A noninvasive test that differentiates lung 

cancer grade would reduce the need for an invasive needle biopsy or lung cancer 

resection.  

 

Most APT studies have been performed to study cerebral stroke and glioma in the brain. 

Unlike brain tissue, the lung is difficult to image with MRI due to motion, which blurs 

the image of the lung and also causes artifacts in the phase direction of the image. There 

have been some studies performed in lung tissue, which have shown evidence that APT 

MRI can differentiate malignant from benign tumors [9, 10]. Unfortunately, these studies 
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were completed in the absence of respiration gating or in animal models where the 

breathing rate was controlled with a ventilator so that the acquisition portion of the CEST 

sequence was in sync with the quiescent period of the mouse breath rate. The use of a 

ventilator in humans is impractical and the use of a sequence without respiration gating 

decreases the quality of the results. A respiration gated technique is desired to generate 

high quality results in the lung in free breathing patients 

 

Recent studies have extracted the breathing signal from features within the image [11, 12, 

13, 14]. These methods eliminate the need for invasive procedures to control breathing as 

well as eliminate the need for breathing monitoring devices. Extracting the breathing 

signal from the image features relies on the translational property of Fourier transform 

(FT) theory, which states that a geometric shift in the space-domain results in a phase 

shift in Fourier space [15]. We used this property to develop a novel respiratory 

compensated CEST technique called CEST FT-phase MRI. The goal of our study was to 

examine the strengths and limitations of CEST FT-phase MRI when imaging the lung of 

healthy volunteers and patients diagnosed with lung cancer. 

 

METHODS 

Pulse sequence 

Our previous CEST MRI protocol used a saturation period that was at least 3 seconds 

long, followed by a FISP MRI acquisition sequence. This saturation period is too long to 

sample multiple stages of a normal breathing cycle, which is approximately 3 seconds at 

20 breaths per minute [16]. Thus, we could not use a saturation pulse that is 3 seconds or 
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longer with our CEST FT-phase method to ensure that we sampled more than one stage 

of the breathing cycle.  

 

We shortened the saturation pulse to 200 msec to accommodate our CEST FT-phase MRI 

method. This shorter duration allowed us to adequately sample stages of a normal 

breathing cycle. However, a 200 msec saturation pulse is insufficient to generate a steady 

state saturation with a saturation offset sampling schedule greater than 0.3 ppm units. We 

also aimed to ensure that a sufficient number of data points in the CEST spectrum were 

acquired to distinguish the amide proton transfer (APT) and nuclear Overhauser effect 

(NOE) in the CEST spectrum after retrospectively removing CEST points not acquired 

during the quiescent stage of breathing. Thus, we shortened the sampling schedule for our 

CEST FT-phase method to 0.1 ppm units for the entire CEST spectrum so that saturation 

offsets next to the saturation offset being irradiated would be partially saturated as well. 

In doing so, we hypothesized that the CEST spectrum from our CEST FT-phase method 

would be similar to a standard CEST spectrum acquired with steady state saturation, 

except for the first few saturation points. 
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Figure 3.1 Schematic of the CEST pulse sequence.  A CEST pulse prepends each 
imaging module.  A gradient recalled echo is acquired for each line of k-space.  This 
acquisition sequence is repeated n times where n is the number of k-space lines to 
acquire.  Then, a CEST saturation pulse the next frequency is fired.  This is repeated for 
the m saturation frequencies of the CEST spectrum. 
 
 
Simulations 

To address the potential pitfall of insufficiently achieving a steady state saturation, we 

simulated three CEST spectra with a labile pool at 3.5 ppm and 500 mM using the Bloch 

equations modified for chemical exchange. CEST spectra were simulated using a 

saturation pulse of 200 msec applied to each saturation frequency one time, which was 

the saturation scheme used with our CEST-FT phase method. We termed this a pulsed 

pseudo steady state saturation scheme. CEST spectra were simulated with a saturation 

pulse of 200 msec and applied to each saturation frequency 1000 times, which is the 

standard pulsed steady state saturation scheme [17]. CEST spectra were also simulated by 

employing a saturation pulse of 3000 msec applied to each saturation frequency one time 

(standard CEST). These simulations used the pulse sequence shown in Figure 3.1 with a 
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delay time of 196 msec included after saturation pulses to account for CEST decay as a 

result of FISP imaging. The B1 saturation power was set to 1.0 µT. Additionally, we 

repeated this analysis at 0.8, 1.4, 2.0, and 3.0 sec of the T1 relaxation time constant, 

which are characteristic T1 relaxation times of human tissue. We did this because T1 

relaxation can affect the number of saturation offsets needed to achieve steady state with 

a short 200 msec saturation pulse as a result of longer T1 relaxation times requiring a 

longer saturation pulse to achieve steady state [18].  

