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ABSTRACT 
 
 Acido-Chemical Exchange Saturation Transfer (acidoCEST) Magnetic 

Resonance Imaging (MRI) is a non-invasive method for creating spatial maps of the 

extracellular pH (pHe) in solid tissues in vivo. Cancer cells are known to export increased 

quantities of lactic acid into the extracellular space as a result of glycolytic metabolic 

processes. Localized tissue acidosis can therefore function as a cancer biomarker, and 

acidoCEST MRI may be an impactful tool for increasing the specificity of imaging 

results.  

 My work has focused on applying acidoCEST MRI to the diagnosis of lung 

cancer, where low-dose CT screening tests have a false positive rate of 95%. Chapter 1 

discusses recent advances in MRI for the diagnosis, prognosis and management of 

pulmonary disease. Chapter 2 refers to a published manuscript reprinted in Appendix A 

which describes a method comparison study wherein I determined that the exchange rate 

(kex) of amide protons quantified by endogenous CEST MRI could not serve as a proxy 

measurement for pHe quantified by acidoCEST MRI. Chapter 3 describes a study in 

which I determined that lung tumors and valley fever granulomas in preclinical murine 

models have significantly different pHe. Chapter 4 discusses future directions of inquiry 

towards diagnostic CEST MRI methods for lung cancer including: application of 

endogenous CEST MRI, further development of the BSL-2 compatible murine valley 

fever model, and potential improvements to acidoCEST MRI image acquisition and 

analysis methods to aid in future clinical translation.  
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CHAPTER 1 

 
An overview of recent clinical and preclinical advances in diagnostic and 
prognostic MRI of lung disease  
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INTRODUCTION 

 Imaging plays an essential role in clinical diagnosis and management of 

pulmonary disease. Imaging allows for non-invasive visualization of lung tissue, and 

repeated imaging studies are a critical part of patient care. In an ideal world, medical 

imaging would be able to diagnose and manage pulmonary disease with the same 

specificity and sensitivity as microscopic and molecular histology, obviating the need for 

invasive biopsy procedures.   

 Magnetic Resonance Imaging (MRI) is a powerful tool for in vivo pulmonary 

imaging. MRI is free of ionizing radiation, making it safer than Computed Tomography 

(CT) or 18F-Fluorodeoxyglucose Positron Emission Tomography (FDG PET), especially 

for repeated use. MRI is capable of high spatial resolution (approximately 1 mm2 in most 

clinical applications) and also has superior soft tissue contrast compared to CT. MRI 

signals can be enhanced in numerous ways with the addition of contrast agents, allowing 

for the capture of functional data as well as structural information. MRI contrast is 

generated by hydrogen proton spin, so it is sensitive to tissue structure and 

microenvironment at the molecular level. It is therefore possible to noninvasively 

interrogate subtle, pathologically relevant characteristics of living tissue. In this review, 

we describe recent advances in applying MRI to the diagnosis, prognosis, and 

management of pulmonary disease.  

LUNG CANCER 

 Annually, cancer of the lung and bronchus makes up just 13% of new cancer 

cases, but is the cause of fully 25% of cancer-related mortalities [1]. One reason mortality 

remains high is that patients do not become symptomatic prior to advanced disease. Five-
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year survival rates drop rapidly from 77 – 98% for localized tumors to 68% or less after 

regional lymph node involvement [2]. Early, accurate diagnostic tools are key to the fight 

against this disease.  

 One way to reduce mortality is to increase the odds of early diagnosis through 

screening. In 2013 the U.S. Preventative Services Task Force recommended screening by 

low-dose CT for current and former smokers [3]. While CT has excellent sensitivity to 

the presence of small nodules, it also has a 95% false-positive rate. Cutting edge MRI 

methods with specific diagnostic and/or prognostic value have the potential to be very 

impactful to lung cancer treatment.  

Tumor Burden & Staging 

 High quality anatomical images are valuable to the diagnosis of every lung 

disease. MRI of the lung is particularly complicated in comparison to other body sites by 

respiratory and cardiac motion, low proton density, B0 inhomogeneity, and magnetic 

susceptibility due to the multitude of air-tissue interfaces [4, 5]. High magnetic 

susceptibility results in very short effective transverse relaxation (T2*) time in normal 

lung parenchyma, compared to relatively long T2* times in lung tumors.  

 Preclinical development of high-resolution anatomical MRI acquisition 

protocols has progressed rapidly in recent years to improve the sensitivity of the tools 

available to detect and monitor tumor progression in rodent models without added 

radiation exposure. Fast acquisition protocols like Fast Low Angle Shot (FLASH) MRI 

improve lesion visualization by minimizing the effect of respiratory and cardiac motion. 

A FLASH MRI sequence with cardiac and respiration gating in murine models of non-

small cell lung cancer (NSCLC) can achieve an in-plane resolution of 98 µm2, capable of 
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detecting tumors as small as 0.2 mm in diameter with very strong agreement to tumor 

size measured ex-vivo with calipers [6]. Ultrashort Echo Time (UTE) MRI observes 

signal from normal lung parenchyma, allowing for the visualization of more subtle 

anatomical changes, but potentially confounding observation of tumors. A three-

dimensional UTE MRI sequence is capable of a resolution of 128 µm3, achieving 

estimates of alveolar tumor number that correlated very strongly with histology results 

[7]. However, total tumor area was consistently overestimated with UTE MRI by 2 – 3 

times, and smaller bronchial-type tumors were frequently not visible. In contrast, a Fast 

Imaging with Steady-State Precession (FISP) MRI sequence without much transverse 

relaxation weighting (T2W) would not capture signal from the normal lung parenchyma, 

but tumors would be readily apparent. 

 Contrast enhancement can improve early detection of tumors by increasing 

contrast to noise ratio. A gadolinium chelate is the most common MRI contrast agent, and 

it increases contrast in T1 weighted (T1W) images by shortening T1 (or longitudinal) 

relaxation time. Especially remarkable results were achieved in a preclinical mouse 

NSCLC model using a contrast agent consisting of gadolinium chelates bonded to 

polysiloxane nanoparticles called ultra-small rigid platforms (USRPs) for use with UTE 

MRI, that also carry fluorophores for fluorescence imaging cross-validation [8]. The 

combination of USRPs and UTE MRI allowed for simultaneous visualization of tumors 

over the lung parenchyma. USRP contrast could be delivered either intravenously or 

nebulized for orotracheal administration. Both delivery methods improved tumor 

detection equivalently, but the nebulized USRPs achieved the desired signal intensity 

enhancement with one quarter of the dose. Administration of the USRPs improved the 
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lung tumor detection rate from 93% pre-enhancement to 100% compared to histology. 

The ease with which tumors could be segmented from blood vessels in MR images was 

also illustrated (Figure 1.1).  

 

	
Figure 1.1. UTE MRI axial slices of the tumor-bearing mice (A) before and (B) after the 
i.v. administration of 200 µL of 50 mM [Gd3+] USRP (day 35) or (C) the orotracheal 
administration of 50 µL of 50 mM [Gd3+] USRP (day 38). The presence and 
colocalization of the tumor was assessed with (D) bioluminescence imaging and (E) 
histology. In D the scale colors are proportional to the number of detected photons per 
second. The arrows indicate the tumor in the left lung. In E an HES stain (~100Å 
magnification) from an axial slice approximately corresponding to the MR image plane is 
shown. (Scale bar: 50 µm.) (F) Image showing the typical segmentation procedure used 
to contour the tumor. The red area delineates the tumor segmented from C. Vessels were 
recognized because of their hyperintense signal and typical shape, and were thus 
excluded from the segmentation procedure. (Reprinted from [8] with permission.) 
 
 
 While CT and FDG PET/CT remain the standards of care for tumor staging, 

MRI plays an important role in interrogating the physical properties of lung tumors in a 

multi-parametric imaging approach [9, 10]. Dynamic Contrast Enhanced- (DCE) MRI is 

used to observe perfusion over time after administration of a contrast agent. Diffusion 

weighted MRI (DWI) selectively labels diffusing protons so that the motion of water 
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molecules through tissue can be observed. Information about tissue microstructure can 

also be gleaned from T1W or T2W scans. In a tumor staging study of 45 patients with 

non-small cell lung cancer (NSCLC), T1W, T2W, and Dynamic Contrast Enhanced- 

(DCE) MRI were sensitive to tumor invasion in advanced tumors where CT results did 

not agree with pathology [11]. In the same study, MRI alone correctly staged nearly the 

same portion of patients as CT (82.2% versus 84.4%). In another study, T1W, T2W, and 

DWI were shown to improve tumor staging for radiotherapy planning when used in 

combination with CT. MRI helped to identify involved lymph nodes and reduce radiation 

delivered to normal tissues without increasing local recurrence rate.  

Diagnostic and Prognostic MRI Biomarkers 

 DWI is of interest as a diagnostic biomarker because diffusion signals vary 

based on tissue cellularity, vascularity, and cell membrane integrity. A study attempting 

to use DWI to differentiate between malignant and benign pulmonary nodules developed 

a five-point categorical signal intensity scale relative to the spinal chord to identify 

features specific to malignancies in a cohort of 54 pulmonary nodules [12]. While tumors 

had significantly higher categorical DWI scores than benign nodules, the method was 

only 79.6% accurate when a cut-off score was designated. Another study attempting to 

noninvasively determine the type and malignancy of tumors in a 15 patient lung cancer 

cohort using DWI or FDG PET/CT determined that neither method was successful, 

though DWI features were strongly correlated with FDG uptake [13]. However, 

Diffusion Kurtosis Imaging (DKI), an extended model of DWI extracting signal features 

from non-Gaussian water diffusion, did correlate with EGFR mutation status in a 53 

patient cohort diagnosed with lung adenocarcinoma [14]. Tumors with wild-type EGFR 
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demonstrated significantly higher apparent kurtosis values than those carrying an EGFR 

mutation.  

 Similarly, amide proton transfer (APT) chemical exchange saturation transfer 

(CEST) MRI measures the exchange of amide protons with surrounding bulk water, and 

has been shown in a preclinical murine model to differentiate between slow and rapidly 

proliferating NSCLC orthotopic xenografts [15].  

 Differentiating tumor from fibrosis is another important diagnostic application. 

In one case study, an SCC lung tumor presented with high signal intensity (SI) in T1W 

and T2W images adjacent to a low intensity region that was pathologically confirmed to 

be fibrosis [16]. T1W, T2W, and DCE MRI scans were used to evaluate 40 pulmonary 

lesions that appeared inconclusive by CT from a clinical cohort of 28 patients with 

known pneumoconiosis in an attempt to distinguish between tumors and pulmonary 

massive fibrosis (PMF). All PMF lesions had low T2W signal intensity, while 94% of 

malignant lesions had high T2W signal intensity [17]. Another clinical study attempted to 

use T1W and T2W imaging (with and without fat saturation to neutralize the bright MRI 

signals from fat) to differentiate malignant and benign lesions in a cohort of 29 patients 

with ambiguous solid nodule findings from CT [18]. T1 and T2 lesion SIs were scaled 

against SIs for fat and muscle to normalize lesion signal between patients. Scaled T2 SIs 

in images without fat saturation were significantly higher in benign infectious nodules 

than in malignancies. Scaled T1 SIs were significantly higher in malignancies than in 

benign nodules. However, no diagnostic cut-off values were tested in this study. 

Therapeutic effect 
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 DWI also has the potential to predict patient response to radiation and 

radiochemotherapies. In a cohort of 64 NSCLC patients, apparent diffusion coefficient 

(ADC) measured by DWI was a better predictor of overall and progression-free survival 

after radiochemotherapy than standardized uptake from FDG-PET [19]. After 

radiochemotherapy, patients with overall survival < 12 months experienced a 

significantly smaller increase in ADC at weeks 3 and 6 post treatment in a clinical cohort 

of 10 NSCLC patients [20]. Another clinical study found that median ADC was 

significantly lower in NSCLC patients who experienced local recurrence after stereotactic 

body radiotherapy, whereas FDG PET/CT results had no relationship to patient outcome 

[21]. In a cohort of 60 NSCLC patients, 3D ECG- and respiratory-gated, non-contrast 

enhanced perfusion MRI was shown to be a better predictor of post-operative lung 

function than MDCT when correlated to actual %FEV1 measurements after treatment 

[22]. 

 DCE MRI also shows some promise as a prognostic method to stratify patients 

according to likely success of radiochemotherapy. In a clinical cohort of 114 NSCLC 

patients, DCE MRI results were found to correlate with local disease control versus 

failure after radiochemotherapy [23]. Patients with local control had significantly lower 

slope of enhancement than patients for whom radiochemotherapy could not control the 

disease. Using a cutoff value of 0.8 s-1, local control was predicted with a sensitivity of 

90.0% and specificity of 91.3%. In a prospective DCE MRI study of 11 patients treated 

with bevacizumab in combination with chemotherapy, larger values of the rate constant 

kep correlated with greater tumor reduction measured by CT, positioning DCE MRI as 

potentially useful prognostic test for anti-angiogenic therapy response [24].  
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 Hyperpolarized 3He MRI enables visualization of ventilated spaces in the lung, 

and may be promising as a biomarker for response to radiation and surgical therapies. In 

a 5 patient prospective clinical pilot study, 3He MRI was able to visualize regions of lung 

obstruction prior to radiotherapy as well as post-therapy expansion in response to tumor 

reduction. 3He MRI results also correlated very well with %FEV1 measurement of lung 

function, unlike CT and PET [25]. 

Radiation-induced lung injury (RILI) 

 RILI may be detected as changes in respiratory motion before and after 

radiation therapy. Dynamic MRI (dMRI) is a method that uses a FISP sequence for time 

resolved acquisition of numerous lung images so that respiratory motion can be observed. 

In a clinical cohort of 35 histologically proven stage 1 NSCLC patients, dMRI was 

sensitive to changes in cranio-caudal lung and tumor motions 1 – 2 weeks before and 11 

– 14 weeks after radiotherapy [26]. dMRI detected lung motion changes that were not 

evident from spirometry, and therefore may be a candidate for early detection of 

treatment side effects. 

