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ABSTRACT 

 

In the early 1920s, Otto Warburg demonstrated that tumor cells have a capacity to 

convert glucose and other substrates into lactic acid instead of CO2 and water, even under 

aerobic conditions. Consequently, Warburg assumed that the intracellular pH (pHi) of 

tumor was acidic (1).  However, later studies (2) have shown that maintenance of pHi 

within a pH range of 7.0-7.2 is necessary for normal cellular proliferation and that the 

extracellular pH (pHe) is partially acidic in solid tumors. A low pHe may be an important 

factor inducing invasive behavior in tumor cells. Research into causes and consequences 

of this acid pH of tumors are highly dependent on accurate, precise and reproducible 

measurements. Techniques for measuring tissue pHi and pHe have undergone great 

changes since 1950s. From microelectrode and dye distribution studies, measurement of 

pH underwent a revolution with the advent of pH-sensitive dyes that could be loaded into 

the cytosol.  Further significant advances have come from the measurement of cell and 

tissue pH in whole organisms by magnetic resonance spectroscopy (MRS), magnetic 

resonance imaging (MRI) and pH-sensitive Positron Emission Tomography (PET) 

radiotracers.  
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CHAPTER 1  

TUMOR PH AND ITS MEASUREMENT 

 

1.1 Cause and consequences of tumor acidity 

The physiological microenvironment of solid tumors is normally characterized by poor 

perfusion and high metabolic rates (3). As a consequence, many regions within tumors 

are transiently or chronically hypoxic and acidic (4). Acidity is likely related to glucose 

consumption rates (5). Recent therapeutic approaches have been designed to target the 

tumor pH either through low pH activation of pro-drugs, low pH activated release of drug 

from micelles or nanoparticles, or by drugs that raise pH of acidic tumors (6-9).  Thus, it 

will become increasingly important to be able to measure pH with accuracy, precision 

and high spatio-temporal resolution in experimental preclinical systems as well as in 

human beings (10). 

The pH of cells is the result of the balance between the metabolic processes, proton 

transport and buffering capacity (11). Tumor cells mainly consume glucose, and principal 

end products of metabolism are invariably two acids: carbonic acid and lactic acid. 

Because the turnover of adenosine triphosphate (ATP) is in steady-state, the only 

mechanism to achieve a net production of H+ is through the oxidation of carbons, either 

through glycolysis (Embden-Meyerhoff or Pentose Phosphate) or through fatty acid 

oxidation (3) (Figure 1.1). The pyruvate made by glycolysis or amino acids can either 

enter the tricarboxylic acid (TCA) cycle through pyruvate dehydrogenase or be reduced 
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to lactate (11).  The carbonic acid arises by hydration of CO2 formed by oxidation in the 

TCA cycle, whereas lactic acid is the product of the glycolytic pathway in the absence of 

oxygen.  Excess lactate is exported via monocarboxylate transporters, MCT-1, -2, and 

sometimes -4 (12). Protons themselves are exported via a number of transport systems 

such as Na+/H+ exchange (NHE), vacuolar H+ ATPases and Na+/HCO3- exchanges. All 

three systems perform redundant functions and can substitute for one another in the 

presence of inhibitors (13). For example, activity of NHE is regulated by the pHi, and 

alterations in pHi are not caused by metabolic overload but are highly regulated by the 

activities of proton exporting systems. The recovery rate of pHi from an ammonium 

induced acid load could be measured using intracellularly-loaded fluorescent dyes, such 

as SNARF-1 (14). Results show similar recovery rates as linearly and inversely 

correlated of pHi for NIH-3T3 fibroblasts under both basal unstimulated conditions and 

following stimulation with epidermal growth factor (EGF). Further study showed that 

tumor acidity is primarily caused by endogenous metabolism and not the lack of oxygen 

by comparing nonmetastatic MCF-7 cells and highly metastatic MDA-mb-435 cells (15). 

Oxidatively produced CO2 can exit the cell through aquaporins, where it is hydrated by 

membrane-bound carbonic anhydrases, to yield bicarbonate and a hydrogen ion.  

Maintenance of acid-base homeostasis is critical.  However this balance in solid tumors is 

vulnerable. In tumor cells, the increased metabolic activity results in significant 

production of lactate and H+. Although tumor cells have increased acid production, they 

maintain a normal or alkaline pHi relative to normal cells (16). The major acid load is 

transported outside the cells, which cannot be removed by the vasculature. The capacity 
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of primary extracellular buffer is limited; as a result extracellular space becomes acidic 

(17-18). Tumor cells seem well adapted to acidic microenvironments. In fact, in vitro 

studies have shown that maximum tumor cell proliferation is obtained at a pHe of around 

6.8 instead of ca. 7.3 in normal cells (19-21), and tumor cell invasion can be stimulated 

by acidic conditions (22). The excess H+ ions diffuse along concentration gradients from 

the tumor into adjacent normal tissue resulting in a chronically acidic microenvironment 

for neighboring normal cells (23). 

1.2 Measurement methods 

1.2.1 Microelectrodes 

A number of techniques are available for in vivo measurement of tissue pH, such as the 

electrometric determination (for pHe) and the method of weak acids and bases (for pHi).  

Electrometric determination with glass electrodes has been widely used for the 

continuous monitoring of pH of primarily extracellular tissue compartments (13).  

One of the first methods employed to measure the pH of tissues was the potentiometric 

microelectrode (13), which is invasive and mainly samples H+ ions in the extracellular 

space of tissues.  If properly calibrated and employed, the microelectrode method can be 

highly precise, accurate and reliable. However, because of the invasiveness of the 

procedure, tissue damage can lead to insecurities regarding relevance.   Maintenance of 

pHe is a highly dynamic steady-state process, and microelectrodes can disrupt this 

dynamic, producing microedema, which can lead to an artificially high pHe. Despite 

these drawbacks, numerous microelectrode measurements have shown that pHe of 

tumors is generally more acidic than the corresponding normal tissues (16, 24). 
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1.2.2 Weak acids and bases 

Another technique used with moderate success in cell pH measurements employs the 

distribution of radiolabeled weak acids and bases (25), which distribute according to the 

pH gradient across semi-permeable membranes via 'ion trapping’ (26-27). This weak 

acid-base indicator method was pioneered in the 1950s using 14C-labelled 

dimethyloxizolidinone (DMO) (25). The un-ionized HDMO permeates cell membranes 

freely but the ionized DMO- does not. Thus, at equilibrium, the concentration of the un-

ionized form will be equal in all compartments-vascular, extracellular, and intracellular. 