 

Phantom studies 

A solution of egg whites [19] was prepared in a 200 mL plastic container and placed in a 

larger 500 mL plastic container that was filled with agar. The large plastic container was 

attached to a customized motion device that oscillated in the direction of the longitudinal 

axis. The motion device was placed with the plastic container inside a 3 T Siemens Skyra 

MRI scanner. A standard CEST MRI protocol [20] with steady state saturation was 

acquired with a saturation period of 3 sec and data points from -7 ppm to +7 ppm in 0.2 

ppm units. Then a CEST-FT phase MRI protocol was acquired with a saturation period of 

200 msec and data points from -7 ppm to +7 ppm in 0.03 ppm units. For both CEST-FISP 

MRI protocols, a continuous wave rectangular pulse shape at 1.0 µT saturation power 

was used.  The standard CEST-FISP protocol and the CEST FT-phase protocol were 

performed with the phantom container held stationary and with the phantom container 

moving.  The FISP MR images were acquired in a coronal orientation using a 196 msec 

TR; 0.97 msec TE; 15o excitation angle; 20 mm slice thickness; 4.7 x 4.7 mm2 in-plane 

resolution; 300 mm2 field of view; 25% phase oversampling, centric encoding; 1 average;  
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3 min scan time. For the scans acquired with the phantom in motion, the phantom 

container was set to move 3 cm towards the front of the magnet over a 1 second time 

frame, move 3 cm back to its original position over a 1 second time frame, pause for 3 

seconds, and then repeat the process to simulate breathing motion.  The respiration rate of 

12 breaths per minute is consistent with that of an adult at rest [15]. 

 

Clinical studies 

Three healthy volunteers and three patients diagnosed with lung cancer were scanned to 

test our CEST-FT phase method. These studies were performed with the approval of the 

Institutional Review Board of the University of Arizona. A 3D T1 weighted gradient echo 

acquisition was used to localize the liver and lung. Images were acquired in a coronal 

orientation using a 2.93 msec TR; 1.23 msec TE; 9o excitation angle; 3 mm slice 

thickness; 96 slices; a slice over-sampling factor of 33%; 1.5 x 1.5 mm2 in-plane 

resolution; 420 mm2 field of view; 6/8 partial k space, a 3D caipirinha acceleration factor 

with a factor of 3 in the phase direction and a factor of 2 in the slice direction; linear 

encoding; 1 average; and a 12 sec scan time. For cancer patients, a 2D multi-slice T2 

weighted HASTE acquisition was also used to further localize the tumor. Images were 

acquired in a coronal orientation using a 1500 msec TR; 75 msec TE; 80o excitation 

angle; 160 degree refocusing angle; 6 mm slice thickness; 35 slices; 1.0 x 1.0 mm2 in-

plane resolution; 400 mm2 field of view; 2D GRAPPA with a factor of 3; 5/8 k space 

sampling; linear encoding; 1 average; and a 54 sec scan time. This sequence was 

performed with and without the addition of fat suppression using Spectral Attenuated 
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Inversion Recovery (SPAIR). CEST FISP MRI protocols were acquired using the same 

method as the phantom experiment. 

 

Image processing and analysis 

We segmented the temporal series of CEST spectra based on the quiescent period during 

expiration of the breathing cycle because the quiescent period would have the most 

consistent positioning of the liver [21]. To segment breathing cycles, we selected a 

Region of Interest (ROI) around the liver dome because the intersection between the liver 

dome and the lung has great contrast and the movement of the liver dome is a direct 

result of inhalation and exhalation. This ROI was selected using the first FISP image and 

then applied for all FISP images acquired with our CEST FT-phase method. 