 Hyperpolarized 3He MRI has also been used to visualize pulmonary function 

after radiotherapy. In a 5 patient prospective clinical cohort, feasibility was demonstrated 

for using hyperpolarized 3He MRI to detect ventilation changes in NSCLC patients 

before and after external beam radiotherapy [27]. 3He MRI was able to detect radiation 

pneumonitis consistent with CT imaging results. Preclinically, hyperpolarized 129Xe gas 

MRI has been explored as another method for pulmonary ventilation imaging because it 

is possible to observe signals from both gas and dissolved phases with methods like 

Xenon Transfer Contrast (XTC) and Chemically Selective Saturation Recovery (CSSR) 
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Spectroscopy. 129Xe DWI and 129Xe CSSR were shown to be sensitive to thickened 

alveolar walls due to radiation-induced lung injury in a rat model as early as two-weeks 

after radiation exposure as confirmed by histology [28].  

 Hyperpolarized 13C MRS and MRI use 13C-labeled pyruvate administered 

intravenously to interrogate metabolic properties of tissues. There is a strong link 

between lactate/pyruvate ratio measured by 13C MRI and tissue inflammation. 

Hyperpolarized 13C MRS and MRI detected increased lactate/pyruvate ratios in a 

preclinical rat cohort after whole-thorax radiation, correlating with histological markers 

of lung inflammation from results of bronchoalveolar lavage at 5 days post-exposure 

[29]. Hyperpolarized 13C- MRS yielded pyruvate/lactate ratios that increased 

corresponding to infiltration of immune cells in histology examinations in a rat model of 

irradiated lung tissue just two weeks after thoracic radiation exposure [28]. In a 

preclinical rat model of conformational radiotherapy, 13C-pyruvate MRI detected 

increases in lactate/pyruvate ratio as little as 5 days post-treatment corresponding to 

increased macrophage count observed with histology [30]. 

 PULMONARY FIBROSIS 

 Pulmonary fibrosis is the result of tissue remodeling in the lung in response to 

inflammatory insult that may be idiopathic, or the result of exposure to pathogens or 

chemical/physical insult [31]. In the clinic, imaging plays an important role in diagnosing 

fibrosis by differentiating it from other inflammatory lesions in the family of interstitial 

lung disease (ILD), and monitoring progression by quantifying the amount of abnormal 

versus functional lung tissue. Preclinical fibrosis imaging is largely concerned with 
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improving tools for functional lung imaging, and interrogating mechanisms involved in 

fibrotic tissue remodeling. 

Diagnosis 

 MRI has been shown to have the sensitivity and differential contrast capability 

to effectively distinguish between ILD subtypes in the clinic. In a study of 26 patients 

with ILD, a combination of DWI and T2W triple inversion black blood turbo spin echo 

(TSE) sequences were used to differentiate between pulmonary fibrosis and inflammatory 

lesions [32]. TSE MRI is a rapid image acquisition approach. Black blood TSE images 

the speed of blood flow, causing fast moving blood to appear black on the image while 

slow or trapped blood appears bright. Inflammatory predominant lesions as confirmed by 

pathology had an early enhancement pattern by DWI, and high signal intensity in T2W 

black blood TSE images. T2 mapping via Multi-echo single shot TSE MRI sequences, 

which allow for complete collection of spatial MRI signals after a single RF pulse, was 

explored as an alternative to CT for differentiating between subtypes of ILD [33]. In a 

cohort of 12 ILD patients, T2 relaxation times were significantly different between 

ground glass opacities, reticulation, and honeycombing patterns of disease.  

 MRI has been known for over a decade to effectively detect fibrosis in 

bleomycin-induced rodent models [34]. Recently, preclinical respiration-gated Rapid 

Acquisition with Relaxation Enhancement (RARE, synonymous with TSE), respiratory-

triggered UTE, and self-gated FLASH MRI pulse sequences were all shown to be capable 

of monitoring the onset and progression of pulmonary fibrosis in bleomycin induced 

mouse models, and had excellent agreement with micro-CT and histology [35]. UTE and 

FLASH MRI outperformed RARE MRI for early lesion detection, and improved motion 
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handling, respectively. In rat and mouse models, free-breathing UTE and respiration-

gated gradient echo (GRE, a T2W sequence) MRI sequences were both sensitive to 

increases in lung volume and signal intensity resulting from bleomycin- and ovalbumin-

induced fibrosis as confirmed by histology [36]. Free breathing UTE MRI was also 

sensitive to somatostatin analog therapy, resulting in decreased signal intensity and 

increased lung volume in bleomycin-challenged rats. MRI signal intensity from free 

breathing GRE sequences were also sensitive for the detection of bleomycin-induced 

fibrosis in rats and mice, and further shown to be able to detect reductions in signal 

intensity due to corticosteroid therapy in rats [37, 38]. MRI signal intensity from self-

gated FLASH MRI was used to trace the progression and resolution of fibrosis in a 

doxycycline inducible transgenic TGF-α fibrosis model in rats [39]. MRI signal intensity 

is a reliable biomarker for pulmonary tissue remodeling in the laboratory as well as the 

clinic. 

Functional Lung Visualization 

 MRI can also provide valuable information on pulmonary function in patients 

with fibrosis. A method for non-contrast enhanced, simultaneous imaging of ventilation 

and perfusion in free breathing patients (Self-gated Non-Contrast-Enhaced Functional 

Lung Imaging, or SENCEFUL) successfully detected a perfusion artifact in a lung 

fibrosis patient with sensitivity equivalent to that of DCE-MRI [40]. SENCEFUL uses 

non-phase encoded direct current scans to sort data from quasi-random phase-encoded 

2D- FLASH images into cardiac and respiratory phases, allowing for proton signals from 

ventilation and perfusion to be decoupled into separate images in post-processing. A 

study in a clinical cohort of 30 patients with interstitial lung disease compared pulmonary 
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volume as determined by CT and pulmonary blood flow measured by phase contrast MRI 

and found strong correlations between increased abnormal lung tissue, decreased 

functional lung volume, and decreased pulmonary blood showing that phase contrast 

MRI can provide valuable information on pulmonary function [41]. 

 Hyperpolarized gas MRI is a popular method for monitoring pulmonary 

function in preclinical rodent models of fibrosis. ADC and fractional ventilation from 3He 

MRI has been shown to correlate with fibrotic transformation features in histology and 

decreased pulmonary function testing quantified using a rodent specific plethysmography 

chamber [42]. Uptake of 129Xe by RBCs is impaired by bleomycin-induced fibrosis in a 

rat model, corresponding with the presence of thickened alveolar epithelia in histology 

[43, 44].  

Fibrosis Mechanism Research 

 A CEST MRI method that uses iopamidol contrast agent to measure tissue 

extracellular pH (pHe) called acidoCEST MRI was used to determine whether 

transforming growth factor beta (TGF-β) overexpression contributed to increased 

extracellular concentrations of lactic acid by promoting the overexpression of lactate 

dehydrogenase (LDHA), that in turn further promoted idiopathic fibrotic scarring through 

TGF-β induction in a feed-forward loop [45]. In a histologically confirmed, bleomycin-

induced murine model of ideopathic pulmonary fibrosis (IPF), acidoCEST MRI 

quantified increasing pHe in fibrotic lesions over 14 – 32 days post-bleomycin exposure 

while sequential T2W MRI quantified decreasing lesion volume, supporting the 

hypothesis that extracellular lactic acid supported formation of idiopathic pulmonary 
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fibrosis. Acidic pHe shows promise as a biomarker of active fibrotic remodeling in the 

lung.   

CHRONIC LUNG DISEASE 

Asthma  

 The asthmatic lung is characterized by intermittent reversible airway 

obstruction, chronic bronchial inflammation, pulmonary edema, bronchial smooth muscle 

hypertrophy, and increased mucous secretion [46].  MRI is applied frequently in 

preclinical studies of asthma and pulmonary hypersensitivity to collect longitudinal data 

on edema without necessitating the sacrifice of animals at each time point. 

 Identification of preclinical MRI biomarkers of acute and chronic inflammation 

assists in studies of physiology and anti-inflammatory drug development. GRE MRI is 

one of the most popular methods for visualizing allergic inflammation in pre-clinical 

rodent models. Very short echo times are used to circumvent the need for respiratory or 

pulmonary gating [47]. Any motion artifacts resulting from longer echo times may be 

resolved by averaging [48]. These MRI sequences have been applied to longitudinal 

studies of acute edema in response to House Dust Mite protein or, more typically, 

ovalbumin exposure, as well as restoration of normal lung anatomy over time or after 

drug treatments [49 – 51]. In all studies, the presence of edema and molecular markers of 

acute inflammation such as elevated IgE levels were confirmed by cytology and/or 

histology.  

 RARE MRI scans have been used to image mice treated with intratracheal IL-

1B and TNF-α at 2, 4, 6, and 24 hours post-exposure [52]. Hyperintense to total lung 

volume (HTLV) ratios were higher in treated mice than saline controls at 2, 4, and 6 hour 
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time points, suggesting increased HTLV ratios in treated mice were caused by 

inflammatory cell infiltrate, which was later confirmed by results of bronchoalveolar 

lavage cytology and histopathology. 

 Time course DCE MRI has been used to visualize vascular permeability in 

response to allergic pulmonary inflammation after repeated ovalbumin exposure in a 

preclinical rat study [53]. MRI signal was maximized at 48 hours and subsided after 96 

hours. Subsequent ovalbumin exposures resulted in maximum MRI signal at 6 hours 

followed by immediate decline. Increased vascular permeability during inflammation 

response was confirmed by histology, as was the attenuated vascular permeability 

response associated with multiple exposures.  

 In an effort to simultaneously image and treat acute pulmonary inflammation, 

superparamagnetic iron oxide nanoparticles (SPIONs) were conjugated to an anti-IL4Rα 

antibody thought to treat asthmatic inflammation and visualized with UTE MRI 

sequences as void signals from negative contrast in a theranostic assay using an 

ovalbumin-challenged murine asthma model [54]. Animals received either anti-ILR4α-

conjugated SPIONs or SPIONs alone. Anti-ILR4α-SPIONs localized preferentially to 

hyperintense areas in UTE MRI scans while ordinary SPIONs did not (Figure 1.2). UTE 

MRI scans were repeated every hour to trace SPION localization over time. 

Administration of anti-ILR4α-SPIONs resulted in rapid reduction in inflamed lung 

volume, indicating that anti-ILR4α antibodies helped resolve inflammation. Nanoparticle 

and antibody targeting were confirmed with histology.   
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Figure 1.2. Noninvasive lung MRI with SPION contrast. (a) Representative MR images 
of mouse lung for control mice, ovalbumin-challenged mice (i.e. OVA), and OVA mice 
following intrapulmonary administration of either SPIONs (upper row) or SPIONs–
IL4Rα (lower row) acquired at 2 h, 48 h, and 7 days post administration. White arrows 
highlight the presence of void signal dots related to SPIONs (with or without IL4Rα 
conjugation). SPIONs–IL4Rα were found to preferentially colocalize with the 
inflammatory (hyper-intensity) regions in the asthmatic lung (blue circles) following 
ovalbumin challenge. (b) Quantitative assessments of inflamed lung volume (ILV) for 
control versus OVA mice at 2 h, 24 h, 48 h, and 7 days post administration of either 
SPIONs or SPIONs–IL4Rα. Error bars are standard deviations of triplicates. (Reprinted 
from [54] with permission.) 

	
Emphysema 

 Emphysema manifests as the permanent enlargement of the air spaces around 

the terminal bronchioles, accompanied by the destruction of the alveolar walls without 

the presence of fibrosis [55]. Lung function decreases over time as small alveolar air 

spaces disappear.  MR imaging studies in emphysema in search of meaningful 

biomarkers have substantially increased understanding of the disease pathology.  
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 A clinical hyperpolarized 3He DW-MRI study in 2 normal volunteers and 4 

emphysema patients showed that 3He diffusion of the lung is anisotropic, ergo ADC 

values differ in the longitudinal and transverse directions because airway structures are 

cylindrical [56]. In healthy subjects, transverse ADC (DT) was found to be approximately 

one eighth that of free air, whereas longitudinal ADC (DL) was about half the free air 

diffusion coefficient. In contrast, patients with emphysema had substantially elevated DL 

and DT values due to the destruction of alveolar structures. DW-MRI results from the 

anisotropic model in emphysema patients were validated using physical measurements of 

alveolar spaces from resected lung tissues.  Yet, when a later clinical study in emphysema 

patients attempted to use hyperpolarized 3He DWI to monitor emphysema progression 

via mean ADC value, no changes in mean ADC were detected in patients over a 12-

month period [57]. This result indicates that while mean ADC had been identified as a 

useful diagnostic biomarker, ADC is not sensitive enough to monitor disease progression. 

 3He diffusion morphometry is a DWI imaging method that accounts for the 

previously described anisotropic model of 3He diffusion, and combines DT and DL values 

into a new term, the mean diffusion coefficient (DM) [58]. In a preclinical study of 3He 

diffusion morphometry in a canine emphysema model, DM was shown to be sensitive to 

disease initiation and progression in repeated imaging studies conducted during gradual 

induction of emphysema pathology through repeated porcine elastase lavage in the right 

lung. MRI results were validated with CT measurements of lung volume and tissue 

density. 

 DCE-MRI angiography and perfusion scans were used to assess blood flow to 

indicate severity of emphysema in a preclinical canine model of elastase-induced 
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emphysema [59]. Pulmonary arterial flow and perfusion defects were found to increase 

with increasing disease severity. Imaging findings were validated with histology. Un-

gated, free-breathing GRE MR imaging was used to detect reduced tissue density and 

increased volume in the lung parenchyma in a pancreatic elastase-induced rat model of 

emphysema [60]. MRI results were consistent with air-trapping observed histologically. 

Chronic Obstructive Pulmonary Disease (COPD) 

 COPD is an umbrella term for smoking-associated diseases and may refer to 

emphysema, chronic bronchitis, or a combination of the two. Chronic bronchitis is 

defined symptomatically by airway inflammation, increased mucous production, and 

productive cough [55]. In MRI literature, COPD usually refers to the combined 

occurrence of emphysema and chronic bronchitis.  

 Several clinical studies indicate that ventilation defects and ADC values 

measured by hyperpolarized 3He MRI are very promising diagnostic and disease 

monitoring biomarkers in COPD. A multi-center clinical trial in 94 patients with COPD 

and age-matched never-smokers was conducted to determine if ADC from 3He DWI 

could correctly segment a population into COPD or healthy groups compared to 

pulmonary function measurements and HRCT visualization of mean lung density [61]. 