The existing amount of the ionized form will depend on the prevailing pH in each 

compartment and DMO-/HDMO in any compartment can be calculated using the 

Henderson-Hasselbalch equation: 

 

pH = pKa + log DMO_ HDMO( ) [Equ. 1.1] 

Where pKa is the apparent ionization constant of DMO. Although numerous molecules 

can be used (13), most studies have used one of two weak acids (28), CO2 and DMO, 

either of which can be used in humans (29).  

1.2.3 PET imaging.   

Weak bases can also be labeled with positron emitters for PET imaging, which offers 

noninvasive and quantitative measurement of tissue pH in vivo. In 1979 Raichle and 

colleagues (30) measured regional brain tissue CO2 and acid-base status content using 

11CO2 and PET. However metabolic fixation and expiration of 11CO2 results in changes in 

the specific activity, which renders this approach inaccurate (31). An improved 

continuous inhalation/infusion protocol could overcome the shortage (29, 32). In 1985 
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Rottenberg reported the first tumor pH measurement in humans using 11C-labeled DMO 

PET (29, 33) with a spatial resolution of 6-10 mm. Although this represents a 

noninvasive in vivo pH measurement, it is inaccurate and imprecise, since the DMO 

distribution depends on the plasmalemmal pH gradient and the fractional volumes of  

intra- and extracellular space, both of which are unknown (34). 

Recently, a novel technology was introduced to target acidic tumors using pH low 

insertion peptide (pHLIP), a peptide that predominantly target tumors cell in vivo at 

acidic extracellular environment but not at normal physiological pH (35-36). Vāvere, et 

al., expanded the application of the pHLIP technology to include PET imaging of the 

acidic environment in prostate tumors using 64Cu conjugated to the pHLIP (64Cu-DOTA-

pHLIP) (37). This is the first time a pHe-sensitive peptide based PET agent has been 

employed for the delineation of the pHe of tumors. Although the probability that pH-

selective peptide interacts with cell membrane at physiologic pH is low, this technology 

is still at very early stage, and instability of the 64Cu-DOTA chelate could result in an 

inaccurate pHe measurement. 

1.2.4 MRS and MRSI 

In vivo magnetic resonance spectroscopy (MRS) and magnetic resonance spectroscopic 

imaging (MRSI) have been used for more than three decades to monitor metabolic and 

physiologic processes (38).  MRS can provide an accurate and precise noninvasive 

measure of pH in vivo with high spatial resolution, albeit not yet in humans.  Both 

endogenous and exogenous MR-active compounds have been used to measure pH in vivo 

(Table 1.1) (39).  An ideal MR pH indicator should have numerous criteria: large pH 
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sensitivity, a pKa in the physiological range, low cytotoxicity at high concentrations, 

stable metabolism and provide a high SNR within a short time period (40). MRS is 

generally based on a difference in chemical shifts between pH-dependent and 

independent resonances.  If they are in the same compartment, protonation reactions are 

in fast exchange, and thus the chemical shift can be use to determine the pH.  If there are 

intervening membranes, exchange is slow and compounds at different pH values will 

resonate at distinct frequencies, giving rise to multiple peaks. 

1.2.4.1 31P MRS.   

Phosphorous is an abundant and sensitive MR active nucleus. The 31P isotope is 100% 

naturally abundant, and 31P spectra exhibit a wide variety of compounds. Many small 

phosphorylated metabolites exist within cells have concentrations from 0.1-10 mM. The 

most significant MR-visible phosphorous signals from endogenous mammalian tissues 

come from Nucleoside triphosphate (NTP), inorganic phosphate (Pi), and 

phosphocreatine (PCr). 31P magnetic resonance spectroscopy (MRS) provides a 

noninvasive technique for simultaneously measuring pHi from the chemical shift of 

endogenous Pi (17, 41) and pHe from the chemical shift of exogenous indicators, such as 

3-aminopropyl phosphonate (3-APP) (18). In tumors, the chemical shift of Pi, with a pKa 

≈ 6.8, is usually referenced to that of glycerophosphoryl choline (at 0.49 ppm); or the α 

peak from NTP (at 10.05 ppm), and the resulting frequency can be used to estimate pHi 

within 0.05 pH unit. This approach was introduced by and Moon and Richards (41) in 

1973. A pH titration curve could be achieved in vitro by fitting the Henderson-

Hasselbalch equation in idealized phosphate solution:   
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pH = pKa + log
δ −δmin

δmax −δ  [Equ. 1.2] 

Where δmin, δmax and pK were obtained by iteratively fitting the δ and pH data.  In order 

to measure pH in vivo, an assumption is made that the pKa and chemical shift in 

biological system are identical to in vitro solutions used for a pH titration curve. The 

Jardetzky group (42) reported that ionic strength or temperature changes causing shifts of 

pKa result in errors in pHi up to 0.5 units. However, with mimic solutions, the pKa can be 

corrected by removing the effect of ionic strength and temperature, and then the 

uncertainty of pK measurements could be minimized to 0.05 pH values (43-44).  

Numerous studies have shown that the Pi measured by in vivo MRS is primarily 

intracellular and thus, the resonance frequency of this nucleus provides a measure of the 

pHi (17, 45) . This has been confirmed by comparing the pH measured by Pi to that 

measured by intracellulary trapped 2-deoxy glucose 6-phosphate (46-47).  These and 

subsequent studies have shown that pHi of tumors remains neutral to alkaline, even when 

the extracellular tumor pH is acidic. In order to measure pHe by MRS, it is necessary to 

introduce an exogenous reagent. A good exogenous pH indicator must have several 

essential qualities, including high sensitivity, low toxicity, predictable pharmacokinetics 

and pKa in a physiological range (40). Although a number of phosphonate-based probes 

have been developed for measurement of pH, only a few have demonstrated these 

qualities.  Phenylposphonic acid has been used as a 31P-MRS indicator of pHe in perfused 

tissues (44, 48). Szwergold (49) has also developed a number of phosphonate-based 

probes, some of which were reported to be extracellular. 3-Aminopropylphosphonate (3-



 
 
 

20 

APP) is an exogenous indicator widely used to measure the pHe of tumors in animal 

models. It was developed in 1994 and shown to be nontoxic and membrane impermeant. 

These studies and others (18, 50-51) simultaneously measure the pHe and pHi in 

bioreactors and in vivo using the frequencies of 3-APP and Pi, respectively. 3-APP has 

been used by numerous groups to measure pHi and pHe in a variety of tumor xenograft 

models. Raghunand and coworkers (51) employed 31P MRS to investigate differences in 

the steady-state plasmalemmal pH gradients in xenografts of MCF-7 human breast 

carcinoma cells. The data clearly show that tumor pH decrease with increasing tumor size. 