109 
 

 

Figure 3.2. Schematic of respiratory motion tracking.  An ROI over the diaphram is 
selected.  The images are masked with this ROI, Fourier transformed, then the phase 
angle difference between adjacent pixels in the direction of motion is used to track 
motion.   
 
A Fourier transform was applied to the ROI in all FISP images to convert the spatial 

image to k-space. A ratio of the amplitudes of a pixel directly above the center of k-space 

and the center k-space pixel was used to determine the phase angle difference between 

the two pixels. We used these two pixels because the phase angle differences between 

these pixels are the most sensitive to respiratory motion [13]. Plotting the phase angle 

difference for each FISP image acquired with respect to time represented a respiration 

cycle (Figure 3.2).  
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We applied a series of digital filtering techniques to refine the monitored respiratory 

cycle. First, we applied a Fourier transform to the phase angle difference spectrum and 

then applied a bandpass filter to retain frequencies between 0.11 Hz (7 bpm) and 0.48 Hz 

(29 bpm) since these breath rates between these values correspond to typical respiration 

rates (Figure 3.3). Next, we applied an inverse Fourier transform to the digitally filtered 

data to generate a refined respiration cycle plot (Figure 3.3). Because we sought to obtain 

the quiescent period of the breathing cycle, we adjusted the respiration cycle plot so that 

the quiescent period was centered at 0 radians.  

 

Figure 3.3 Schematic of cine technique.  The tracked motion of the diaphragm is 
confounded by cardiac motion and suppression of signal in the diaphragm as a result of 
the CEST saturation pulse.  These effects are removed via digital filtering. 
 
 
We identified the quiescent period of the plot by assuming that the respiration cycle was 

sinusoidal (Eq. [1]). 

 +So                                                                                                  [1] 
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where A = amplitude, B = phase angle shift, θ = respiratory phase, and S0 = non-

sinusoidal signal 

This can be rewritten as: 

 +So                                                                                     [2]                           

where C = the amplitude of the sin component and D = the amplitude of the cosine 

component. The values of C, D and S0 were determined from the inner product between 

sin(θ) and the respiration signal, cos(θ) and the respiration signal, and 1 and the 

respiration signal. Once C and D are found, the phase shift of the respiratory cycle was 

found by Eq [3]. 

                                                                                                                   [3]                                                                                                            

This value was used to re-center the peak of the sinusoid at 0 radians (Figure 3.4).   

 

All CEST data points that had a FISP image with a phase angle difference greater than 

one radian from B were discarded from the final CEST spectrum (Figure 3.3). One radian 

was chosen as a threshold because it adequately segmented out a majority of images not 

in the quiescent period while still including sufficient CEST spectrum points to resolve 

CEST peaks of interest, like the APT and NOE peaks. One radian also corresponded to 

roughly 30% of the images that were included in the final CEST spectrum.  
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Figure 3.4 Data used to find the quiescent period of respiration.  a)  The raw data, and 
fitted sinusoid.  b)  Data were adjusted so that the peak of the sinusoid is at zero.  The 
vertical bars indicate the region of data used for fitting Z spectra. 
 
 
MTRasym analysis 

To adjust for B0 inhomogeneity, the minimum signal of each CEST spectrum was set to 

zero ppm. Then, the CEST spectrum was fit with a single Lorentzian line shape 

conducive to the spectral shape for direct water saturation and the fitted offset value for 

this line shape was used to further adjust the zero ppm value of the CEST spectrum.  To 

generate an MTRasym value, a straight line was drawn through all points from 2.5 to 4.5 

ppm and the center point of the line was taken as the contrast value for the APT effect 

(SAPT). The same procedure was used for points between -4.5 to -2.5 ppm to generate the 

contrast value for the NOE effect (SNOE). SAPT was subtracted from SNOE and then this 

number was divided by the last CEST spectrum data point (So) for normalization 

purposes. 