Using pulmonary function tests as the comparator, ADC correctly identified patients with 

COPD at a higher rate than HRCT. In a single COPD patient, repeated HP 3He MRI 

successfully detected increasing ventilation defect percent (VDP) and ADC leading to an 

acute exacerbation event [62]. Decreases in VDP and ADC values were observed after 

treatment of the acute event,.  
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 A clinical trial was performed with a cohort of 100 spirometry-confirmed 

COPD patients to evaluate the spatial relationship between ventilation abnormalities 

measured by 3He ventilation imaging and relative alveolar tissue integrity [63]. Spatial 

patterns of ventilation abnormalities were classified into apical or basal predominant 

ventilation defect percent (VDP). Alveolar tissue integrity measured by CT detected the 

presence of alveolar defects by relative area of the lung parenchyma with attenuation ≤ 

950 Houdsfield Units (RA950), and classified these defects spatially as apical or basal. A 

ratio of apical to basal VDP had an inverse correlation to the ratio of apical-to-basal 

RA950, aligning with what has been previously shown in emphysema studies about the 

relationship of alveolar tissue integrity to ADC. Furthermore, the spatial distributions of 

VDP and RA950 were more homogenous in advanced disease, suggesting a progression 

from regional to homogenous ventilation abnormities during the course of the disease.  

 Conventional MRI biomarkers have been shown to correlate with 3He 

ventilation imaging, and have diagnostic value of their own. Signal intensity from GRE 

MRI was compared to 3He ADC and HRCT imaging methods as well as pulmonary 

function tests in a cohort of 11 COPD patients and 9 never smokers [64]. Strong 

correlations were observed between MRI SI and 3He DWI ADC, and between MRI SI 

and CT results, indicating that these methods measure different aspects of the same 

pathology. These correlations were validated by the results of pulmonary function tests. 

A cohort of 60 smokers with and without COPD were evaluated with MDCT, UTE-MRI, 

and measurements of pulmonary function [65]. According to pulmonary function tests, 

participants were classified into “smokers without COPD,” “mild COPD,” “moderate 

COPD,” and “severe COPD.” Average T2* values, transverse magnetization decay times 
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as affected by magnetic inhomogeneities, showed significant differences between all 

groups except for “smokers without COPD” and “smokers with mild COPD.” 

 Hyperpolarized 129Xe MRI is also source of several promising imaging 

biomarkers for COPD diagnosis and management. Multiple exchange time xenon 

polarization transfer (MXTC) MRI permits simultaneous measurement of two pulmonary 

function parameters: MXTC-F or long gas exchange time depolarization value, and 

MXTC-S or square root of the xenon exchange time constant which is related to the 

thickness of alveolar tissue [66].  In a clinical study of three healthy volunteers and two 

patients with previously confirmed COPD, MXTC-S was significantly elevated in 

diseased lungs. MXTC-F maps were strongly correlated with 129Xe ADC-MRI and CT 

scans.  A clinical feasibility study evaluated hyperpolarized 129Xe DWI as a more 

affordable alternative to hyperpolarized 3He DWI [67]. 129Xe DWI successfully detected 

significant increases in mean ADC values consistent with lung tissue destruction in 

patients with COPD compared to age-match controls and healthy volunteers.  

 In a recent preclinical mouse study, a novel device for the constant 

delivery of 129Xe during imaging allowed for the quantification of fractional 

ventilation (!!), or fresh air turnover, with each breath [68]. 129Xe contrast was also used 

to evaluate gas exchange (!!) between parenchymal spaces and capillaries. COPD was 

induced by exposing mice to cigarette smoke (CS) and lipopolysaccharide (LPS). This 

method detected significant decreases in fractional ventilation and gas exchange 6 weeks 

after smoke and LPS exposure compared with sham-exposed mice. At the 6-week time 

point, the inflammatory drug ethyl pyruvate (EP) was introduced, and recovery of both 
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fractional ventilation and gas exchange values were observed (Figure 1.3). COPD 

induction and pathology were confirmed by histology to validate imaging observations.   

	
Figure 1.3. 129Xe fractional ventilation & gas exchange maps.(a) Example parametric 
maps of ra (fractional ventilation) and fD (gas exchange) derived from longitudinal studies 
of mice in each of the three groups, from top to bottom: sham-instilled; CS and LPS 
model of COPD; and EP-treated. In all cases, the time course is shown horizontally. 
(Reprinted from [68] with permission.)  

 

Cystic Fibrosis (CF) 

CF is the most common lethal genetic disease affecting white populations [69]. 

CF occurs in 1 of every 3200 live births in the U.S. Abnormal function of the CF 
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transmembrane conductance regulator (CFTR) results in the production of abnormally 

viscous mucous that has deleterious effects on pulmonary morphology. Mucous plugging 

leads to distended bronchioles, dilation of the tracheobronchial tree, chronic infections, 

chronic bronchitis, bronchiectasis, abscesses, and other consolidations.  

Several small, clinical studies have shown that hyperpolarized 3He ventilation 

imaging is a promising approach for detecting ventilation defects and monitoring 

therapeutic response. In a cohort of 8 patients with stable CF, % ventilation score from 

3He ventilation imaging correlated better with spirometry results than HRCT scores [70].  

3He ventilation MRI was shown in a 5-patient pediatric cohort to have sufficient 

reproducibility for longitudinal monitoring [71]. The method was then applied to a 

therapeutic response study in a separate cohort of 9 pediatric patients to determine 

whether percussion and drainage therapy had an immediate effect on ventilated lung 

volume. No therapeutic response was observed in global lung ventilation volume, but 

regional ventilation improvements were observed. 3He ventilation MRI was applied to 

another study of therapeutic response to 11 days of treatment with i.v. antibiotic, 

hyertonic saline, and rhDNase in a 3-patient cohort [72]. Therapeutic effect was 

measured by spirometry in addition to imaging. Only one of three patients showed 

improvement in ventilated lung volume by 3He MRI, while slight decreases in ventilated 

volume occurred in the other two. However, spirometry metrics improved in all 3 

patients, indicating the ventilated lung volume from 3He MRI is not a perfect biomarker 

for pulmonary function. 3He lung morphometry was used in a six-patient pediatric cohort 

of CF patients with a history of lung transplant in a prospective study to determine 
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whether imaging parameters could predict transplant outcome [73]. Larger alveolar depth 

was found to be a strong predictor of favorable outcome.  

 Numerous clinical studies have been conducted correlating anatomical chest 

MRI to HRCT in CF patients. Cardiac-gated MRI studies including T1W, T2W (with or 

without contrast enhancement), and/or DCE-perfusion sequences, typically with 

respiration gating and/or breath holds, have allowed for qualitative morphofunctional 

scoring that detects and monitors changes in CF lung tissue with sensitivity very similar 

to that of HRCT [74-77]. Some advances have been made in rapid imaging. An ultra-

short TR/TE steady state free precession MRI sequence with a maximum breathold of 

only 10 seconds was tested in a clinical cohort of 20 patients and was able to detect 

bronchiectasis, mucous plugging, atelectasis, and trapped air with comparable sensitivity 

to CT [78].  

 More recent clinical studies have focused on correlating anatomical MRI 

features with clinical measures of pulmonary function. In a cohort of 97 CF patients, lung 

clearance index (LCI) measured by multiple breath washout (MBW) was correlated with 

morphological features from an MRI scan series that included T1W images before and 

after contrast, a T2W image, and perfusion MRI [79]. Numerous morphological features 

were scored on a categorical scale: bronchial wall abnormalities, mucous plugging, 

sacculations and abscesses, consolidation, pleural reaction, abnormal perfusion score, 

total morphology score (sum of scores from all features but perfusion), and global score 

(total morphology plus perfusion). Strong correlations were found between LCI results 

total morphology score, as well as bronchiectasis, mucous plugging, abnormal perfusion, 

and MRI global score. In a different study, anatomical MRI scores for bronchiectasis and 
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trapped air were compared to corresponding CT scores as well as clinical parameters 

(FEV1, Pseudomonas aerginosa, pulmonary exacerbations and patient reported 

symptoms) in a 57 patient pediatric cohort where MRI and CT were alternated annually 

during routine exams [80]. Bronchiectasis observed via MRI correlated well with all 

clinical parameters, while MR imaged trapped air only correlated with FEV1 and 

Pseudomonas aerginosa. Compared to CT, MRI tended to exaggerate bronchiectasis 

slightly. However, strong correlations with clinical parameters and CT results suggest 

that MRI is a sensitive and effective imaging modality for CF exam.   

 In a preclinical study, a cardiac-gated, free breathing preclinical FLASH MRI 

sequence successfully detected inflammation in a murine CF model [81]. Averaging was 

used to overcome respiratory motion artifacts, though these were minimized by use of a 

fast imaging sequence. The presence of inflammatory lesions was confirmed by 

histology. Thus FLASH MRI method is an important advance for improving throughput 

in future preclinical studies.  

CONCLUSION 

 Great strides have been made in MRI towards improved resolution in 

pulmonary imaging, largely due to development of rapid image acquisition sequences to 

overcome motion-related challenges. Continued advances in this area will improve the 

disease management choices available to patients with persistent lung disease that require 

repeated imaging. Further advances in methods that suppress motion artifacts will pave 

the way for the clinical use of novel sources of contrast like CEST MRI. Hyperpolarized 

gas is useful for visualizing functional pulmonary area in all types of lung disease. 

Hyperpolarized 129Xe morphometry is an exciting tool that promises to improve 



	 33	

correlation of functional lung imaging with quantitative measurements of lung capacity. 

Understanding better how healthy lung area relates to lung function will lead to 

development of improved therapies and better patient management. Importantly, clinical 

and preclinical studies pairing MRI results with histology are leading to deeper 

physiological understanding of disease mechanisms and greatly increasing the diagnostic 

and prognostic capabilities of non-invasive pulmonary imaging studies. Strong 

correlations between MRI results, histology data, and patient outcomes bring the field of 

in vivo imaging closer to developing imaging biomarker surrogates for invasive 

pathology testing. 
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My graduate research focused on developing tumor extracellular pH (pHe) 

measured by acido- Chemical Exchange Saturation Transfer (CEST) MRI as a cancer 

diagnostic biomarker in preclinical murine models. My published and publishable studies 

are logically connected in a coherent body of work. 

My first publication (Appendix A) describes a study wherein amide proton 

transfer (APT) exchange rate (kex), measured spatially by endogenous CEST MRI, is 

compared to pHe measured by acidoCEST MRI in murine normal kidney, pancreatic 

flank tumor xenografts, and spontaneous murine lung tumors to determine whether kex 

might be used as a proxy for pHe. 

The research presented in this dissertation is original. I designed, performed, and 

documented this research myself with guidance from my co-authors. My research 

contributed meaningfully to the field of cancer imaging by determining that kex did not 

correlate with measurements of extracellular pHe, and was therefore not a suitable proxy 

measurement. 
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Differentiating lung cancer from infection based on measurements 
of extracellular pH with acidoCEST MRI 
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ABSTRACT 

Lung cancer diagnosis via imaging may be confounded by the presence of 

indolent infectious nodules in imaging studies. This issue is pervasive in the southwestern 

US where coccidioidomycosis (valley fever) is endemic. AcidoCEST MRI is a 

noninvasive imaging method that quantifies the extracellular pH (pHe) of tissues in vivo, 

allowing tumor acidosis to be used as a diagnostic biomarker. Using murine models of 

lung adenocarcinoma and coccidoidomycosis, we found that average lesion pHe differed 

significantly between tumors and granulomas. Our study shows that acidoCEST MRI is a 

promising tool for improving the specificity of lung cancer diagnosis.  

 

INTRODUCTION 

According to 2015 estimates, lung cancer is the second most frequently diagnosed 

cancer and the leading cause of cancer-related mortality in men and women in the United 

States [1]. Early diagnosis can greatly improve prognosis for individuals with this disease 

[2]. When detected early, non-small cell lung cancer may be treated surgically and has a 

better prognosis relative to metastatic disease. Given the benefits of early detection, the 

United States Preventative Services Task Force recently recommended annual low-dose 

CT for lung cancer screening in individuals 55 – 80 years old with a history of smoking 

30 packs per year, and individuals that quit smoking after age 40.  

Unfortunately, while CT has adequate sensitivity to detect early lung cancer 

lesions, it is not specific to cancer diagnosis and also detects non-cancerous nodules [3]. 

One of the major disadvantages of the low-dose CT screening regimen is the high rate of 

false positives. Ninety-five percent of positive CTs are ultimately diagnosed as arising 
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from conditions other than cancer [2]. Currently, the resolution of ambiguous nodules 

requires follow-up imaging studies or biopsy [2]. Follow-up CTs that monitor lesion 

growth can be used to identify lung tumors vs. non-cancerous, size-stable nodules, but 

this longitudinal monitoring results in delayed diagnosis and treatment. Ambiguous 

nodules greater than 8 mm in diameter are typically referred for biopsy, an invasive 

procedure with inherent life-threatening risks [2]. Ambiguous CT findings are common in 

the southwestern US, where early diagnosis of lung cancer is often confounded by the 

presence of granulomas from coccidioidomycosis, which can appear morphologically 

identical to early-stage lung tumors via CT and conventional MRI. Approximately 

150,000 people become infected with coccidioidomycosis annually, and about two-thirds 

of these infections never become clinically symptomatic [4]. Roughly 60% of these cases 

occur in southern Arizona, confounding the early detection of lung malignancies in this 

region [5].  

It is well established that tumors generate and export excess lactic acid due to 

upregulated glycolytic metabolism, resulting in strongly acidic extracellular pH (pHe) in 

the tumor microenvironment that is typically ≤ 7.1 pH units [6]. Normal tissue is 

typically pH neutral at 7.4 pH units [7]. Coccidioides fungi are known to excrete 

ammonia, likely resulting in alkaline pHe, > 7.4 pH units, in infected tissues 

[8].  Infections can cause inflammation, and the inflammatory microenvironment can be 

mildly acidic (7.2 – 7.4 pH units).  Therefore, an infectious nodule may be mildly acidic, 

pH-neutral, or mildly alkaline, and yet the nodule should not be strongly acidic 

[9].  Therefore, a strongly acidic pHe may be used to differentiate lung cancer from 

infection, which can accelerate diagnoses and avoid unnecessary biopsies. 
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We have developed a noninvasive imaging method that can measure tumor 

acidosis, known as acidoCEST MRI.  This method is based on Chemical Exchange 

Saturation Transfer (CEST) MRI, which selectively saturates the magnetization of labile 

protons on exogenous contrast agents or endogenous biomolecules so that their coherent 

MR signal disappears, waits for these protons to exchange with protons in the bulk water 

pool, and then measures the resulting reduction in MRI signal from water. The chemical 

exchange rate of the protons between the saturated contrast agent and bulk water pool is 

dependent on pH, and therefore CEST MRI signals are pH dependent [10]. 