These studies have demonstrated unequivocally that the pHe of tumors is significantly 

more acidic than that of normal tissues (Figure 1.2). A drawback, however, is that 31P 

investigations are limited in spatial resolution.  Even at high field, voxel size is limited to 

ca. 4 x 4 x 4 mm3 (18). 

1.2.4.2 1H MRSI (IEPA).   

Hydrogen is the most abundant and sensitive MR-active isotope in biological systems. 

This sensitivity derives from the high gyromagnetic ratio and abundance relative to other 

atoms. The most predominant peak in the MR spectrum comes from the ~110 molar 

protons found in water. However, with solvent suppression techniques, the water 

resonance can be reduced and 1H MR resonances from metabolites and indicators can be 

measured. Thus, compared to 31P, 1H MRS allows for data to be collected in smaller 

voxels in less time. In general, 1H MRS approaches to measure tumor pHe have relied on 

compounds, such as imidazoles and aromatics, which resonate at higher frequencies 

(downfield) compared to endogenous metabolites.  Rabenstein and Isab (52) first 
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proposed using imidazoles as extrinsic pHe indicators. Gil, et al. (53) suggested several 

modifications of the basic structure of the imidazole molecule to improve its performance 

as an extrinsic pH probe. The most popular exogenous imidazole for 1H NMR-sensitive 

pHe indicator is the pH-sensitive H2 resonance of 2-imidazole-1-yl-3-ethoxycarbonyl 

propionic acid (IEPA), which has been shown to be non-toxic and to remain extracellular 

(54). IEPA has been used to measure pHe in breast cancer tumors and gliomas with 

spatial resolution up to 1 x 1 x 1 mm3 (54-55) (Figure 1.3). These studies showed that the 

tumors’ pHe was heterogeneous, with differences of as much as 0.5 pH units across an 8 

mm in distance. The relationship between low pHe and perfusion has been inferred 

through co-registration with contrast-enhanced images. 

1.2.4.3 Hyperpolarized 13C bicarbonate.   

Carbon-13 is distinct from the previous three isotopes in that it is only 1.1% naturally 

abundant.  This is disadvantageous because the weak nuclear polarization results in low 

sensitivity. Hoffman and Henkens have shown that 13C can be used to study intracellular 

CO2 hydration and HCO3
- dehydraton, which indicates that this technique has potential to 

estimate the tissue pH (56).  Arus, et al., have investigated pHi of superfused frog muscle 

with natural abundance 13C MRS (57). The major drawback of this method is the low 

sensitivity. Recently, it has been shown that Dynamic Nuclear Hyperpolarization (DNP) 

can radically improve the sensitivity of in vivo NMR studies (58). The technique is based 

on transferring the polarization of an unpaired electrons to neighboring nuclei by 

microwave irradiation of the sample (59). Dynamic Nuclear Polarization (DNP) has been 

shown to be capable of enhancing the MR signal of 13C MR by more than a factor of 
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40,000. Brindle and coworkers have recently measured tissue pH using hyperpolarized 

13C bicarbonate (60) (Figure 1.4). This measurement used the Henderson-Hasselbalch 

equation to estimate tissue pH from the voxel-wise ratio of H13CO3
- to 13CO2 following 

injection of hyperpolarized H13CO3
-. The results showed that the pHe of a lymphoma 

xenograft was significantly lower (6.7± 0.1) than the surrounding normal tissue (7.1 ± 

0.1). A limitation of this approach is that the signal from the hyperpolarized nuclear spin 

decreases rapidly owing to decay of the polarization.  Therefore the measure must be 

completed within 1-2 minutes following injection. T1 relaxation also severely restricts 

the number of phase encoding steps during short acquisition times, also resulting in 

limited spatial resolution. However, fast imaging techniques such as compressed sensing 

reconstruction can be used to overcome these potential pitfalls (61). 

1.2.4.4 MR relaxometry.   

An alternative approach using magnetic resonance imaging (MRI) relies on perturbing 

the relaxivity of water via pH-dependent relaxation agents. Gadolinium (III) complexes 

are typically used as MRI contrast agents because they are the most efficient of all 

lanthanide ions at relaxing bulk water protons (62-63). Gadolinium-based agents 

primarily increase relaxivity via T1 relaxation mechanisms and hence result in increased 

signal amplitude in T1-w images relative to the same tissue with same protocol without 

agents (64).  

One clever approach to measure pH used a polyion complex (PIC) consisting 30 Gd (III) 

chelates bound to a poly-ornithine chain. The packing conformation of this complex was 

pH-dependent leading to changes in water accessibility and correlation times and hence 
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changes in T1 relaxivity (65).  A small molecule approach has been developed 

independently by Sherry, Aime and colleagues (66-67), who have synthesized 

gadolinium-based pH-sensitive agents whose relaxivity is pH-dependent.  In the case of 

the tetraphosphonate, GdDOTA-4AmP5- , the H-bonding network created by phosphonate 

side-arm protonation provides a catalytic pathway for hydrogen exchange (68). For 

quantification, this approach requires accurate knowledge of the agent concentration in 

each voxel (69). The protocol for dual injection method is outlined in Figure 1.5. 

Raghunand solved this issue of concentration knowledge using sequential injection of 

two gadolinium agents, one of which was pH-insensitive. This has been applied to 

imaging pH in kidneys (64, 70) and in rat brain glioma (10) (Figure 1.6). In the glioma 

model, the comparison of pHe and tumor perfusion time-to-maximal intensity (TMI) 

indicated that volumes with slower perfusion were correlated with lower pHe values.  

Although this method worked well, there are drawbacks to the successive injection of two 

different agents, especially for clinical use (71). During the course of the injections, 

prolonged exposure to anesthesia may alter the blood pressure, which can result in 

significant differences in pharmacokinetics of successive injections. In addition, it is 

necessary to wait until most of the first agent has exited the tumor before administering 

the second agent. These considerations make a case for the development of a single 

injection method to enhance the clinical utility of a pHe sensitive contrast agent (10). 