MTRasym = (SNOE - SAPT)/ So                                                                                                                                             [4] 
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ROI approaches and data analysis 

In healthy subjects, an ROI was selected around the entire liver and each pixel within the 

ROI was analyzed using MTRasym analysis as described above. The same approach was 

conducted for patients diagnosed with lung cancer except that the ROI for the tumor was 

selected by a trained radiologist. The standard deviation was calculated from the MTRasym 

values from all pixels within the ROI.  

 

RESULTS 

Simulations of CEST FT-phase MRI 

The simulated CEST spectrum constructed with our CEST FT-phase MRI method used a 

pulsed pseudo steady state saturation scheme. The simulated CEST spectrum constructed 

with the pseudo pulsed steady state saturation scheme was identical to the simulated 

CEST spectrum constructed with a pulsed steady state saturation scheme at all T1 times 

tested (Figure 3.5). Thus, our CEST FT-phase MRI method with a pulsed pseudo steady 

state saturation scheme produced the same APT contrast as a pulsed steady state 

saturation scheme. The pulsed steady state and the pulsed pseudo steady state saturation 

schemes produced less contrast at the APT peak than the standard CEST MRI pulse 

sequence. Although all simulated saturation pulses were performed at the same B1 power, 

the total B1 power during the MRI protocol was less for the pulsed pseudo and the pulsed 

steady state saturation sequences compared to the standard CEST sequence due to the 

interleaving FISP acquisition sequence after each saturation pulses. Thus, the lower 

contrast was expected. 
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Figure 3.5. Simulations of the standard CEST sequence (Solid black line), the pulsed 
steady state sequence (Dashed black line), and the pulsed pseudo steady state sequence 
(Dashed gray line) at a) 0.8 s b) 1.4 s c) 2.0 s and d) 3.0 s. 
 
   
Phantom studies 

Our phantom studies showed that the CEST FT-phase acquisition and analysis generated 

more accurate and precise MTRasym contrast values when the phantom was subjected to 

movement compared to the standard CEST acquisition and the CEST FT-phase 

acquisition without post processing. CEST FT-phase acquisition and analysis estimated 

similar MTRasym values and standard deviations of the pixelwise maps when the phantom 

box was stationary and when the phantom box was moving (Figure 3.6 and Table 3.1). 

The standard CEST acquisition and analysis and the CEST FT-phase acquisition without 

post processing estimated drastically different MTRasym values and standard deviations 

when the phantom was held stationary compared to when the phantom was subjected to 

movement (Table 3.1). Additionally, the mean MTRasym value with the standard sequence 

was significantly higher than the mean MTRasym value with the CEST-FT phase 
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acquisition. This difference in mean MTRasym values was attributed to the difference in 

the relative irradiated saturation power. Although all experiments were conducted at 1.0 

µT, the CEST FT-phase acquisitions received a fraction of that power during the total 

MRI protocol due to the short saturation pulse times and the interleaving FISP 

acquisitions. This finding agreed with results observed in simulations.   

 

Figure 3.6. Egg white phantom.  When stationary, the standard CEST method detected 
10% contrast, while the CEST-FT phase acquisition and analysis method experiments 
detected 5%, in agreement with simulation.  When moving, only the CEST FT-Phase 
acquisition and analysis produced a similar MTRasym contrast map. 
 
 
Clinical studies 

Our clinical studies showed that the CEST FT-phase acquisition and analysis method 

produced more precise MTRasym values compared to the standard CEST acquisition and 

the CEST FT-phase acquisition without post processing. This improvement in MTRasym 

measurements was observed for the liver of healthy subjects as well as the tumor, 

collapsed lung tissue, and liver of patients diagnosed with lung cancer. In the three 
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healthy subjects, the standard deviation of the MTRasym values of the pixels of the liver 

were 3.8, 3.6, and 3.9 with the CEST FT-phase acquisition and analysis methods, 72, 11, 

and 32 with the standard CEST acquisition and analysis method, and 21, 22, and 17 with 

the CEST FT-phase acquisition method without post processing. Additionally, in the 

three patients diagnosed with lung cancer, the standard deviation of the MTRasym values 

of the pixels of the liver were less with the CEST FT-phase acquisition and analysis 

method than the other two methods, further demonstrating the superiority of the CEST 

FT-phase method in the liver (Table 3.2).  