AcidoCEST MRI uses the exogenous contrast agent, iopamidol, which is 

approved by the FDA for use with clinical CT [11]. Iopamidol has three labile protons 

that generate two CEST signals after saturation at MR frequencies 4.2 and 5.6 ppm.  A 

log10 ratio of these CEST signals is linearly correlated with pH (a log10 measure of 

hydrogen ion concentration). This ratiometric analysis results in a pH measurement 

independent of the concentration of the agent and MRI characteristics such as 

endogenous T1 relaxation time or CEST saturation efficiency. The precision of 

acidoCEST MRI has been quantified at 0.038 pH units, and in vivo accuracy has been 

quantified at 0.034 pH units, comparable to that of a benchtop pH meter (0.03 units), over 

a pH range of 6.2 – 7.4 [12, 13]. AcidoCEST MRI has been previously applied to 

measure extracellular pH (pHe) in murine flank and orthotopic cancer xenograft models, 

and a murine lung fibrosis model [11, 12, 14-17].  

We sought to determine if acidoCEST MRI can distinguish between lung tumors 

and coccidioidomycosis granulomas by characterizing the pHe of those lesion types in 

preclinical mouse models. We selected a spontaneous, chemically induced, orthotopic 
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model of murine adenocarcinoma, and a novel Δcps1 mutant model of 

coccidioidomycosis that is safe to handle in biosafety level 2 (BSL-2) facilities [18]. We 

compared average lesion pHe measurements between the two groups to determine the 

suitability of acidoCEST MRI for differentiating these types of lesions. 

 

RESULTS 

	
Figure 3.1. CEST effects from iopamidol are detected in lung tumors. (a) Sample 
experimental and fitted difference spectra (post-injection minus pre-injection). (b) 
Parametric map showing spatial CEST signal at 4.2 ppm. (c) Parametric map showing 
spatial CEST signal at 5.6 ppm. (d) Resulting spatial pHe map. 

Our respiration-triggered acidoCEST-FISP MRI method successfully imaged both 

murine lung tumors and granulomas. Slow, steady breathing during this scanning 
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procedure led to extended scan times and prolonged exposure to isofluorane. Despite 

these obstacles, we completed scans without mouse fatality. The mice with spontaneous 

lung adenocarcinomas were very stable under anesthesia. Lung tumors took 17 – 46 

weeks to reach a sufficient size for successful imaging, by which time mice were mature. 

Mice infected with Δcps1 were more fragile under anesthesia due to pulmonary 

inflammation and pneumonias that occurred after infection. While pathology results from 

previous studies indicated that granulomas would appear within 2 weeks of infection, the 

key to successful in vivo imaging was to wait 3-4 weeks for the acute inflammatory 

background to clear after initial exposure to Δcps1 spores [18]. When the acute 

inflammation cleared from the lungs, the mice had slow, steady breathing patterns. The 

data quality was sufficient to detect and fit CEST effects at 4.2 and 5.6 ppm in processed 

CEST spectra (Fig. 3.1a), and in spatial maps (Fig. 3.1b, c) resulting in a pHe map (Fig. 

3.1d).  

CT and anatomical MRI are not able to clearly distinguish between granulomas 

and tumors, where both types of lesion appear as gray masses in the lung (Fig. 3.2a, b). 

This result in our mouse models parallels clinical observations in humans [3]. 

Conversely, our spatial pHe maps clearly differentiated between granulomas and tumors 

(Fig. 3.2c).  These pHe maps showed acidosis in the lung tumors while the granulomas 

were only mildly acidic or pHe-neutral. We used user-selected regions of interest (ROI) 

to guide the quantification of lesion pHe during data analysis. We used manual ROI 

selection because acidoCEST MRI is not intended to improve the sensitivity of lung 

lesion detection, but rather to improve the specificity of diagnosis after a lesion has been 

detected. 



	 49	

	

	
Figure 3.2. Murine lung adenocarcinomas and Δcps-1 cocci granulomas present similarly 
as discrete gray masses in CT and anatomical MR images (indicated by yellow arrows). 
AcidoCEST MRI differentiates clearly between the two lesions. 

 

We analyzed the distributions of pHe values in both types of lesions. The pHe 

values of all pixels from all tumors were pooled, and the same pooling was performed for 

all pixels of granulomas (Fig. 3.3a).  These poolings showed a distinct difference between 

the median pHe in neoplastic and coccidioidal lesions, even though portions of the 

distributions overlapped. Pixelwise pHe distributions of individual mice in each group 

illustrated the variable spread of pHe values between animals in each group, though the 

median pHe values for the granuloma group were all consistently higher than for the 

tumor group (Fig. 3.3b).  The average of the pixelwise pHe values for the lung tumors 

and granulomas showed the most direct distinction between the two lesion types (Fig. 

3.3c). Using average lesion pHe as the diagnostic metric results in a group means of pHe 

7.28 (SD = 0.06) for the granulomas and pHe 6.795 (SD = 0.15) for the tumors. An 
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unpaired, two-sided t-test confirmed that there was a statistically significant difference in 

average pHe between granulomas and tumors (p = 0.0001). 

	
Figure 3.3. Average lesion pHe draws a clear distinction between neoplastic and 
coccidioidal groups. (a) Boxplot of pooled pixelwise pHe values in the tumor and cocci 
groups. Median lesion pHe values differed significantly between groups (p < 0.0001). (b) 
Boxplot of pixelwise pHe values for each individual in the tumor and Coccidioides 
groups. (c) Boxplot of average lesion pHe in the neoplastic and coccidioidal groups. 
Average lesion pHe also differed significantly between groups (p = 0.0001). 

 

There was no relationship between iopamidol concentration and pHe value (Fig. 

3.4a, b), which agreed with a previous study [16].  These scatterplots also illustrated that 

there was a wide distribution of iopamidol uptake values in both groups. The proportion 

of pixels where pHe could be quantified, relative to the total number of pixels within the 

ROI for the lesion, was expressed as a percent coverage for each individual mouse in the 
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tumor and coccidioidal granuloma groups (Fig. 3.4c). Percent Coverage was highly 

variable in the tumor group (range = 33.3 – 100.0%, mean = 67.5%, SD = 28.9%), 

whereas Percent Coverage was more consistent in the granuloma group (range = 56.7 – 

90.0%, mean = 64.5%, SD = 14.3%).  This result may reflect the well-known 

heterogeneity of solid tumors.

	

Figure 3.4. Iopamidol concentration was not correlated with pHe. (a) Scatterplot of 
iopamidol concentration (mM) versus pHe for lung tumors. (b) Scatterplot of iopamidol 
concentration (mM) versus pHe for Δcps1 granulomas. (c) Percent coverage (number of 
quantifiable pixels / total size of ROI) for tumors and coccidioidal granulomas.  
 

DISCUSSION 

Our results indicate that the acidoCEST MRI method differentiates between lung 

tumors and coccidioidal granulomas. The acidic pHe values observed in lung tumors 
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were consistent with tumor acidosis resulting from the Warburg effect [6]. We 

anticipated the neutral pHe values observed in coccidioidomycosis granulomas due to a 

combination of mild acidosis from inflammatory cells combined with the presence of 

ammonia in the extracellular space secreted by the Coccidioides organisms [8, 9].  

Recent advances in MRI for preclinical models of lung tumors and infections are 

primarily concerned with increasing the anatomical sensitivity and accuracy of the 

modality to improve lesion detection and monitor lesion size. High-resolution, gated MRI 

sequences have been successfully applied to quantitatively monitor tumor growth over 

time in mouse models [19, 20]. The threshold of detection in high-resolution MRI scans 

may be improved by employing an automated segmentation algorithm [21]. 

Alternatively, three-dimensional, ultrashort echo time (UTE) MRI has been performed 

with free-breathing animals, and the tumor burden results were shown to correlate well 

with ex vivo histology [22].  A similar free-breathing, UTE MRI approach has been used 

for the longitudinal, in vivo monitoring of aspergillosis infection in a preclinical mouse 

model [23]. The ability of UTE MRI to detect the presence of aspergillosis infection was 

equivalent to that of CT, and the MRI was more sensitive to gradual pathological changes 

in the lung.  While these methods impact lung disease diagnosis by improving the 

sensitivity of imaging, they fail to improve the specificity by distinguishing lung tumors 

from infections. 

More recently, a retrospective clinical study of unenhanced MRI signal intensity 

features from pulmonary lesions in a cohort of 29 patients with acute infections or tumors 

was able to differentiate between those two conditions with 95% specificity [24]. 

However, this study evaluated on-going, acute infections, requiring that diagnostic 
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imaging be performed during the acute time frame.  Our studies were performed after 

acute inflammation had cleared, eliminating the need for the imaging scan to be 

performed within a time frame relative to pathologic state. Our finding that extracellular 

pH can differentiate lung tumors from infections lays the foundation for the first non-

invasive, differential diagnostic test for the discrimination of ambiguous lung lesions, and 

represents a major new application for molecular imaging of cancer. 

 

METHODS 

Animal Models 

All mouse studies were conducted with the approval of the University of Arizona 

Institutional Animal Care and Use Committee in accordance with applicable guidelines 

and regulations. To produce a spontaneous, orthotopic model of lung adenocarcinoma, 

male A/J mice were treated with a single intraperitoneal injection of 1 mg/g of urethane 

in 0.2 mL PBS at 6 weeks of age.  The lung adenocarcinomas reached a size of 1 mm at 

25-26 weeks of age with average body weight of 29.4 g, which was suitable for MRI 

studies. Because Coccidioides spp. are biosafety level 3 aerosol pathogens, and also 

because the infection is rapidly fatal in mice before it can form stable granulomas, an 

avirulent (biosafety level 2) strain with the CPS1 gene removed, Δcps1 (18 , Narra et.al) 

was used to produce lung granulomas for imaging.  Female mice 5 – 17 weeks of age 

were infected via intranasal insufflation with 30 µL of Δcps1 spores in 0.9% saline under 

ketamine (80 mg/kg of body weight)-xylazine (8 mg/kg) anesthesia as described 

previously [18].  BALB/c, C57BL/6j, and Swiss-Webster (SW) mice were given variable 

quantities (50,000-500,000 spores) of Δcps1 either once, or twice 7 days apart. (Table 
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3.1) The mouse strains and dosages of Δcps1 were modified as studies proceeded to 

optimize the formation of granulomas and survival under anesthesia for imaging. Mice 

were imaged at 14, 21, or 28 days after the first exposure (Table 3.1). The average weight 

of the mice at the time of imaging varied by strain: Balb/c -19.7 g, C57BL/6j - 21.5 g, 

SW - 24.5 g.  

Prior to imaging, we anesthetized each mouse with 1.5 – 2.5% isofluorane in 1 

L/min oxygen carrier gas. A 27-gauge tail vein catheter was used to deliver iopamidol 

contrast agent [15]. We used a fiber optic rectal probe to monitor temperature, and a 

respiration pad to monitor respiration rate (SA Instruments, Inc., Stony Brook, NY). To 

facilitate optimal respiratory gating, anesthesia levels were maintained such that mice had 

a respiratory rate of 20 – 50 breaths per minute.  Mouse body temperature was 

maintained at 36.5-37.5 °C using warm air. 

Table 3.1. Δcps1 exposure times and doses by mouse strain. Where applicable, the 

second exposure occurred 7 days after the first. 

Mouse 
strain 

1st Exposure Age 
(weeks) 

1st Exposure 
Dose 

2nd Exposure 
Dose 

Imaged Post-
Exposure (days) 

Balb/c 17 500 K n/a 14  
C57BL/6J 11 50 K 50 K 28 

SW group 1 9 100 K 100 K 14 
SW group 2 9 100 K 100 K 21 
SW group 3 5 50 K 100 K 28 
 
Image Acquisition 

We performed anatomical MRI scans with each mouse to locate the tumor or 

granuloma using parameters listed in Table 3.2. AcidoCEST MRI was performed by 

applying selective saturation at 3.5 µT power, followed by a Fast Imaging with Steady-

state Precession (FISP) acquisition [25]. We acquired images to produce four CEST 

spectra for each image pixel prior to i.v. administration of the contrast agent.  Then a 200 
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µL bolus of 370 mg/ml (976 mM) of iopamidol (Isovue®, Bracco Diagnostics, Inc.) was 

injected i.v. within 60 sec, and the injection line was connected to a syringe pump that 

infused 400 uL/hour of agent during the next 30 - 40 minutes.  Six sets of CEST MR 

images were acquired immediately after injection to produce six post-injection CEST 

spectra for each imaging pixel [15]. 

Table 3.2. Parameters for MRI scans. 

* Listed as (1) minimum – maximum value for step size, and (2) estimated total time 
due to variable respiration rates causing variable timing for respiration gating. 
 

For respiration-gated acidoCEST MRI, we achieved steady-state saturation by 

applying 10 square-shaped pulses for 600 ms each (a total of 6 s). After this pulse train, 

the protocol checked the respiration trigger. An active trigger would cue MR signal 

collection to commence [13]. An inactive trigger led to the application of another 600 ms 

Scan Type Anatomical MRI acidoCEST MRI 
Acquisition method RARE MRI CEST-FISP MRI 
TR 1075.57 ms 3.7 ms 
TE 12.7 1.6 ms 
Excitation flip angle 180.0° 15° 
In-plane spatial 
resolution 

0.453 mm/pixel 0.453 mm/pixel 

Matrix size 128 × 128 128 × 128 
FOV (cm) 5.8 × 5.8 cm 5.8 × 5.8 cm 
Slice Thickness 1 mm 2 mm 
Number of Slices 5 1 
RARE Factor 1 n/a 
Number of 
Experiments 

1 4 pre-, 6 post- i.v. 
iopamidol 

Number of averages 1 1 
Saturation Power n/a 3.5 µT 
Saturation Frequency n/a -3300 – -900 (600), -750 

– 750 (150), 810 – 2700 
(90), 3000, 3300 

Saturation Time n/a 600 ms 
Total acquisition 
time* 

1. 02:17 – 3:00  
2. 05:00 – 10:00 

1. 1:21.576 – 05:00 
2. 50:00 – 90:00 
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saturation pulse followed by another trigger check. This process was repeated until the 

protocol detected an active trigger and acquired the MR signal to produce an image.   