As an alternative, a relaxivity based single injection method has been developed, which 

consists of a mixture DyDOTP5- with GdDOTA-4AmP5- (72). This method is described 

in detail in chapter 2. While the effects of the Gd-contrast agent (CA) on T1 and T2 



 
 
 

24 

relaxation exhibited similar pHe-dependence, the Dy-CA induced a strong outer sphere 

effect on T2* that is pHe-independent with negligible effect on the T1. Both Gd- and Dy-

CA have been used simultaneously to determine the relationship of transverse relaxation 

rates (∆R2*) and CA concentration ([CA]); with Gd -providing spin-lattice relaxation 

contrast determined by T1-weighted imaging, and Dy-providing transverse relaxation 

contrast determined as linewidths (R2*)  in spectra. This method involved measurement 

of [Dy] through its effects on ∆R2* and subsequently extrapolating the [Gd] from the 

known mole ratio of Dy- and Gd-CA, thus enabling dynamic calculation of spatially 

localized pHe values. Additionally,  the low dynamic range afforded by T2* 

measurements in vivo have been overcome using Echo Planer Spectroscopic Imaging 

(EPSI), a technique that generates full 1H spectra of the water resonance for each pixel at 

high resolution. Details of this protocol are described in chapter 2 and represents the first 

application of a CA cocktail for the determination of spin lattice and susceptibility 

induced transverse relaxation in this manner (72). The primary advantage of this protocol 

over previous studies is the rapidity of the pHe measurement, as high resolution pHe 

maps can be obtained with ca. 0.20 mM GdDOTA-4AmP5-, within16 minutes after 

injection. In principle, this method is capable of yielding pHe maps within practical times 

in a clinical setting. 

1.2.4.5 Chemical Exchange Saturation Transfer (CEST).   

Compared to traditional contrast agents that are based on T1 and T2 relaxation, novel 

agents have been developed to generate contrast via CEST, particularly at high magnetic 

fields. The dynamic process of CEST can be described by a simple two pool chemical 
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exchange model, wherein the magnetizations for a labile proton and bulk water are 

derived by two groups of Bloch equations coupled by chemical exchange (73). CEST is 

mediated by pre-saturation of a resonance that is undergoing chemical exchange and 

measuring the effect on decreasing the abundant water signal (74).  Besides general MRI 

parameters, exchangeable site concentrations, temperature and endogenous tissue 

properties, CEST contrast also depends on pH. In general, the exchange rate is slower at 

low pH than at high pH due to base catalysis of proton exchange for most chemical 

groups. There are three main categories of CEST imaging: diamagnetic CEST 

(DIACEST), paramagnetic CEST (PARACEST) and amide proton transfer (APT). Wolff 

and Balaban (75) first demonstrated the possibility of CEST imaging in which RF 

saturation was transferred from exchangeable solute protons to water. This resulted in 

further work characterizing the DIACEST pH measurements using high concentrations of 

two low molecular weight solutes as tracers in vivo (76-77). Mori, van Zijl and 

colleagues optimized methods to obtain accurate chemical exchange rates between water 

and amide protons in vivo by avoiding magnetization transfer signal losses for solvent 

suppression (2, 78-79). This has led to characterization of amide proton transfer (APT) 

effects based on the magnetization exchange between bulk water and labile endogenous 

amide protons (73, 80-81), which has been applied to humans (82-84).  A limitation of 

APT is that it requires very homogeneous magnetic fields which are difficult to achieve 

in motile tissues.   

Recently, applications of the CEST technique have been furthered by incorporating a 

paramagnetic ion in the exchanging molecule, leading to increased chemical shift 
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dispersions and hence, increased sensitivities (85-87). In order to observe a CEST effect, 

the exchange process needs to be present between the two magnetically different 

environments at a rate that is slow or intermediate on the NMR time scale, which means 

that the rate of exchange must be less than the chemical shift difference between the two 

exchanging pools. If the exchange rate is too rapid (e.g. at high pH for some chemical 

groups), the spin states are in fast exchange, and the CEST effect may no longer be 

measurable. On a clinical 1.5T scanner, a chemical shift of 10 ppm from the water 

resonance will allow observation of exchange rates up to 600 Hz. This can be increased 

with higher magnetic fields. Alternatively, paramagnetic agents with larger chemical 

shifts (of > 50 ppm) provide the possibility of measuring a CEST effect at higher 

exchange rates. Lanthanide-based paramagnetic complexes containing both highly shifted 

pH-insensitive and pH-sensitive exchangeable protons have been developed, wherein the 

CEST effects at two resonances can be used for a ratiometric determination of pH.  A 

drawback to CEST and PARACEST remains the high concentrations required (>10 mM) 

and the need for strong MR irradiation pulses for pre-saturation, which are limited by 

power deposition limitations, or SAR.  Pagel and colleagues have recently developed a 

new PARACEST agent, Yb-DO3A-oAA, with two pH-responsive CEST effects that 

have different MR frequencies and different dependencies on pH (88) (Figure 1.7). The 

ratio of the two PARACEST effects can measure the entire physiological range of pHe 

from 6.1-8.0 with acceptable RF powers.  
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1.2.5 Optical Imaging 

Optics is another powerful tool for noninvasive pH measurement in tumor and 

surrounding tissue.  Numerous studies on in vivo and in vitro tumor pH imaging using 

fluorescence microscopy have been reported (89-93). pH-sensitive fluorescent dyes need 

to be injected prior to measurement.  The varying fluorescent properties of the probes, 

which are associated with local pH, can be measured optically and be converted to pH 

distribution accordingly.  Currently, there are two main ways for measuring tumor pH: 

fluorescence ratio imaging microscopy (FRIM), and fluorescence lifetime imaging 

microscopy (FLIM).  Compared to other techniques, optical imaging is extremely rapid.  

In vivo spatial resolution can be poor due to light scattering in heterogeneous tissues, but 

high resolution images can be obtained with neoscopic approaches and window chambers.   

1.2.5.1 Fluorescence Ratio Imaging Microscopy (FRIM).   

The emission spectra of some pH probes undergo a pH-dependent wavelength shift, thus 

allowing the ratio of the fluorescence amplitudes from the dyes at two emission 

wavelengths to be used for accurate determinations of pH.  The most widely used dues 

for in vivo and in cyto ratiometric pH measurements include SNARF (89-93), 

carboxyfluorescein (94) and BCECF (95).  Figure 1.8a shows the typical emission spectra 

of carboxy- (C-) SNARF-1.  There are two peaks in the emission spectrum whose relative 

amplitudes vary with pH.  The ratio of the amplitudes of the peaks can be used to 

empirically determine pH.  With the appropriate calibration, a pH image of the sample 

can be determined from the ratio image.  The ratio image R is formed by the pixelwise 

calculation: 
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R = (Ilong – Ibg-long)/(Ishort – Ibg-short) [Equ. 1.3] 

where background information at each wavelength (Ibg-short, Ibg-long) is recorded before dye 

injection and subtracted from the corresponding fluorescence images (Ishort, Ilong).  A 

ratio-pH calibration curve of C-SNARF-1 is shown in Figure 1.8b. Gillies’ group applied 

FRIM method in window chambers to detect the pHe of tumors change after oral 

NaHCO3 treatment (Figure 1.9) (8). 