 

The location of the lung tumors in the three patients diagnosed with lung cancer varied 

and as a result, the level of superiority in precision varied between the CEST FT-phase 

method and the other two methods. Lung tumors subject to lung motion (patient 2) were 

measured with more precision using CEST FT-phase compared to the other two methods 

whereas tumors that experienced only minor lung motion showed comparable results 

with all three methods (patients 1 and 3) (Table 3.2).  
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Figure 3.7 In vivo results of healthy volunteers.  When analyzed b,c) without the CEST 
FT-phase technique, the MTRasym value is heterogeneous throughout the liver.  When 
using d) the CEST FT-phase technique, the results throughout the liver are more 
homogenous.  CEST spectra of the liver dome acquired e) with the standard method, f) 
the pseudo pulsed steady state method, and g) the pseudo pulsed steady state method with 
motion compensation are shown. h) Standard deviation plots of volunteers with the three 
methods.  
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Figure 3.8 In vivo results in a patient diagnosed with lung cancer. When analyzed b,c) 
without the CEST FT-phase technique, the MTRasym value is heterogeneous throughout 
all regions analyzed.  When using d) the CEST FT-phase technique, the results 
throughout the liver and collapsed lung tissue.  CEST spectra of tumor A acquired e) with 
the standard method, f) the pseudo pulsed steady state method, and g) the pseudo pulsed 
steady state method with motion compensation. h) Standard deviation plots of a patient 
diagnosed with lung cancer. Results show the standard deviation in the liver, collapsed 
lung tissue, and the tumors. 
 

DISCUSSION 

We have established a protocol for performing retrospective gating of lung imaging using 

CEST MRI in a clinically relevant timeframe of 3 minutes.  Our protocol tracked 

respiration during the acquisition of CEST spectra and adequately removed data that was 

acquired while the patient was not in the quiescent phase of respiration.  The data quality 

was comparable to previously reported work [8,22].  We demonstrated that the pulsed 

pseudo steady state saturation scheme produced by slowly incrementing the saturation 

offset was indistinguishable from performing the standard pulsed steady state saturation 

scheme where each saturation offset was saturated multiple times. Slowly incrementing 

the saturation offset did not perturb the contrast from direct saturation of water, nor did it 
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affect the APT contrast.  In phantoms, the post processing technique improved the 

precision of measurement and produced consistent results when the phantom is moved 

vs. when the phantom was stationary.  This result indicated that the CEST FT-Phase 

technique also improves the accuracy of contrast measurement.   

 

We also showed in phantoms and in vivo that the localization of MTR contrast was 

improved by the CEST FT-Phase technique, particularly near the interface between 

tissues and between air and tissue.  This localization is particularly relevant in the lung 

and liver.  In these tissues, we demonstrated that the CEST FT-Phase technique greatly 

improved measurement precision.  The results of MTRasym in the liver found via the 

CEST FT-Phase technique are in good agreement with previously reported values of liver 

MTRasym [20], while the results of the standard method are not.  As with phantom results, 

evidence suggests that the accuracy of our in vivo MTRasym measurements are improved 

by using the CEST FT-Phase technique.  Our results showed that measurement precision 

is not improved with the CEST FT-Phase technique in tissues that are generally 

stationary during respiration, such as the periphery of the chest and tissue in the 

mediastinum.  This finding indicates that retrospective respiration gating is only needed 

when the ROI is moving significantly during respiration. 

 

To adequately track the respiration cycle, we must have a dwell time of 1000 msec or less 

for each CEST-imaging module [23].  This requirement entails using a very short CEST 

saturation pulse and rapid imaging method.  This short CEST saturation pulse time will 

not effectively label very slowly exchanging pools, particularly if the slow exchanging 
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pools are already saturated from the previous imaging experiment [24, 25]. This 

requirement will limit the application of this technique if contrast from slow exchanging 

pools such as the Magnetization Transfer pool or NOE pools is desired.  Also, the 

effective duty cycle of the pseudo-steady state CEST acquisition can never be 100%, as 

interleaved imaging is required, which will limit the contrast from all labile pools.   