CT scans were performed with a Siemens Inveon µCT instrument using 220° 

rotation, 440 projections, and a 100 ms settle time. Images were processed with 2x2 

binning to produce 36 µm effective pixel size, with a 36 mm transaxial field of view and 

45 mm axial field of view. Exposures were set at 50 kV voltage and 500 µA current, with 

a 400 ms exposure time.  CT reconstruction used a Feldkamp algorithm, without 

downsampling, slight noise reduction, a Shepp-Logan filter, and no beam-hardening 

correction. 

Image Analysis 

To analyze acidoCEST MRI results, we averaged the four pre-injection images at 

each saturation frequency and applied a Gaussian spatial smoothing algorithm to improve 

signal-to-noise ratio [15]. We performed the same steps to process the six post-injection 

images. The resulting pre-injection image was subtracted from the post-injection image at 

each saturation frequency to eliminate CEST signals from static endogenous sources. 

Pixels with contrast below 2√2(scan noise) were discarded from the analysis [26]. CEST 

spectra were then obtained for each imaging pixel in the tumor or granuloma. CEST 

spectra were fit with the Bloch-McConnell equations (the Bloch equations that include 

chemical exchange) modified to directly include pH as a fitting parameter, as previously 

described [13, 27]. This analysis method also estimated the concentration of the agent 

(capped at 100 mM), endogenous T1 and T2 relaxation time constants, B1 saturation 

power, and B0 value.  Pixels with pHe values below 6.2 pH units were excluded, based on 

an analysis of reliability previously evaluated with phantoms [15, 27]. We capped the 
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upper range of permitted pHe values at 7.9 to allow for the possibility of alkaline pHe in 

the granuloma microenvironment that could be caused by the presence of extracellular 

ammonia [8]. Unpaired, two-sided t-tests were used to compare average and median ROI 

pHe values between tumor and Coccidioides groups. Statistical calculations were 

performed in STATA 13.1. 
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Endogenous CEST MRI 

 While my research has shown that endogenous CEST MRI is not a proxy pHe 

measurement, there is value to continuing to develop endogenous CEST MRI 

measurements for lung. There is preclinical evidence to suggest that endogenous CEST 

MRI can distinguish between tumor malignancy levels in the lung. [1] While I did not 

experience issues with insufficient iopamidol uptake in lung tumors or granulomas, it is 

possible that issues could arise in future studies. Furthermore, delivery of intravenous 

(i.v.) iopamidol during clinical acidoCEST MRI studies has been complicated in the past 

because the agent borders on being too viscous for some MRI-compatible infusers. 

Developing an endogenous CEST biomarker to resolve diagnosis of ambiguous lung 

would allow for even faster clinical translation by making it much easier to recruit lung 

cancer patients and valley fever patients for a clinical trial for the following reasons: 

allergy to iodinated contrast agents would no longer be a concern, there would be no need 

to subject patients to additional testing for adequate kidney function for timely clearance 

of the agent, and cancer patients are more likely to agree to participate when there is no 

need to place an i.v. catheter because some patients already experience injection site pain 

from chemotherapy infusions. Furthermore, endogenous CEST MRI scans are much 

faster—there is no need to collect pre- and post- contrast infusion scans. Therefore, it 

would be useful to determine whether any endogenous CEST methods could distinguish 

between Δcps1 granulomas and tumors. 

Δcps-1 Coccidioides imaging model 

 Developing the BSL-2 Coccidioides posadasii murine model for MRI represents 

significant progress for the preclinical development of diagnostic tests to improve 
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diagnosis in ambiguous lung. In addition to reducing the cost of experiments by 

eliminating the need to purchase special safety equipment, the attenuated virulence of the 

Δcps1 strain made it possible for infected mice to survive long enough for the acute stage 

of the infection to clear [2]. Clearance of the acute infection greatly increased the stability 

of the animals under anesthesia for the duration of a prolonged imaging procedure, and 

was more clinically relevant because many patients with valley fever nodules in their 

lungs never experience symptoms sufficiently acute to have required imaging studies.  

 However, there is still much to be learned about this model that was out of scope 

for my project, but would improve its deployment in future preclinical imaging studies. It 

has already been established that different mouse strains experience the acute stage of 

Δcps1 infections with varying grades of severity [2]. It would be very useful to know if 

and/or how arthroconidia dose correlates to the resulting number and size of granuloma 

in several different mouse strains, as well as whether some mouse breeds are able to clear 

the acute infection more rapidly than others. Being able to better predict the outcome of 

the infection would make experiment planning much more efficient. That information 

would also make it possible to plan a study to determine whether granuloma pHe varies 

by lesion size since unlike tumors, granulomas do grow over time. Being able to 

standardize spore dose by mouse strain would also be valuable for further experiments on 

the repeatability and reproducibility of the diagnostic method.  

Ambiguous lung nodule differential diagnosis 

 It was really exciting to discover that lung tumors and Δcps1 granulomas had 

significantly different pHe values as measured by gated acidoCEST-FISP MRI. Those 

findings represent a crucial first step on the road to clinical trial, and ultimately clinical 
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implementation, of a diagnostic imaging test to resolve ambiguous lung lesions. Yet, 

there is still important knowledge to be gained through further preclinical testing.  

Firstly, resource availability prevented us from performing imaging trials where the 

operator of the MRI and/or data analysis machinery was blind to the experimental group 

that each animal belonged to. We were also unable to image mice with tumors and mice 

with Δcps1 infections during the same day to interrogate the repeatability and 

reproducibility of the method. A mouse model that could tolerate the simultaneous 

presence of tumors and Δcps1 infection should also be developed so that we can 

determine whether the microenvironment of one lesion type is capable of influencing the 

other, because clinically it is possible for tumors and granulomas to occur in the same 

patient [3]. In the same vein, it is worth exploring whether acidoCEST MRI could also 

distinguish between tumors and granulomas from pulmonary tuberculosis. While there 

are reliable blood tests for tuberculosis in the clinic, it would still be clinically valuable to 

be able differentiate between the two in imaging studies when treating a patient with 

coexistent pulmonary tuberculosis and lung cancer. Existing research suggests that 

tuberculosis nodules have a neutral pHe [4]. Unfortunately, that avenue of research is 

complicated by the absence of a BSL-2 tuberculosis model. 

There are also some potential modifications that might improve the acidoCEST 

MRI method and ease future efforts at clinical implementation. The feasibility of a gated 

acidoCEST MRI sequence with radial phase encoding should be explored as a possible 

approach to accelerate data acquisition and reduce motion artifacts. Also, a 3D 

acidoCEST acquisition method could improve imaging resolution of smaller lesions. 

Finally, it would be helpful to develop an automated segmenting algorithm for image 
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processing to refine ROI selection (achieving more accurate borders around lesions), and 

reduce the potential for user bias. Automated segmentation would also make it possible 

for image analysis software to follow the ROI through each repetition, even if the ROI 

were to move around within the slice due to faulty respiration triggering. 
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(The following text, tables, and figures are reprinted with permission from John Wiley & Sons) 

ABSTRACT 

Purpose 

Extracellular pH (pHe) is an important biomarker for cancer cell metabolism. 

AcidoCEST MRI uses the contrast agent iopamidol to create spatial maps of pHe. 

Measurements of amide proton transfer exchange rates (kex) from endogenous CEST 

MRI were compared to pHe measurements by exogenous acidoCEST MRI to determine 

whether endogenous kex could be used as a proxy for pHe measurements. 

Methods 

Spatial maps of pHe and kex were obtained using exogenous acidoCEST MRI and an 

endogenous CEST MRI analyzed with the Omega Plot method, respectively, to evaluate 

mouse kidney, a flank tumor model, and a spontaneous lung tumor model. The pHe and 

kex results were evaluated using pixelwise comparisons. 

Results 

The kex values obtained from endogenous CEST measurements did not correlate with the 

pHe results from exogenous CEST measurements. The kex measurements were limited to 

fewer pixels and had a limited dynamic range relative to pHe measurements. 

Conclusion: Measurements of kex with endogenous CEST MRI cannot substitute for pHe 

measurements with acidoCEST MRI. While endogenous CEST MRI may still have good 

utility for evaluating some specific pathologies, exogenous acidoCEST MRI is more 

appropriate when evaluating pathologies based on pHe values. 
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INTRODUCTION 

Solid tumors generate and export excess lactic acid due to altered metabolism, 

dominated by glycolytic processes, resulting in acidic extracellular pH (pHe) in the tumor 

microenvironment [1]. Lactic acid can also accumulate in the tumor microenvironment of 

highly angiogenic tumors due to poor perfusion [2]. The quantification of tissue pHe can 

be a useful diagnostic tool for distinguishing between cancers and non-malignant 

pathologies [3, 4]. Furthermore, tumor pHe may be an important indicator of tumor 

metabolism, providing a useful biomarker for monitoring therapy response [5, 6].  While 

the intracellular compartment remains buffered in most living cells, intracellular pH (pHi) 

has also become a biomarker of interest is some pathologies. Intracellular acidification 

can occur in cases of extreme cell stress, in response to some chemotherapies, or 

ischemic stroke [7, 8].   

Chemical exchange saturation transfer (CEST) MRI can generate image contrast 

based on the exchange rate of a proton from an exogenous agent to water [9].  The 

exchange rates of some labile protons are pH-dependent, causing CEST image contrast to 

be dependent on tissue pH. AcidoCEST MRI is a specific protocol that measures two 

CEST signals from an exogenous contrast agent to accurately and precisely measure 

tumor pHe in vivo [10]. This method has been extensively refined, validated, and applied 

to study tumor models that have different pHe values, and to study effects of drugs that 

reduce metabolism [6].  AcidoCEST MRI has also been translated to the clinic to 

measure tumor pHe in patients who have metastatic ovarian cancer [11]. 

The chemical exchange of amide protons from endogenous proteins can also 

generate CEST MR image contrast.  The chemical exchange rate (kex) of amide protons 



	 78	

with bulk water is base catalyzed in the physiological pH range, and therefore tumor 

acidosis should decrease CEST MRI contrast [12].  Conversely, the concentration of 

endogenous amide protons increases CEST MRI contrast, especially from mobile 

proteins that have longer T1 and T2 relaxation time constants and are highly water-

accessible [13]. Therefore, endogenous CEST MRI of some solid tumors have shown no 

significantly different CEST contrast relative to normal tissues, presumably due to the 

opposed effects of tumor acidosis and mobile protein content in tumors [14]. For these 

reasons, endogenous CEST results may be interpreted as a weighted average of pH and 

mobile protein concentrations.  

To address this problem, kex has been estimated from CEST MRI with multiple 

saturation powers using a variety of analysis methods [15-18]. While the absolute 

amplitude of the CEST signal is dependent on the concentration of the exchangeable 

protons, this concentration does not affect the relative change in CEST with increasing 

saturation power.  The QUantifying Exchange with Saturation Power (QUESP) method 

can estimate kex in a concentration-independent manner by fitting a non-linear function to 

the CEST signal amplitudes measured with a range of saturation powers [15].  The 

Omega Plot method, also known as the LB-QUESP method, is a linear version of the 

QUESP algorithm that can estimate kex without requiring accurate initial guesses of the 

parameters [19].  

We sought to compare exogenous and endogenous CEST MRI for in vivo pHe 

assessments. In particular, we aimed to determine whether endogenous kex measurements 

could be used as a proxy for pHe measurements obtained with exogenous agents.  We 

used acidoCEST MRI using an exogenous CEST agent to measure tumor pHe, and used 
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the Omega Plot method to analyze endogenous CEST MRI results and directly measure 

endogenous kex.  We performed these imaging assessments for the normal murine kidney, 

a spontaneous murine lung tumor model, and a flank xenograft mouse model of 

pancreatic cancer. The mouse kidney was studied to provide tissue with a variation in 

pHe and pHi; the flank tumor model was selected to test a model that is typically used in 

preclinical cancer research; the lung cancer model was evaluated to test conditions with 

higher image noise. 

 

METHODS 

Mouse models 

MR imaging of normal kidneys was performed with female nude mice that were 12 

weeks of age and 27 g average weight.  To prepare a xenograft tumor model, 1X107 MIA 

PaCa-2 pancreatic tumor cells in 100 µL of saline were injected subcutaneously in the 

right rear flank of male severe compromised immunodeficiency (SCID) mice, 8 weeks of 

age, 22.6 g average body weight.  The flank tumor model grew to an average size of 200 

mm3 after 7 days, when they underwent MR imaging.  To prepare an orthotopic model of 

lung adenocarcinoma, male A/J mice were treated with a single i.p. injection of 1 mg/g 

urethane in 0.2 mL PBS at 6 weeks of age.  The lung adenocarcinomas reached a size of 

1 mm at 25-26 weeks of age with average body weight of 29.4 g, which was suitable for 

MRI studies. 

 

Prior to imaging, we anesthetized each mouse with 1.5 – 2.5% isofluorane in 1 L/min 

oxygen carrier gas. A tail vein was catheterized with a 27 g needle to deliver contrast 
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agent. We used a fiber optic rectal probe to monitor temperature, and a respiration pad to 

monitor respiration rate (SA Instruments, Inc., Stony Brook, NY). To facilitate optimal 

respiratory gating, anesthesia levels were maintained such that mice had a respiratory rate 

of 20 – 50 breaths per minute.  Mouse body temperature was maintained at 36.5-37.5 °C 

using warm air.  

MRI acquisitions 

We performed anatomical MRI scans with each mouse to locate the kidney or 

tumor, using parameters listed in Table A.1.  We used a 7 T Bruker Biospec MRI scanner 

with a 20 cm bore and a 72 mm tranceiver volume coil (Bruker Biospin, Inc., Bilarica, 

MA). Respiration-gated AcidoCEST MRI was performed by applying selective saturation 

at 3.5 µT power, followed by a Fast Imaging with Steady-state Precession (FISP) 

acquisition [20].  For acidoCEST MRI of kidney and lung tumor model, we acquired 

images to produce four CEST spectra for each image pixel prior to i.v. administration of 

the contrast agent.  Then 200 µL of 370 mg of iodine per ml (mgI/ml; 976 mM) of 

iopamidol (Isovue®, Bracco Diagnostics, Inc.) was injected i.v. within 60 sec, and the 

injection line was connected to a syringe pump that infused 400 µL/hour of agent during 

the next 30 minutes.  This dose is equal to 5.66 - 7.36 gI/kg of mouse body weight. 