Ratiometric measurements of pH with FRIM are difficult to quantify (96).  Dyes such as 

SNARF adhere to intracellular proteins and cytosolic constituents, and this modifies the 

ratio of amplitudes in the two emission bands.  This adherence requires a time-consuming 

and cumbersome calibration procedure to eliminate the possible pH estimation errors.   

Moreover, FRIM is based on fluorescence signal methods and is thus susceptible to 

photobleaching and to variation in light scattering and absorption of the sample, which 

may also introduce a bias in the results of pH measurements. 

1.2.5.2 Fluorescence Lifetime Imaging Microscopy (FLIM).   

FLIM is an experimental technique in which the fluorescence decay is measured at each 

spatially resolvable location within a fluorescence image (97).  After a fluorophore is 

excited by one or multiple photons, it will drop to the ground state with a certain 

probability based on the decay rates through different decay pathways.  Normally, the 

signal decay of the ensemble fluorescence emission Iem obeys the exponential law and 

can be described as the function of time t, such that: 

Iem = I0 · exp(- t / τ )         [Equ. 1.4] 

where I0 is the initial fluorescence intensity at t = 0 and τ is the fluorescence lifetime. 
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Some probes have pH-dependent lifetimes, and lifetime measurement can be converted to 

pH estimation following construction of proper calibration curves.  However, because the 

fluorescence process occurs on the nanosecond timescale for most fluorophores and it is 

difficult to observe the decay of emission directly, various time- (98-100) and frequency-

domain (101-105) approaches have been developed to measure the fluorescence lifetimes 

in biological tissues. In principle, these two types are equivalent.  They yield the same 

kind of information about the examined tissue, and they are related to each other by the 

Fourier transform (97). 

In time-domain fluorescence lifetime measurements, the fluorophore is excited by a very 

short laser pulse and the temporal distribution of emitted fluorescence is recorded.  The 

decay of the signal amplitude after the laser pulse yields the lifetime of the fluorophore.  

In frequency-domain measurements, the target is excited by a harmonically modulated 

light source.  Due to the fluorescence decay, the fluorescence emission will have a phase 

shift and a decreased degree of modulation relative to the excitation radiation.  The 

lifetime of the fluorophore can be computed from an estimate of either the phase shift or 

the decrease in the modulation.  Although lifetime-based pH imaging has often been 

found to be more convenient than conventional ratiometric methods due to a simpler pH 

calibration (96), this method is not a straightforward approach to measure pH in the 

absence of correction for the effect of probe binding (106).  BCECF (100-101, 104) and 

SNAFL (96, 101, 103, 105), which have absorption in the visible band, are the most 

common pH indicators used in physiological pH imaging.  Other dyes have also been 

studied for this application. (98-99, 101-102). 
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1.3 Summary 

Techniques for measuring the pH of organelles, cytosol and extracellular fluid in vivo 

have been improving. Optical techniques based on expression of pH-sensitive fluorescent 

dye are revolutionizing pH measurements in vitro. With improved detection platforms, 

optical methods hold promise to be applied in vivo. Magnetic resonance techniques have 

been developed to measure pHi with endogenous indicators, albeit with low sensitivity. 

Methods based on exogenous compounds have clearly shown that high resolution and 

highly sensitivity measurements of pHe (and possibly pHi) are tractable in vivo. 

Hyperpolarized 13C-labelled bicarbonate technique may potentially be used in the clinic 

and new generations of pH-sensitive PET tracers are under development.  All of these 

developments are a testament to the emerging view that tissue pH is a biomedically 

important parameter of tumor metabolism.   
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Table 1.1 Biologically relevant MR-visible isotopes and pH measurement applications. 

 

 

 

 

 

 

 

 

 

Isotope Frequency 
(rel 1H) 

% Natural 
Abundance 

Sensitivity 
(rel 1H) Compounds Application 

1H 1.00 99.98 100 2-imidazole-1-yl-3-
ethoxycarbonylpropionic acid (IEPA) pHe 

19F 0.94 100 83 
3-[N-(4-fluor-2-trifluoromethyl- 
phenyl)- sulphamoyl]-propionic acid 
(ZK-150471) 

pHe 

31P 0.41 100 6.6 
Inorganic phosphate (Pi) pHi 

3-aminopropylphosphonate (3-APP) pHe 

13C 0.25 1.1 0.016 Hyperpolarized 13C-labelled 
bicarbonate pHe 
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Figure 1.1 Glucose metabolism in mammalian cells. Afferent blood delivers glucose and 

oxygen (on haemoglobin) to tissues, where it reaches cells by diffusion. Glucose is taken 

up into cells by specific transporters, where it is converted first to glucose-6-phosphate by 

hexokinase and then to pyruvate, generating 2 ATP per glucose. In the presence of 

oxygen, pyruvate is oxidized to HCO3 through the citric acid cycle in mitochondria, 

generating 36 additional ATP per glucose. In the absence of oxygen, pyruvate is reduced 

to lactate, which is exported from the cell. (Reprinted with permission from NPG)  
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Figure 1.2 pHe and pHi of tumors and normal tissues by 31P MRS of 3-APP and Pi 

respectively. 



 
 
 

34 

 

 

Figure 1.3 pHe map of human breast cancer xenograft (MCF-7 and MDAmb-435). pHe 

was measured by 1H MRS Imaging of animal injected with pH indicator, IEPA. 



 
 
 

35 

 

 Figure 1.4 Imaging of tumor pHe by hyperpolarized 13C-labelled bicarbonate. a, 

Transverse 1H MR image of a mouse with a subcutaneously implanted EL4 tumor 

(outlined in red). b, pH map of the same animal calculated from the ratio of the H13CO3
– 

(c) and 13CO2 (d) voxel intensities in 13C chemical shift images acquired ~10 s after 

intravenous injection of ~100 mM hyperpolarized H13CO3
- and assuming a pKa of 6.17. 

The spatial distribution of H13CO3
- (c) and 13CO2 (d) are displayed as voxel amplitude 

relative to their respective maxima. The tumor margin in b, c and d is outlined in white.  