 

As a solution to these problems, the CEST pulse can be extended at the expense of the 

imaging time.  This solution will allow slower exchanging pools to be labeled well, and 

improve the effective duty cycle of the pre-saturation pulse. The time available for 

imaging must decrease to maintain the required dwell time for following respiration 

motion.  This tradeoff suggests there is a balance between the desired contrast and the 

SNR of the CEST images.  Thus the CEST FT-phase saturation time must be further 

optimized if NOE and MT contrast is desired.   

 

Currently we implemented the FT-phase CEST method for single slice imaging in order 

to explore its efficacy for retrospective gating.  As a result, we chose a 20 mm thick slice 

to ensure that the tissue of interest remained in the slice plane during imaging.  To track 

lesions with imaging that are as thin as 5 mm, 3D imaging is required either through 

extremely rapid imaging via CAIPIRIHNA techniques [26] or segmentation of the 3D 

acquisition so that a sufficiently rapid dwell time for tracking respiration can be 

maintained.  The resolution of our image is not sufficient to measure small lesions less 

than 8 mm, which comprise the majority of lung lesions that are not immediately 

biopsied [27].  Thus, our in-plane resolution should be improved, which can be 
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accomplished by partial k-space acquisition methods [28] and parallel imaging 

techniques [29, 30]. 

 

We demonstrated that the FT-phase CEST technique improves precision for MTRasym 

analysis.  This analysis method was selected as it has previously been used for analysis of 

liver and lung tissues [8, 21]. Because we are acquiring a full Z-spectra, more rigorous 

and quantitative fitting techniques can be used such as Lorentzian line shape fitting [32], 

Bloch fitting [33] or approximations to the Bloch formula [33, 34].  The use of these 

techniques can potentially improve quantitative estimations of parameters such as the 

chemical exchange rate and concentration of labile pools, which may better distinguish 

pathological tissue from normal tissue.  
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Table 3.1. Summary of % MTRasym values in phantoms (mean ± standard deviation) 
 CEST FT-phase 

acquisition and 
analysis 

CEST FT-phase 
acquisition without 
post processing 

Standard CEST 
acquisition and 
analysis 

Phantoms - 
stationary 

3.7 ± 0.8 4.1 ± 0.9 9.5 ± 2.0 

Phantoms - moving 3.4 ± 1.4 -5.6 ± 15.5 -5.7 ± 21.7 
 
Table 3.2. Summary of % MTRasym values in patients diagnosed with lung cancer (mean 
± standard deviation) 
 Standard CEST 

acquisition and 
analysis 

CEST FT-phase 
acquisition 
without post 
processing 

CEST FT-phase 
acquisition and 
analysis 

Patient 1 Tumor 
(mediastinum) 

2.5 ± 1.9 0.1 ± 1.2 1.0 ± 1.4 

Patient 1 Liver 0.8 ± 32.8 -4.3 ± 19.8 -1.8 ± 3.4 
Patient 2 Tumor (mediastinum) 21 ± 9.2 17.7 ± 8.1 17.0 ± 7.6 
Patient 2 Tumor (next to 
collapsed lung) 

-1.2 ± 10.5 1.3 ± 20.8 -3.1 ± 5.4 

Patient 2 Collapsed lung -9.7 ± 23.1 3.0 ± 11.2 -1.0 ± 7.9 
Patient 2 Liver -0.7 ± 6.7 0.8 ± 22.1 2.0 ± 2.8 
Patient 3 Tumor 
(above heart) 

-0.4 ± 1.7 -3.2 ± 27.8 -2.2 ± 2.5 

Patient 3 Liver -0.7 ± 6.7 0.8 ± 22.1 2.0 ± 2.8 
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APPENDIX D 

 
Future directions 
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FT-phase CEST MRI 

 Our current protocol acquires a 20 mm slice, which is larger than most lung 

lesions. We made the slice thickness this large to ensure the lesion stayed within the slice 

during lung movement because we used a 2D acquisition method. The use of a 3D 

acquisition method with a 20 mm slab should be implemented for FT-phase CEST MRI 

to resolve this problem. This would allow for the acquisition of multiple slices within the 

20 mm slab post processing thus improving our spatial resolution in the slice direction. 