Because pharmacokinetics scale between species when normalized to body surface area, 

the dose used in our study equates to Human Equivalent Dose of 0.46 – 0.59 gI/kg. This 

dose is 2.5- to 3.3-fold lower than the maximum 1.5 gI/kg allowed for clinical CT [10], 

[21, 22].   Six sets of CEST MR images were acquired immediately after injection to 

produce six post-injection CEST spectra for each imaging pixel [23].  We used the same 

protocol for imaging the flank tumor model, except that we acquired 3 pre-injection and 5 
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post-injection CEST spectra because images of the flank tumor were less susceptible to 

motion artifacts.  

For respiration-gated acidoCEST MRI, we achieved steady-state saturation by 

applying 10 rectangular-shaped pulses for 600 ms each (a total of 6 s). After this pulse 

train, the protocol checked the respiration trigger. If the trigger was active, then MR 

signal collection would commence [24]. If the trigger was not active, another 600 ms 

saturation pulse would be delivered, and the protocol again checked for an active trigger 

to start MR signal collection, or delivered yet another 600 ms saturation pulse.  This 

process was repeated until the protocol detected an active trigger and acquired the MR 

signal to produce an image.   

Endogenous CEST images were acquired with selective saturation with 

rectangular-shaped pulses applied at 2.5, 3.5 and 4.5 ppm.  We collected images at 1.0, 

1.5, and 2.0 µT saturation powers to calculate the amide kex (Table A.1). Large B0 

inhomogeneity in the lung due to air-tissue interfaces necessitated correction of the 

presaturation offsets. We used the offset value of the lung tumor ROI determined from 

the WASSR scan to correct the transmitter offset for the subsequent scans [25].  This 

process greatly compensated for B0 inhomogeneity in the lung tumor, and the post-

processing method could then tolerate any remaining mild-to-moderate B0 inhomogeneity 

on a pixelwise basis in the image of the lung tumor.  The B0 inhomogeneity was 

relatively small for imaging the kidney and xenograft tumor model, so that a similar 

WASSR scan to correct for large B0 inhomogeneity was not required. 
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Table A.1: Parameters for MRI scans, listed by murine model. 

Parameter Kidney Flank Tumor Lung Tumor 
Anatomical Scans 

Scan Type MSME RARE RARE 
TR 1199 ms 1075.57 ms 1075.57 ms 
TE 10.6 ms, 21.3 ms 12.7 12.7 ms 

Excitation flip angle 180.0° 180.0° 180.0° 
In-plane spatial 

resolution 
0.0469 cm/pixel 0.0453 cm/pixel 0.0453 cm/pixel 

Matrix size 128 × 128 128 × 128 128 × 128 
FOV (cm) 6 × 4  5.8 × 5.8 5.8 × 5.8 

Slice Thickness 1 mm 1 mm 1 mm 
Number of Slices 10 6 6 

RARE Factor n/a 1 1 
Number of averages 1 1 1 

Total acquisition 
time 

2:33  
(minutes: seconds) 

2:17  
(minutes: seconds) 

2:17  
(minutes: seconds) 

acidoCEST MRI Scans 
Scan Type CEST-FISP with 

respiration gating 
CEST-FISP with 
respiration gating 

CEST-FISP with 
respiration gating 

TR 3.7 ms 3.7 ms 3.7 ms 
TE 1.6 ms 1.6 ms 1.6 ms 

Flip Angle 15° 15° 15° 
Spatial Resolution 0.0453 0.0453 0.0453 

Matrix Size 128 × 128 128 × 128 128 × 128 
FOV (cm) 5.8 × 5.8 5.8 × 5.8 5.8 × 5.8 

Slice Thickness 2 mm 2 mm 2 mm 
Number of Slices 1 1 1 

Number of Averages 1 1 1 
Saturation Power 3.5 µT 3.5 µT 3.5 µT 
Saturation Time 600 ms 600 ms 600 ms 

Number of  
Saturation 

Frequencies 

40 40 40 

Saturation 
Frequency range 
(increment), Hz 

-3300 to -900 (600),  
-750 to 750 (150), 
810 to 2700 (90), 
3000 to 3300 (300) 

-3300 to -900 (600),  
-750 to 750 (150), 
810 to 2700 (90), 
3000 to 3300 (300) 

-3300 to -900 (600),  
-750 to 750 (150), 
810 to 2700 (90), 
3000 to 3300 (300) 

Number of  
CEST Spectra 

4 pre-injection,  
6 post-injection 

3 pre-injection, 
5 post-injection  

4 pre-injection,  
6 post-injection 

Acquisition time for 
one CEST spectrum 
(minutes:seconds) 

4:14 (plus 
additional time 
caused by variable 
respiration) 

4:14 (plus additional 
time caused by 
variable respiration) 

4:14 (plus 
additional time 
caused by variable 
respiration) 
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Total acquisition 
time 

(minutes:seconds) 

42:22 (plus 
additional time 
caused by variable 
respiration) 

33:53 (plus 
additional time 
caused by variable 
respiration) 

42:22 (plus 
additional time 
caused by variable 
respiration) 

endogenous CEST MRI Scans 
Scan Type CEST-FISP with 

respiration gating 
CEST-FISP with 
respiration gating 

CEST-FISP with 
respiration gating 

TR 3.7 ms 3.7 ms 3.7 ms 
TE 1.6 ms 1.6 ms 1.6 ms 

Flip Angle 6.3° 6.3° 6.3° 
Spatial Resolution 0.0453 0.0453 0.0453 

Matrix Size 128 × 128 128 128 × 128 
FOV (cm) 5.8 × 5.8 5.8 × 5.8 5.8 × 5.8 

Slice Thickness 2 mm 2 mm 2 mm 
Number of Slices 1 1 1 

Number of Averages 1 1 1 
Saturation Power 1.0, 1.5, 2.0 µT 1.0, 1.5, 2.0 µT 1.0, 1.5, 2.0 µT 
Saturation Time 600 ms 600 ms 600 ms 

Saturation 
Frequencies 

750, 1050,1350 Hz 750, 1050,1350 Hz 750, 1050,1350 Hz 

Number of  
CEST Spectra 

9 (3 powers x 3 
freq.) 

9 (3 powers x 3 
freq.) 

9 (3 powers x 3 
freq.) 

Acquisition time for 
one CEST spectrum 
(minutes:seconds) 

19.421 s (plus 
additional time 
caused by variable 
respiration) 

19.421 s (plus 
additional time 
caused by variable 
respiration) 

19.421 s (plus 
additional time 
caused by variable 
respiration) 

Total acquisition 
time 

(minutes:seconds) 

2:55 (plus 
additional time 
caused by variable 
respiration) 

2:55 (plus additional 
time caused by 
variable respiration) 

2:55 (plus 
additional time 
caused by variable 
respiration) 

 

MRI Analyses 

AcidoCEST MRI results were fit using previously published methods [11, 23, 24, 

26-28]. We first averaged the four pre-injection images at each saturation frequency.  We 

then applied a Gaussian spatial smoothing algorithm to improve signal-to-noise [23].  We 

performed the same steps to process the six post-injection images. The resulting pre-

injection image was subtracted from the post-injection image at each saturation 

frequency, which eliminated CEST signals from static endogenous sources. Pixels with 
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contrast less than 2√2(scan noise) we discarded from the analysis, because contrast above 

this threshold has a 95% probability of arising from the agent [26]. CEST spectra were 

then obtained for each imaging pixel. A sum of three Lorentzian line shapes was fit to 

each CEST spectrum by varying the width, amplitude, and center frequency of each line 

shape [27]. The CEST effects from iopamidol occur at 4.2 and 5.6 ppm, and the center 

peak for water was also fit. Each CEST spectrum was also fit with the Bloch-McConnell 

equations (the Bloch equations that include chemical exchange) modified to directly 

include pH as a fitting parameter, as previously described [28]. We refer to this analysis 

method as Bloch fitting. Pixels with pHe values beyond the range of 6.2 - 7.4 pH units 

were excluded, based on an analysis of reliability previously evaluated with phantoms 

[23], [28].   

The contrast from endogenous CEST MRI at the various saturation powers was 

used to determine kex. The endogenous % CEST value was determined from MR image 

signals acquired with saturation at 2.5 ppm, 3.5 ppm and 4.5 ppm (Eq. [A.1]) [29].  This 

analysis resulted in a measurement of CEST that is insensitive to MT and direct water 

saturation. We then used the % CEST values at different saturation powers to estimate 

the chemical exchange rate using the Omega Plot method, also known as LB-QUESP 

(Eq. [A.2]) [19].  Although the linear HW-QUESP method can measure fast exchange 

rates with greater accuracy than the Omega Plot [30], amide protons from endogenous 

proteins have a slow chemical exchange rate of ~30 Hz, which justifies the use of the 

Omega Plot method [31]. 

% !"#$ =  
 !!"# !!.!  ! !!"# !!.!

!  ! !!"# !!.!
 !!"# !!.!  ! !!"# !!.!

!

    [A.1] 
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where Msat and M0 are the MR image signals with and without saturation, respectively; c 

is the concentration of the exchangeable protons on the agent in units of Molar; kex is the 

chemical exchange rate in Hz; R1 is the longitudinal relaxation rate in Hz; and ω is the 

saturation power in Hz.  The factor of 111 represents the concentration of exchangeable 

protons on water, in units of Molar.  The x-intercept of Equation [A.2] is equal to − !
!!"!

. 

 

RESULTS 

 

Figure A.1. Bloch-McConnell and Lorentzian line-shape fitting methods for acidoCEST 
MRI. (a) The anatomical image shows the location of the lung tumor. The red box 
indicates the regions shown in panels b and c. Parametric maps of tissue pHe from 
acidoCEST MRI fit with (b) the Bloch-McConnell equations modi- fied to include pH as 
a fitting parameter, and (c) Lorentzian line- shape fitting show that Bloch fitting 
estimated pHe values primarily in tissue regions, whereas Lorentzian fitting estimated 
pHe values primarily in air regions.  

MRI protocols 

To facilitate the comparison of endogenous CEST MRI and acidoCEST MRI 

results, we performed both imaging protocols during the same imaging session for each 

postinjection image at each saturation frequency, which
eliminated CEST signals from static endogenous sources.
Pixels with contrast less than the standard deviation of
scan noise multipled by 2!2 were discarded from the
analysis because contrast above this threshold has a 95%
probability of arising from the agent (26). CEST spectra
were then obtained for each imaging pixel. A sum of three
Lorentzian line shapes was fit to each CEST spectrum by
varying the width, amplitude, and center frequency of
each line shape (27). The CEST effects from iopamidol
occur at 4.2 and 5.6 ppm, and the center peak for water
was also fit. Each CEST spectrum was also fit with the
Bloch-McConnell equations (the Bloch equations that
include chemical exchange) modified to directly include
pH as a fitting parameter, as previously described (28).
We refer to this analysis method as Bloch fitting. Pixels
with pHe values beyond the range of 6.2 to 7.4 pH units
were excluded based on an analysis of reliability previ-
ously evaluated with phantoms (23,28).

The contrast from endogenous CEST MRI at the various
saturation powers was used to determine kex. The endoge-
nous % CEST value was determined from MR image sig-
nals acquired with saturation at 2.5 ppm, 3.5 ppm, and
4.5 ppm (Eq. [1]) (29). This analysis resulted in a measure-
ment of CEST that is insensitive to MT and direct water
saturation. We then used the % CEST values at different
saturation powers to estimate the chemical exchange rate
using the omega plot method, (Eq. [2]) (19). Although the
linear Hanes Woolf QUESP method can measure fast
exchange rates with greater accuracy than the omega plot
(30), amide protons from endogenous proteins have a
slow chemical exchange rate of !30 Hz, which justifies
the use of the omega plot method (31).
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!
Msatðþ2:5Þ þ Msatðþ4:5Þ

"

2 & Msatðþ3:5Þ!
Msatðþ2:5Þ þ Msatðþ4:5Þ

"

2

[1]

1

% CEST
& 1 ¼ 111

c
kexR1

1

k2
ex

þ 1

v2

# $
[2]

where Msat is the MR image signal with saturation; c is the
concentration of the exchangeable protons on the agent in
units of molar; kex is the chemical exchange rate in Hz; R1

is the longitudinal relaxation rate in Hz; and x is the satu-
ration power in Hz. The factor of 111 represents the con-
centration of exchangeable protons on water, in units of
molar. The x-intercept of Equation [2] is equal to & 1

k2
ex

.

RESULTS

MRI Protocols

To facilitate the comparison of endogenous CEST MRI
and acidoCEST MRI results, we performed both imaging
protocols during the same imaging session for each
mouse. Although the combination of respiration-gated
endogenous CEST MRI and acidoCEST MRI protocols
resulted in lengthy scan times, we successfully completed
data collection without mouse fatality. Our respiration-
gated acidoCEST MRI method performed well in all three

murine models, as evidenced by the lack of motion arti-
facts in the images, including the images of lung tumors.

Lorentzian line-shape fitting had potential to estimate
pHe values from CEST spectra that had no CEST signal
instead of reporting that no pHe value could be reliably
estimated. This problem was especially evident in CEST
spectra from lung images that had greater noise than
images of kidneys and flank tumors, where Lorentzian fit-
ting was prone to fitting noise and estimated pHe values
for many pixels in the empty space outside the mouse
(Fig. 1c). Moreover, Lorentzian fitting estimated a wide
range of pHe values within the physiological range of 6.2
to 7.4, making it difficult to determine whether the pHe
values assigned in the ROI were accurate or precise. These
results were consistent with a previous study of the accu-
racy and precision of the Lorentzian fitting method (11).
For comparison, Bloch fitting had much less potential to
report a reliable fit of CEST spectra that had no CEST sig-
nal. This fitting method estimated pHe values for many
pixels throughout the lung tumor and surrounding lung tis-
sue, and estimated pHe values in very few air regions in
the lung or outside the mouse (Fig. 1b). When Bloch fitting
encountered CEST spectra that were too noisy to fit reli-
ably, this method estimated pHe values outside the physio-
logical pHe range of 6.2 to 7.4 such that these pHe values
could easily be discarded. This result was also consistent
with a previous study of the Bloch fitting method (11).