(Reprinted with permission from NPG) 
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Figure 1.5 A schematic overview of the dual Injection Protocol. In vitro calibrations 

(experiment 1 in vitro) where used to define a relationship between the molar relaxivity 

of GdDOTA-4AmP and pH. Experiment 2 determine the [CA] that can be used to in pH 

calculation in experiment 3. 
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Figure 1.6 pHe map of C-6 Glioma. The pHe was measured by a dual injection method. 
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 Figure 1.7 pHe map of a mouse tumor model. pH was measured by PARACEST MRI 

with contrast agent Yb-DO3A-oAA. (Data courtesy M.D Pagel,) 
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 Figure 1.8 Optical pH measurement. (a). Emission spectra of C-SNARF-1 in 50 mM 

potassium phosphate buffers at various pH values.  Samples were excited at 488 nm. (b) 

Ratio-pH calibration curve of 5 µM C-SNARF-1 in 20 mM HEPES buffers. 
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Figure 1.9 FRIM measured pH gradients in window chambers. pHe was measured 

following injection of SNARF-1 free acid by excitation with a He/Ne laser at 543 nm and 

emissions were collected in channel 1 with a 595/50-nm bandpass and in channel 2 with a 

640-nm-long pass filter. Representative pHe images are shown for untreated (A) and 

bicarbonate-treated (B) mice (10 x field of view, 12.5 mm). Red lines,  region of interest 

of tumor, defined by GFP images. (C), merged confocal image of tumor (white) 

surrounded by a labeled microvascular network (green). Radial lines, directions along 

which pHe values were measured. (D), least-square fit across all directions and all tumors 

showing pHe distributions along radial lines for control and bicarbonate-treated tumors. 
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"0" is centroid of tumor, and vertical line indicates tumor edge. (Reprinted with 

permission with CANCER RESEARCH) 
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CHAPTER 2  

IMAGING THE EXTRACELLULAR PH OF TUMORS BY MRI AFTER 
INJECTION OF A SINGLE COCKTAIL OF T1 AND T2 CONTRAST AGENTS 

 

 

Abstract 

The extracellular pH (pHe) of solid tumors is acidic, and acidic pHe is related to 

invasiveness. Herein, we describe a MRI method to measure pHe in gliomas using a 

single injection of a cocktail of contrast agents (CA). The cocktail contained Gd-DOTA-

4AmP and Dy-DOTP, whose effects on relaxation are sensitive and insensitive to pH, 

respectively. The Gd-CA dominated the spin-lattice relaxivity, ∆R1, whereas the Dy-CA 

dominated ∆R2*.  The ∆R2* effects were used to determine [Dy] which, in turn, were 

ratiometrically related to [Gd].  This value was used to convert ∆R1 values to ∆r 1, and 

hence, to pHe maps.  Development of the method involved both calibration and 

measurement in vivo in a rat brain glioma model. The calibration phase consisted of 

determining the relationship between pH-independent CAs, Magnevist and Dy-DOTP. 

∆R1 and ∆R2* derived from Echo Planar Spectroscopic Imaging (EPSI) and T1 weighted 

imaging. Amplitudes and linewidths of the water peaks in EPSI images were affected by 

CA and were used to follow pharmacokinetics. These data showed a linear relationship 

between inner- and outer-sphere relaxation rate constants that were used for CA 

concentration determination. Variability in the slope of the linear relationships was 

observed and ascribed to biological variations in vascular permeability. In the pHe 
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measurement phase, Gd-DOTA-4AmP was infused instead of Dy-DTPA, and the 

relaxivities were obtained through the combination of interleaved T1-weighted images 

(R1) and EPSI for (∆R2*). The resulting r1 values yielded pHe maps with high spatial 

resolution. 

2.1 Introduction 

The extracellular pH (pHe) of tumors is acidic, and there is evidence that this acidity 

stimulates local invasion (5, 107), and plays a role in metastases (8). This low pHe is a 

product of elevated metabolism combined with perfusion limitations. To fully 

characterize the nature and anatomical extent of this aspect of the altered tumor 

microenvironment, there is a need for further advances in the ability to accurately map 

the extracellular pHe at high spatial resolution. Furthermore, except for microelectrodes, 

these observations have been limited to pre-clinical animal models and there is a real 

need to develop methods that may eventually be used in humans. 

Various approaches have been developed to measure pHe maps in tumors with MRI and 

MRSI. Advances have occurred from single voxel 31P MRS to medium resolution pHe 

maps using 19F, 1H, or 13C labeled tracers (54-55, 108-109). Furthermore, methods are in 

development to render pHe maps with a spatial resolution that is on the same scale as 

MRI, such as Chemical Exchange Saturation Transfer (CEST) (80, 110-111) or pH 

sensitive relaxivity agents (112). Relaxivity-based methods offer the advantage of lower 

RF energy deposition, which is a significant consideration in a clinical setting. However, 

a challenge in relaxometric methods is the determination of contrast agent (CA) 

concentration, which is required to convert relaxation data to pHe maps. Methods to date 
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have used sequential injections of pH-insensitive and pH-sensitive agents (10, 70). 

Although these can provide high spatial resolution maps, they lack high temporal 

resolution and would be impractical in a clinical setting. 

A litany of MRI applications requires the determination of CA concentration, such as 

dynamic contrast enhanced (DCE) MRI. Historically, this has been achieved with either 

T1-weighted (dynamic contrast) or T2* -weighted (dynamic susceptibility) pulse 

sequences (113-115). T1 sequences yield contrast and enhancement based on inner 

sphere relaxation while T2* contrast is based on an outer sphere mechanism. Although it 

is slower, 1H Echo Planar Spectroscopic Imaging (EPSI) can be highly linear with CA 

concentration and has been used to measure spectra in both water-suppressed (116-118) 

and non-water-suppressed mode (119-120). One of the advantages of using EPSI in vivo 

is the ability to determine R2 (or R2*) and ∆B 0 simultaneously (121). In addition, one 

may examine the complexity of the lineshape to reveal underlying sub-voxel 

heterogeneities. 

In the current work, we investigate the use of EPSI to measure simultaneously the pH-

dependent inner sphere effects and the pH-independent outer sphere effects in order to 

generate quantitative values of pHe. This involves infusion of a cocktail containing both 

DyDOTP5- and GdDOTA-4AmP5-. While the effects of the Gd-CA on T1 and T2 exhibit 

similar pHe-dependence, Dy-CA induces strong outer sphere effects on R2* that are pH-

independent with negligible effects on T1. The entire protocol is diagrammed in Figure 

2.1 and involves measurement of [Dy-CA] through its effects on ∆R2* and subsequently 

extrapolating the [Gd-CA] from the known injection ratio of Dy-CA to Gd-CA. This 
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assumes that Gd-CA and Dy-CA distribute to the tumors with identical pharmacokinetics. 