Thus, we could image smaller lesions with FT-phase CEST MRI. A parallel imaging 3D 

sequence like CAIPIRIHNA would allow us to acquire 3D volumes extremely quickly, 

thus not significantly increase scan times as a result of switching from 2D to a 3D 

acquisition method. 

 The use of parallel imaging with GRAPPA would allow us to scan more rapidly 

with our 2D FT-phase CEST method. This would allow us to correct for cardiac motion 

post processing. Cardiac motion was a persistent problem with many of the lesions we 

scanned and needs to be corrected to make FT-phase CEST clinically relevant. 

Additionally, we could implement image segmentation where only part of k space is 

acquired after each saturation pulse. This would greatly shorten the duration of the 

acquisition image after each pulse. A sophisticated post processing method would have to 

be developed to properly reconstruct portions of k space together while also making sure 

that each partial k space image at a particular offset was acquired during the same breath 

phase. Multiple CEST spectrum repetitions would most likely need to be acquired to 

ensure each saturation frequency had an entire k space image at the same respiration 

phase. Acquiring multiple k space images for each saturation frequency would increase 
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scan times, but it would theoretically allow for segmentation of both the cardiac and 

respiratory cycle of interest. Thus, we could generate clean CEST spectrums in the lung 

even if the tumors were near the heart.   

 The development of a cardiac gated CEST MRI protocol would also enable us to 

examine endogenous CEST effects in the heart like creatine. Creatine is a key component 

of energy metabolism and thus it would be interesting to look at creatine concentration 

levels in the heart in patients with cardiovascular disease. More specifically, it would be 

interesting to see if monitoring creatine concentrations in patients receiving regenerative 

heart treatments, like cardiac stem cell therapy, could be an indication of the 

effectiveness of the therapy. Diseased cardiac tissue would have low concentrations of 

creatine and functioning cardiac tissue would have high levels of creatine. Thus, 

observing increases in creatine concentration in diseased tissue with CEST MRI would be 

an indication that the cardiac stem cell therapy was effective. 

 

acidoCEST MRI  

The major hindrance to successful acidoCEST MRI for clinical imaging is low 

contrast to noise ratio (CNR) due to low agent uptake. This is a problem that will always 

exist unless a drug delivery system is developed for iopamidol. One method of increasing 

the reliability of pHe measurements with low contrast agent uptake is to acquire CEST 

spectrums at multiple powers. Acquiring CEST spectra at multiple powers and then 

simultaneously fitting for pHe from all the CEST spectrums collected would increase the 

robustness of the fitting procedure. Additionally, higher saturation powers would allow 

the 5.6 ppm peak to be better distinguished at neutral pH measurements. Thus, acquiring 
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CEST spectrums at multiple powers could increase the dynamic range of pHe 

measurements with acidoCEST MRI.  

FT-phase acidoCEST MRI could easily be used to look at pHe in the lung. This 

method would most likely be more reliable in distinguishing lung pathologies compared 

to endogenous CEST contrast measurements. Endogenous CEST contrast measurements 

like APT are affected by many different variables, which often makes endogenous CEST 

measurements difficult to interpret. Additionally, there are major B0 and B1 

inhomogeneities in the lung that are not corrected for with endogenous CEST MRI unless 

additional B0 and B1 maps are collected. acidoCEST MRI on the other hand has been 

shown to be unsusceptible to B0 and B1 inhomogeneities and thus pHe measurements 

would be reliable without the need for post-processing corrections from other MRI maps. 

FT-phase acidoCEST MRI could be used to distinguish lung tumors from 

coccidioidomycosis, which appear quite similar with standard MRI protocols but have 

been shown to differ greatly in pHe ex vivo. 

 Comparing acidoCEST MRI with histological tumor grades would be an 

interesting experiment to perform to see if more metabolically active tumors are a direct 

correlate for higher tumor grades. A number of endogenous CEST MRI studies have been 

performed that show a weak trend with APT contrast and tumor grade. It would be quite 

interesting to see if acidoCEST MRI was more sensitive in predicting tumor grades than 

endogenous CEST MRI methods. In theory, assuming tumor grades correlate with 

metabolic activity, acidoCEST MRI would be an ideal method of predicting tumor grades 

because an increase in metabolic activity results in a decrease in pHe.  

 