MRI Results

The pHe values estimated with acidoCEST MRI were con-
sistent with expectations in each model system (Figs. 2
and 3). The pHe values in the kidney were the most
acidic (6.3–7.0), followed by the pHe values of the MIA
PaCa-2 flank xenograft (6.7–7.2) and the pHe values of the
murine lung adenocarcinoma (6.9–7.4). More specifically,
the slower growth of the lung tumors suggested slower

FIG. 1. Bloch-McConnell and Lorentzian line-shape fitting meth-
ods for acidoCEST MRI. (a) The anatomical image shows the
location of the lung tumor. The red box indicates the regions
shown in panels b and c. Parametric maps of tissue pHe from
acidoCEST MRI fit with (b) the Bloch-McConnell equations modi-
fied to include pH as a fitting parameter, and (c) Lorentzian line-
shape fitting show that Bloch fitting estimated pHe values primar-
ily in tissue regions, whereas Lorentzian fitting estimated pHe val-
ues primarily in air regions.
acidoCEST, acido-chemical exchange saturation transfer; pHe,
extracellular pH.

2768 Lindeman et al.
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mouse. Though the combination of respiration-gated endogenous CEST MRI and 

acidoCEST MRI protocols resulted in lengthy scan times, we successfully completed data 

collection without mouse fatality. Our respiration-gated acidoCEST MRI method 

performed well in all three murine models, as evidenced by the lack of motion artifacts in 

the images, including the images of lung tumors.  

Lorentzian line shape fitting had potential to estimate pHe values from CEST 

spectra that had no CEST signal, rather than reporting that no pHe value could be reliably 

estimated.  This problem was especially evident in CEST spectra from lung images that 

had greater noise than images of kidneys and flank tumors, where Lorentzian fitting was 

prone to fitting noise and estimated pHe values for many pixels in the empty space 

outside the mouse (Fig. A.1c). Moreover, Lorentzian fitting estimated a wide range of 

pHe values within the physiological range of 6.2-7.4, making it difficult to determine 

whether the pHe values assigned in the ROI were accurate or precise. These results were 

consistent with a previous study of the accuracy and precision of the Lorentzian fitting 

method [11]. For comparison, Bloch fitting had much less potential to report a reliable fit 

of CEST spectra that had no CEST signal.  This fitting method estimated relatively few 

pHe values throughout the lung tumor and surrounding lung tissue, and estimated pHe 

values in air regions in the lung or outside the mouse (Fig. A.1b).   When Bloch fitting 

encountered CEST spectra that were too noisy to fit reliably, this method estimated pHe 

values outside the physiological pHe range of 6.2-7.4, so that these pHe values could 

easily be discarded. This result was also consistent with a previous study of the Bloch 

fitting method [11].  
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MRI results 

The pHe values estimated with acidoCEST MRI were consistent with 

expectations in each model system (Fig. A.2 & A.3).  The pHe values in the kidney were 

the most acidic (6.3 – 7.0), followed by the pHe values of the MiaPaCa flank xenograft 

(6.7–7.2), and the pHe values of the murine lung adenocarcinoma (6.9–7.4).  More 

specifically, the slower growth of the lung tumors suggested slower metabolism for these 

tumors, which should produce less lactic acid and therefore have a higher pHe.   

	

Figure A.2. AcidoCEST MRI and endogenous CEST MRI examples. Representative 
parametric maps of pHe from acidoCEST MRI (top) and chemical kex from endogenous 
CEST MRI (bottom) are overlaid on anatomical images.  

Our endogenous CEST MRI method measured proton exchange rates in fewer 

pixels relative to the acidoCEST method (Fig. A.3c).  More importantly, the chemical 

exchange rates quantified by endogenous CEST MRI did not correlate with the pHe 

values measured with acidoCEST MRI for all tissue types (Fig. A.4a – c). In addition, the 

dynamic range of the chemical exchange rates was narrow relative to the dynamic range 

metabolism for these tumors, which should produce less
lactic acid and therefore have a higher pHe.

Our endogenous CEST MRI method measured proton
exchange rates in fewer pixels relative to the acidoCEST
method (Fig. 3c). More importantly, the chemical
exchange rates quantified by endogenous CEST MRI did
not correlate with the pHe values measured with acidoC-
EST MRI for all tissue types (Fig. 4). In addition, the
dynamic range of the chemical exchange rates was narrow
relative to the dynamic range of pHe values. Whereas the
pHe values spanned the entire measured pH range with
an approximately normal distribution (Fig. 5a), 80% of
the kex values were measured between 0 to 480 Hz of the
0 to 1,200 Hz range (Fig. 5b). This result suggests that pHe
measurements have a more direct interpretation with a
dynamic range that has more value, whereas kex measure-
ments should be interpreted more carefully.

The uptake of iopamidol reached an average 35 to
49 mM concentrations in the kidney, flank tumor, and lung
tumor, as estimated from Bloch fitting that included con-
centration as a fitting variable (Fig. 6a). The concentration
of iopamidol varied within each tissue, ranging from a
minimum of 0.1 mM to the maximum value of 100 mM
allowed during fitting. The concentration of iopamidol was
not correlated with pHe values in kidney and lung tumor
(Fig. 6b–d). A slight negative correlation (R2¼ 0.23) was
observed between concentration and pHe in the MIA PaCa-
2 flank xenografts, in which pixels with lower pHe values
of 6.6 to 6.9 tended to show the highest concentration.

DISCUSSION

The pHe values quantified by acidoCEST MRI were con-
sistent with pHe values of other in vivo CEST MRI

studies with exogenous agents. A previous in vivo pH
imaging study that used a T1 MRI contrast agent to mea-
sure renal pH in mice found that pH in the kidney
ranged from 6.3 to 7.3 and that pH of the renal cortex
was consistently higher than that of the medulla (32).
The higher pHe observed in the slower-growing lung
adenocarcinoma model relative to the faster-growing
xenograft pancreatic tumor model is consistent with
prior studies examining tumor pHe and invasive pheno-
types (33,34). The correlation between acidic pHe and
increased production of vascular endothelial growth fac-
tor that increases angiogenesis may explain the slight
correlation between higher acidosis and higher uptake of
iopamidol in the MIA PaCa-2 flank xenografts (35).

Overall, we observed no correlation between endoge-
nous amide exchange rate measured with the omega plot
method and pHe values measured with acidoCEST MRI.
As a possible rationale, methods that measure the CEST
effect from endogenous proteins are unable to distin-
guish between pHe and pHi that remains well buffered
or partially buffered in living tumor cells (3). The influ-
ence of the buffered intracellular space on endogenous
CEST MRI may be sufficient to explain the lack of
dynamic range of kex values observed in our endogenous
CEST MRI results. Furthermore, the contrast used for
endogenous CEST MRI analysis was lower than the
CEST contrast generated by the exogenous contrast
agent. This reduced sensitivity resulted in a reduced

FIG. 2. AcidoCEST MRI and endogenous CEST MRI examples.
Representative parametric maps of pHe from acidoCEST MRI
(top) and chemical kex from endogenous CEST MRI (bottom) are
overlaid on anatomical images.
acidoCEST, acido-chemical exchange saturation transfer, kex,
chemical exchange rate; pHe, extracellular pH.

FIG. 3. AcidoCEST MRI and endogenous CEST MRI. (a) The aver-
age pHe of the kidney was lower than the average pHe of the
flank tumor and lung tumor. (b) The average kex of the kidney and
flank tumor were lower than the average kex of the lung tumor. (c)
The average kex values could only be reliably fit for a fraction of
the tissue regions, whereas pHe could be estimated for the major-
ity of the region of each tissue. Error bars represent the standard
deviations of the distributions of pixels.
acidoCEST, acido-chemical exchange saturation transfer; kex,
chemical exchange rate; pHe, extracellular pH.
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of pHe values.  While the pHe values spanned the entire measured pH range, with an 

approximately normal distribution (Fig. A.5a), 80% of the kex values were measured 

between 0 to 480 Hz of the 0-1200 Hz range (Fig. A.5b).  This result suggests that pHe 

measurements have a more direct interpretation with a dynamic range that has more 

value, while kex measurements should be interpreted more carefully. 

	
Figure A.3. AcidoCEST MRI and endogenous CEST MRI. (a) The average pHe of the 
kidney was lower than the average pHe of the flank tumor and lung tumor. (b) The 
average kex of the kidney and flank tumor were lower than the average kex of the lung 
tumor. (c) The average kex values could only be reliably fit for a fraction of the tissue 
regions, whereas pHe could be estimated for the majority of the region of each tissue. 
Error bars represent the standard deviations of the distributions of pixels.  

The uptake of iopamidol reached 35-49 mM concentrations in the kidney, flank 

tumor, and lung tumor, as estimated from Bloch fitting that included concentration as a 

fitting variable (Fig. A.6a).  The concentration of iopamidol varied within each tissue, 

ranging from a minimum of 0.1 µM to the maximum value of 100 mM allowed during 

fitting. The concentration of iopamidol was not correlated with pHe values in kidney and 

metabolism for these tumors, which should produce less
lactic acid and therefore have a higher pHe.

Our endogenous CEST MRI method measured proton
exchange rates in fewer pixels relative to the acidoCEST
method (Fig. 3c). More importantly, the chemical
exchange rates quantified by endogenous CEST MRI did
not correlate with the pHe values measured with acidoC-
EST MRI for all tissue types (Fig. 4). In addition, the
dynamic range of the chemical exchange rates was narrow
relative to the dynamic range of pHe values. Whereas the
pHe values spanned the entire measured pH range with
an approximately normal distribution (Fig. 5a), 80% of
the kex values were measured between 0 to 480 Hz of the
0 to 1,200 Hz range (Fig. 5b). This result suggests that pHe
measurements have a more direct interpretation with a
dynamic range that has more value, whereas kex measure-
ments should be interpreted more carefully.

The uptake of iopamidol reached an average 35 to
49 mM concentrations in the kidney, flank tumor, and lung
tumor, as estimated from Bloch fitting that included con-
centration as a fitting variable (Fig. 6a). The concentration
of iopamidol varied within each tissue, ranging from a
minimum of 0.1 mM to the maximum value of 100 mM
allowed during fitting. The concentration of iopamidol was
not correlated with pHe values in kidney and lung tumor
(Fig. 6b–d). A slight negative correlation (R2¼ 0.23) was
observed between concentration and pHe in the MIA PaCa-
2 flank xenografts, in which pixels with lower pHe values
of 6.6 to 6.9 tended to show the highest concentration.

DISCUSSION

The pHe values quantified by acidoCEST MRI were con-
sistent with pHe values of other in vivo CEST MRI

studies with exogenous agents. A previous in vivo pH
imaging study that used a T1 MRI contrast agent to mea-
sure renal pH in mice found that pH in the kidney
ranged from 6.3 to 7.3 and that pH of the renal cortex
was consistently higher than that of the medulla (32).
The higher pHe observed in the slower-growing lung
adenocarcinoma model relative to the faster-growing
xenograft pancreatic tumor model is consistent with
prior studies examining tumor pHe and invasive pheno-
types (33,34). The correlation between acidic pHe and
increased production of vascular endothelial growth fac-
tor that increases angiogenesis may explain the slight
correlation between higher acidosis and higher uptake of
iopamidol in the MIA PaCa-2 flank xenografts (35).

Overall, we observed no correlation between endoge-
nous amide exchange rate measured with the omega plot
method and pHe values measured with acidoCEST MRI.
As a possible rationale, methods that measure the CEST
effect from endogenous proteins are unable to distin-
guish between pHe and pHi that remains well buffered
or partially buffered in living tumor cells (3). The influ-
ence of the buffered intracellular space on endogenous
CEST MRI may be sufficient to explain the lack of
dynamic range of kex values observed in our endogenous
CEST MRI results. Furthermore, the contrast used for
endogenous CEST MRI analysis was lower than the
CEST contrast generated by the exogenous contrast
agent. This reduced sensitivity resulted in a reduced

FIG. 2. AcidoCEST MRI and endogenous CEST MRI examples.
Representative parametric maps of pHe from acidoCEST MRI
(top) and chemical kex from endogenous CEST MRI (bottom) are
overlaid on anatomical images.
acidoCEST, acido-chemical exchange saturation transfer, kex,
chemical exchange rate; pHe, extracellular pH.

FIG. 3. AcidoCEST MRI and endogenous CEST MRI. (a) The aver-
age pHe of the kidney was lower than the average pHe of the
flank tumor and lung tumor. (b) The average kex of the kidney and
flank tumor were lower than the average kex of the lung tumor. (c)
The average kex values could only be reliably fit for a fraction of
the tissue regions, whereas pHe could be estimated for the major-
ity of the region of each tissue. Error bars represent the standard
deviations of the distributions of pixels.
acidoCEST, acido-chemical exchange saturation transfer; kex,
chemical exchange rate; pHe, extracellular pH.

Comparing CEST MRI Methods that Measure pH 2769



	 89	

lung tumor (Fig. A.6b – d) . A slight negative correlation (R2 = 0.23) was observed 

between concentration and pHe in the MIA PaCa-2 flank xenografts, wherein pixels with 

lower pHe values of 6.6 to 6.9 tended to show the highest concentration. 

	
Figure A.4. Evaluations of the correlations between pHe and chemical exchange rate 
(kex). The (a) kidney, (b) flank xenograft tumor, and (c) lung tumor showed no correlation 
between pHe and kex. pHe values were estimated from acidoCEST MRI using the Bloch-
McConnell equations modified to include pH as a fitting parameter. The kex values were 
estimated from endogenous CEST MRI with acquisitions at multiple saturation powers. 
N = 3 mice for each tissue type. 

DISCUSSION 

The pHe values quantified by acidoCEST MRI were consistent with pHe values 

of other in vivo CEST MRI studies with exogenous agents. A previous in vivo pH 

imaging study that used a T1 MRI contrast agent to measure renal pH in mice found that 

pH in the kidney ranged from 6.3 – 7.3 and also observed that the pH of the renal cortex 

was consistently higher than that of the medulla [32]. The higher pHe observed in the 

slower-growing lung adenocarcinoma model relative to the faster growing xenograft 

pancreatic tumor model is consistent with prior studies examining tumor pHe and 

invasive phenotypes [33, 34]. The correlation between acidic pHe and increased 

production of VEGF that increases angiogenesis may explain the slight correlation 

between higher acidosis and higher uptake of iopamidol in the MIA PaCa-2 flank 

xenografts [35].  

number of pixels that could be reliably analyzed by the
omega plot method versus acidoCEST MRI. For compari-
son, well-controlled CEST MRI studies with agarose
phantoms of creatine have showed a correlation between
CEST signal and pH (36), and also between CEST and
concentration (37). Our results indicate that studies with
homogenous phantoms may need to be carefully com-
pared to more heterogenous in vivo conditions.