Knowledge of the [Gd-CA] can then yield the desired spin lattice molar relaxivity (r1) 

and hence a pH map may be obtained based on an in vitro relaxivity titration curve. We 

have investigated these relationships in vivo in a pharmacokinetic time-series in an 

intracranial rat glioma, which is the first application of a CA cocktail for the 

determination of spin lattice and susceptibility induced transverse relaxation rates. 

2.2 Materials and Methods 

2.2.1 Cell lines and In Vivo Tumor Model 

C6 glioma cells were stereotactically injected into female Wister rats with 105 C6 glioma 

cells in the right caudate nucleus to a depth of 5.5 mm (N = 8). Tumor growth was 

monitored with MRI to determine when the gliomas were of substantial volume of 

approximately 50% of the right hemisphere.  

2.2.2 Data Acquisition 

Experiments were performed with a Bruker Biospec 4.7 T MRI scanner with a 

preemphasis unit. The gradients are capable of 20 mT m-1 strength, with a maximum slew 

rate of 110 T m-1 s-1. A 72 mm ID volume coil was used for excitation, and an 18 mm 

diameter surface coil was used for signal reception. The surface coil was placed 1-2 mm 

above the rat brain, and active decoupling was used for switching between transmit and 

receive coils. 

In vitro measurements were carried out on 96-well plates cut in half. An external heater 

was used to maintaine temperature at 37ºC. Temperature was monitored using a rectal 
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fluoroptic thermometer (Luxtron®, Santa Clara, CA). GdDOTA-4AmP, DyDOTP, and 

GdDTPA were characterized at various concentrations and pH values in order to 

determine a titration curve between r1 and pH. Both PBS and FBS were used as buffers 

for relaxation studies. Spin-lattice relaxation measurements were performed in imaging 

mode to determine spatially localized T1 values in each well of the plate. Saturation 

recovery was accomplished with a series of variable TR experiments, where each pixel 

was fit to the three-parameter signal equation, , with M as the 

signal, W a saturation parameter, and T1 the spin lattice  relaxation time constant itself. 

An ROI was drawn for each well where the mean value was used to generate a titration 

curve. 

For the pH sensitive contrast agent, in vitro relaxation experiments were accomplished 

with variable GdDOTA-4AmP concentrations and pH values. Inversion recovery 

experiments were performed to determine a parametric T1 values. The data were fit to a 3 

parameter equation , were V is the inversion parameter and tD is 

the variable delay after the initial 180° inversion pulse. 

In vivo T1-weighted images were obtained with a TR = 200 ms, and a TE = 6.4 ms. T2-

weighted images were acquired using a RARE pulse sequence with a RARE factor of 8, 

giving an effective TE = 72 ms and TR=2000 ms The EPSI experiments were performed 

with a single RF excitation pulse and trapezoidal echo planar readout (122), with TE = 5 

ms. The receiver bandwidth was 152 kHz, resulting in a spectroscopic bandwidth 1.5 

ppm. The data were collected with a matrix size of 128x128x128. The resulting in-plane 
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resolution was 0.25 mm/pt on each side with a 1.25 mm slice thickness. The isotropic 

Field of View (FOV) was 3.5 cm. The spectroscopic resolution was 2.3 Hz/pt.  

2.2.3 MR Experimental Structure  

All animals were anesthetized by inhaled isoflurane (1.5% in O2) at 1.5 LPM. Once an 

animal was placed in the magnet, a series of pre-infusion (spectroscopic) images were 

acquired. These included: a scouting FLASH, RARE axial and coronal, proton density, 

T1-weighted spin echo, and EPSI. A CA cocktail consisting of GdDOTA-4AmP5-

:DyDOTP5- at a 1:2 ratio was injected, an interleaved series of two separate pulse 

sequences, T1-weighted images and EPSI, was collected until a steady state was reached 

(50 - 100 minutes). The rate of infusion was 0.2 - 0.4 mmol kg-1 hr-1 (0.4 - 0.8 mmol kg-1 

hr-1 for DyDOTP), although it was necessary to lower the infusion rate after 30 minutes 

to reach a steady state. In a subset of calibration animals, CPMG was interleaved with 

T1-weighted and EPSI scans.  

2.2.4 Data Processing and Analysis 

Reconstruction of T1-weighted images, proton density images and EPSI spectroscopic 

images were performed with in-house programs written for MATLAB (The MathWorks, 

Inc., Natick, MA). All other images were reconstructed in ParaVision (Bruker BioSpin 

MRI GmbH, Ettlingen, Germany). T1-weighted images were reconstructed by direct 

Inverse Fast Fourier Transform (IFFT) of the k-space data in two dimensions. The EPSI 

data sets were processed by reducing the data in the spectroscopic dimension into odd 

echoes and even echoes. This yielded two separate 3D data sets that were independently 
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apodized with a Hanning filter in the k-space, and a decaying exponential in the time 

domain; however, the even echo planar echoes were time reversed preceding apodization. 

Reconstruction was accomplished with a 2D IFFT and a 1D FFT to yield two spatial- and 

one spectroscopic dimension. Zero order auto phasing was performed along the 

spectroscopic dimension. Finally, the odd-echo and even-echo experiments were added 

together to form a final data set. 

The quantity νFWHM is the full width at half maximum of the water peak and is directly 

proportional to R2*. νFWHM was determined by fitting EPSI spectra with a Lorentzian 

lineshape on a pixel-by-pixel basis. R2* was calculated directly from the linewidth 

according to: R2* = π × LW. R2 values were obtained by a two -parameter fit of pixel 

intensity in the CPMG experiment to the equation: . 

2.2.5 Calculation of pHe 

The spin lattice relaxation rate constant R1 was determined, as in previous work (10, 70), 

from the proton density and T1-weighted images so that its measurement was 

accomplished throughout the course of the infusion with high temporal resolution. In the 

current, work we have empirically determined that TE is not much less than T2. 