Our endogenous CEST MRI method allowed for direct
quantitative comparison between pHe and amide proton
CEST MRI. In particular, our multipower omega plot anal-
ysis was designed to remove the effects of mobile protein
concentration when evaluating kex, whereas MTRasym

ratios include the effect of mobile protein content. As an
alternative, a similar analysis method known as HW-
QUESP also removes the effects of B1 inhomogeneity from
the estimate of kex, although HW-QUESP underestimates
slow kex values (30). AREX, qCEST, and the combination
of AREX and qCEST are other methods that improve the
assessment of tissue pH using endogenous CEST MR
images (17,18,38). However, neither approach addresses
whether the source of the pH-dependent CEST contrast is
intra- or extracellular. Extreme oxygen deprivation, as in
ischemic stroke, may cause sufficient cellular trauma to
result in unbuffered intracellular pH, but such extreme
conditions are unlikely to be present in most tumors. The
qCEST method (17,18) has the advantage of measuring
the concentration in addition to the exchange rate of the
labile pool. We were interested in whether the exchange
rate would correlate with pHe and thus chose the simpler

omega plot method because fewer parameters are needed
to fit to experimental data. For future studies, the qCEST
method could be used to determine whether concentra-
tion of endogenous proteins that generate CEST can corre-
late with pHe.

Other endogenous CEST MRI methods have been
developed to measure additional sources of chemical
exchange, such as CEST from amine and hydroxyl
groups. Amine/amide concentration independent detec-
tion (AACID) can quantify tissue pH with very high pre-
cision (standard deviations as low as 0.05 pH units) (39).
AACID studies have detected intracellular acidification
resulting from treatment by a carbonic anhydrase inhibi-
tor and the lactate transporter inhibitor lonidamine
(40,41). A modified qCEST approach has been used to
measure the pH of intervertebral discs in a porcine
model by measuring the exchange of hydroxyl groups on
glycosaminoglycan, showing that the proton exchange
rate between that solute and water pools (ksw) was line-
arly correlated with pH as measured by an electrode
(42). However, just as with endogenous amide proton
exchange analyzed using the omega plot method, endog-
enous amine and hydroxyl proton exchange are a
weighted average of pHi and pHe, confounding the inter-
pretation of AACID and qCEST. In addition, a pH elec-
trode disrupts the structural integrity of the tissue,
causing a weighted average of pHi and pHe to be mea-
sured. Compared to electrodes, acidoCEST MRI measures
pHe with better selectivity and similar accuracy and pre-
cision (23,43). In that regard, exogenous acidoCEST MRI

FIG. 4. Evaluations of the correlations between pHe and chemical exchange rate (kex). The (a) kidney, (b) flank xenograft tumor, and (c)
lung tumor showed no correlation between pHe and kex. pHe values were estimated from acidoCEST MRI using the Bloch-McConnell
equations modified to include pH as a fitting parameter. The kex values were estimated from endogenous CEST MRI with acquisitions at
multiple saturation powers. N¼ 3 mice for each tissue type.
acidoCEST, acido-chemical exchange saturation transfer; kex, chemical exchange rate; pHe, extracellular pH.

FIG. 5. Histograms showing the
data distributions of (a) pHe and
(b) kex in all three tissue types
combined. In (a) the range of
possible pHe values (6.2–7.4)
was divided into 10 equal bins. In
(b), five outliers (>1,400 Hz) were
excluded, and the remaining kex

values, ranging from (0–1200 Hz),
were divided into 10 equal bins.
kex, chemical exchange rate;
pHe, extracellular pH.
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Figure A.5. Histograms showing the data distributions of (a) pHe and (b) kex in all three 
tissue types combined. In (a) the range of possible pHe values (6.2–7.4) was divided into 
10 equal bins. In (b), five outliers ( > 1,400 Hz) were excluded, and the remaining kex 
values, ranging from (0–1200Hz), were divided into 10 equal bins.  

	

Figure A.6. The effect of agent concentration on pHe measurements with acidoCEST 
MRI. (a) The average concentration of iopamidol in kidney, flank tumor, and lung tumor 
estimated with Bloch fitting of pixel- wise CEST spectra showed good uptake of agent in 
all three tissue types. Error bars represent the standard deviations of the distributions of 
pixels. The agent concentrations and pHe values were uncorrelated for (b) kidney, (c) 
flank xenograft tumor, and (d) lung tumors on a pixelwise basis. Voxels where pHe data 
could not be fit were excluded. N = 3 mice for each tissue type.  

number of pixels that could be reliably analyzed by the
omega plot method versus acidoCEST MRI. For compari-
son, well-controlled CEST MRI studies with agarose
phantoms of creatine have showed a correlation between
CEST signal and pH (36), and also between CEST and
concentration (37). Our results indicate that studies with
homogenous phantoms may need to be carefully com-
pared to more heterogenous in vivo conditions.

Our endogenous CEST MRI method allowed for direct
quantitative comparison between pHe and amide proton
CEST MRI. In particular, our multipower omega plot anal-
ysis was designed to remove the effects of mobile protein
concentration when evaluating kex, whereas MTRasym

ratios include the effect of mobile protein content. As an
alternative, a similar analysis method known as HW-
QUESP also removes the effects of B1 inhomogeneity from
the estimate of kex, although HW-QUESP underestimates
slow kex values (30). AREX, qCEST, and the combination
of AREX and qCEST are other methods that improve the
assessment of tissue pH using endogenous CEST MR
images (17,18,38). However, neither approach addresses
whether the source of the pH-dependent CEST contrast is
intra- or extracellular. Extreme oxygen deprivation, as in
ischemic stroke, may cause sufficient cellular trauma to
result in unbuffered intracellular pH, but such extreme
conditions are unlikely to be present in most tumors. The
qCEST method (17,18) has the advantage of measuring
the concentration in addition to the exchange rate of the
labile pool. We were interested in whether the exchange
rate would correlate with pHe and thus chose the simpler

omega plot method because fewer parameters are needed
to fit to experimental data. For future studies, the qCEST
method could be used to determine whether concentra-
tion of endogenous proteins that generate CEST can corre-
late with pHe.

Other endogenous CEST MRI methods have been
developed to measure additional sources of chemical
exchange, such as CEST from amine and hydroxyl
groups. Amine/amide concentration independent detec-
tion (AACID) can quantify tissue pH with very high pre-
cision (standard deviations as low as 0.05 pH units) (39).
AACID studies have detected intracellular acidification
resulting from treatment by a carbonic anhydrase inhibi-
tor and the lactate transporter inhibitor lonidamine
(40,41). A modified qCEST approach has been used to
measure the pH of intervertebral discs in a porcine
model by measuring the exchange of hydroxyl groups on
glycosaminoglycan, showing that the proton exchange
rate between that solute and water pools (ksw) was line-
arly correlated with pH as measured by an electrode
(42). However, just as with endogenous amide proton
exchange analyzed using the omega plot method, endog-
enous amine and hydroxyl proton exchange are a
weighted average of pHi and pHe, confounding the inter-
pretation of AACID and qCEST. In addition, a pH elec-
trode disrupts the structural integrity of the tissue,
causing a weighted average of pHi and pHe to be mea-
sured. Compared to electrodes, acidoCEST MRI measures
pHe with better selectivity and similar accuracy and pre-
cision (23,43). In that regard, exogenous acidoCEST MRI

FIG. 4. Evaluations of the correlations between pHe and chemical exchange rate (kex). The (a) kidney, (b) flank xenograft tumor, and (c)
lung tumor showed no correlation between pHe and kex. pHe values were estimated from acidoCEST MRI using the Bloch-McConnell
equations modified to include pH as a fitting parameter. The kex values were estimated from endogenous CEST MRI with acquisitions at
multiple saturation powers. N¼ 3 mice for each tissue type.
acidoCEST, acido-chemical exchange saturation transfer; kex, chemical exchange rate; pHe, extracellular pH.

FIG. 5. Histograms showing the
data distributions of (a) pHe and
(b) kex in all three tissue types
combined. In (a) the range of
possible pHe values (6.2–7.4)
was divided into 10 equal bins. In
(b), five outliers (>1,400 Hz) were
excluded, and the remaining kex

values, ranging from (0–1200 Hz),
were divided into 10 equal bins.
kex, chemical exchange rate;
pHe, extracellular pH.

2770 Lindeman et al.

is an improved comparator for interrogating pHe. Over-
all, our study provides a foundation for future studies
that compare CEST MRI methods sensitive to pH.

CONCLUSION

We have provided evidence of a lack of correlation
between pHe measurements with exogenous acidoCEST
MRI and kex measurements with endogenous multipower
CEST MRI analyzed with an omega plot. Our endogenous
CEST MRI analysis was designed to provide a quantitative
measure of kex without influence from the endogenous
mobile protein content in each pixel. Our endogenous
CEST MRI method had a lower contrast-to-noise ratio than
exogenous acidoCEST MRI, which resulted in the analysis
of fewer pixels with endogenous CEST MRI. AcidoCEST
MRI results showed a weak correlation between pHe and
vascular uptake of the exogenous agent in a flank tumor
model, suggesting some correlation between tumor acido-
sis and angiogenesis in this tumor type. Overall, our study
reflected the advantages of acidoCEST MRI, while indicat-
ing that endogenous CEST MRI results during cancer stud-
ies should be carefully interpreted.
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Overall, we observed no correlation between endogenous amide exchange rate 

measured with the Omega Plot method and pHe values measured with acidoCEST MRI.   

As a possible rationale, methods that measure the CEST effect from endogenous proteins 

are unable to distinguish between pHe and pHi that remains well buffered or partially 

buffered in living tumor cells [3]. The influence of the buffered intracellular space on 

endogenous CEST MRI may be sufficient to explain the lack of dynamic range of kex 

values observed in our endogenous CEST MRI results.  Furthermore, the contrast used 

for endogenous CEST MRI analysis was lower than the CEST contrast generated by the 

exogenous contrast agent.  This reduced sensitivity resulted in a reduced number of pixels 

that could be reliably analyzed by the Omega Plot method vs. acidoCEST MRI.  For 

comparison, well-controlled CEST MRI studies with agarose phantoms of creatine have 

showed a correlation between CEST signal and pH [36], and also between CEST and 

concentration [37]. Our results indicate that studies with homogenous phantoms may 

need to be carefully compared to more heterogenous in vivo conditions.  

Our endogenous CEST MRI method allowed for direct quantitative comparison 

between pHe and amide proton CEST MRI. In particular, our multi-power Omega Plot 

analysis was designed to remove the effects of mobile protein concentration when 

evaluating kex, while MTRasym ratios include the effect of mobile protein content.  As an 

alternative, a similar analysis method known as HW-QUESP also removes effects of B1 

inhomogeneity from the estimate of kex, although HW-QUESP underestimates slow kex 

values [30]. AREX , qCEST, and the combination of AREX and qCEST are other 

methods that improve the assessment of tissue pH using endogenous CEST MR images 

[17, 18, 38].  However, neither approach addresses whether the source of the pH-
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dependent CEST contrast is intra- or extra-cellular. Extreme oxygen deprivation, as in 

ischemic stroke, may cause sufficient cellular trauma to result in un-buffered intra-

cellular pH, but such extreme conditions are unlikely to be present in most tumors.  The 

qCEST method has the advantage of measuring concentration in addition to exchange 

rate of the labile pool [17, 18].  We were interested in whether exchange rate would 

correlate with pHe, and chose to use the simpler Omega Plot method as fewer parameters 

are needed to fit to experimental data.  For future studies, the qCEST method could be 

used to determine whether concentration of endogenous proteins that generate CEST can 

correlate with pHe. 

Other endogenous CEST MRI methods have been developed to measure 

additional sources of chemical exchange, such as CEST from amine and hydroxyl groups. 

Amine/amide concentration independent detection (AACID) can quantify tissue pH with 

very high precision (standard deviations as low as 0.05 pH units) [39]. AACID studies 

have detected intracellular acidification resulting from treatment by a carbonic anhydrase 

inhibitor and the lactate transporter inhibitor lonidamine [40, 41]. A modified qCEST 

approach has been used to measure the pH of intervertebral discs in a porcine model by 

measuring the exchange of hydroxyl groups on glycosaminoglycan, showing that the 

proton exchange rate between that solute and water pools (ksw) was linearly correlated 

with pH as measured by an electrode [42]. However, just as with endogenous amide 

proton exchange analyzed using the Omega Plot method, endogenous amine and 

hydroxyl proton exchange are a weighted average of pHi and pHe, confounding the 

interpretation of AACID and qCEST. In addition, a pH electrode disrupts the structural 

integrity of the tissue, causing a weighted average of pHi and pHe to be measured. 
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Compared to electrodes, acidoCEST MRI measures pHe with better selectivity and 

similar accuracy and precision [23, 43]. In that regard, exogenous acidoCEST MRI is an 

improved comparator for interrogating pHe. Overall, our study provides a foundation for 

future studies that compare CEST MRI methods that are sensitive to pH. 

 

CONCLUSION 

We have provided evidence of a lack of correlation between pHe measurements 

with exogenous acidoCEST MRI and kex measurements with endogenous multi-power 

endogenous CEST MRI analyzed with an Omega Plot.   Our endogenous CEST MRI 

analysis was designed to provide a quantitative measure of kex without influence from the 

endogenous mobile protein content in each pixel.  Our endogenous CEST MRI method 

had lower contrast-to-noise than exogenous acidoCEST MRI, which resulted in the 

analysis of fewer pixels with endogenous CEST MRI.  AcidoCEST MRI results showed a 

weak correlation between pHe and vascular uptake of the exogenous agent in a flank 

tumor model, suggesting some correlation between tumor acidosis and angiogenesis in 

this tumor type.  Overall, our study reflected the advantages of acidoCEST MRI, while 

indicating that endogenous CEST MRI results during cancer studies should be carefully 

interpreted. 
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