Incororating T2 in the model, the repetition time dependent signal equation is: 

𝐼𝐼(𝑇𝑇𝑇𝑇) = 𝐼𝐼0(1 − 𝑒𝑒−𝑇𝑇𝑇𝑇∗𝑇𝑇1)𝑒𝑒−𝑇𝑇𝑇𝑇∗𝑇𝑇2 [Equ. 2.1] 
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 where I is the T1-weighted amplitude at any time, I0 is the intensity of the proton density 

image, TR is the repetition time, and TE is the echo time. Rearranging Eqn. 2.1, we 

obtain the relaxation rate constant R1: 

𝑇𝑇1 = − ln[1 − 𝐼𝐼
(𝐼𝐼0𝑒𝑒−𝑇𝑇𝑇𝑇∗𝑇𝑇2)� ] /𝑇𝑇𝑇𝑇  [Equ. 2.2] 

 

The relaxation rate is a function of the [CA] and is given by: 

𝑇𝑇1 = 𝑇𝑇10 + 𝑟𝑟1[𝐶𝐶𝐶𝐶]          [Equ. 2.3] 

where r1 is the spin lattice molar relaxivity in units mM–1s–1. 

This rearranges to a form where we can experimentally obtain r1 given that we have R1, 

and R10, and [CA]: 

𝑟𝑟1 = (𝑇𝑇1 − 𝑇𝑇10)/[𝐶𝐶𝐶𝐶]         [Equ. 2.4] 

Combining eqns (2) and (4), the in vivo contrast agent concentration is given by: 

[𝐶𝐶𝐶𝐶] = − 1
𝑇𝑇𝑇𝑇∗𝑟𝑟1

𝑙𝑙𝑙𝑙 1−𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 /(𝐼𝐼0𝑒𝑒−𝑇𝑇𝑇𝑇 ∗𝑇𝑇2)
1−𝐼𝐼𝑃𝑃𝑟𝑟𝑒𝑒 /(𝐼𝐼0𝑒𝑒−𝑇𝑇𝑇𝑇 ∗𝑇𝑇2)

        [Equ. 2.5] 

where I0, IPre, and IPost are the proton density, pre-infusion T1-weighted signal, and post-

infusion T1-weighted signal, respectively. A calibration was established between the two 

quantities ∆R2 * and [Gd] for a CA cocktail of two pH insensitive agents 

GdDTPA/DyDOTP (1:2). It should be noted that in vivo calibration was chosen because 

the R2* effect is highly dependent on the presence of mesoscopic field inhomogeneities 

in the tissue of interest (123-124). The R2* is determined independently of R1 by 

measuring the linewidth of the water peak in an EPSI experiment. The calibration that 
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was obtained is applicable to the current study assuming GdDOTA-4AmP and DyDOTP 

both perfuse and extravasate equivalently. This assumption then yields a linear 

relationship between [GdDOTA-4AmP] and ∆R2*. 

The relaxometric pHe imaging method requires knowledge of r1 to yield pHe. Data from 

in vitro phantoms (FBS) were fit using a Hill-modified Henderson-Hasselbalch equation 

for multiple titratable groups. A non-linear least squares fitting (simplex) routine was 

used to fit the follow relation for pHe: 

 𝑝𝑝𝑝𝑝𝑒𝑒 = 𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑙𝑙𝑃𝑃𝑙𝑙10[(𝑟𝑟1 − 𝑟𝑟1,𝑏𝑏𝑝𝑝𝑃𝑃𝑒𝑒 )/(𝑟𝑟1,𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑟𝑟1)]𝑙𝑙      [Equ. 2.6] 

Where r1,base, r1,acid, n and pK were obtained by iteratively fitting the r1 and pH data.  In 

order to measure pH in vivo, an assumption is made that the pKa and chemical shift in 

biological system are identical to in vitro solutions used for a pH titration curve (10, 70). 

Overall, the T1-weighted experiment yields the relaxation rate through Eqn. 2.3, while 

EPSI yields [GdDOTA-4AmP] from the water linewidths. These are combined to yield 

the spin lattice molar relaxivity, Eqn. 2.4 and knowledge of the relaxivity yields pHe 

through Eqn. 2.6. The experimental scheme is summarized in Figure 2.1. 

2.3 Results 

2.3.1 In vitro calibrations 

Spin-lattice relaxation data for Gd-DOTA-4AmP as a function of pH were fit to Eqn. 2.6 

and yielded the parameters: r1,acid = 5.29, r1,base = 3.68, pKa = 6.62, and n = 0.76, where 

the square of the correlation coefficient (r2) was 0.99. The fit is shown in Figure 2.8h. 

There were not noticeable differences in relaxivity for GdDTPA in Fetal bovine serum 
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(FBS) versus Phosphate buffered saline (PBS); however, there were slight increases in 

molar relaxivity for DyDOTP and GdDOTA-4AmP. 

2.3.2 In vivo studies 

In vivo calibration studies were necessary because the effect of CA on R2* cannot readily 

be recapitulated in vitro. Calibration experiments were performed with the CA cocktail 

GdDTPA/DyDOTP (1:2). In Figure 2.2, the T1-weighted images show an increase in 

amplitude due to infusion of the CA cocktail into the glioma. Concomitant increases in 

transverse relaxation (R2, R2*, and ∆R2*) were also observed in Figure 2.2 as a result of 

CA cocktail infusion. Changes in susceptibility induced shifts, B0, were also observed, 

although a clear trend was not observed. An alternating pattern of shift observed across 

the brain was obvious in the ∆B0 map, highlighting CA induced changes, yet presumably 

obfuscated by spectroscopic aliasing. 

Figure 2.3 shows a spectrum from a single EPSI voxel prior to, and at a late stage in the 

infusion of the CA cocktail.  The CA caused an increase in the linewidth of the peak. 

These data could be fit with a Lorentzian lineshape model to yield VFWHM. The change in 

VFWHM is directly proportional to ΔR2*.  Thus fits of these data in each voxel were used 

to generate parametric maps of R2* and ΔR2* (Figure 2.2).  

The analysis of the data was performed where CA breached the blood-brain barrier 

(within the glioma), in a contralateral ROI (control) and in the jaw muscle (ROIs depicted 

Figure 2.4a). The glioma showed the largest relative enhancement, the jaw showed an 

intermediate enhancement, and the contralateral side showed almost no enhancement 
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(Figure 2.4b). This trend is mirrored in the response of the other parameter maps: R1, R2, 

[GdDTPA], [DyDTOP], R2*, and ∆R2 *. The two related parameters: B0, and ∆B 0 show 

an alternating modulation, probably due to spectroscopic aliasing. The enhancement is 

largely contained within the glioma. For reference, an ROI on the contralateral side of the 

brain is depicted by the filled green squares, whereas the ROI within the jaw muscle 

shows a slight increase. The effect of T2 on the amplitude of T1-weighted images was 

significant, which in some cases resulted in an apparent saturation of the intensity as the 

apparent [CA] reached ca. 0.2 mM if the T2 was not included in the signal equation (not 

shown).  

The figures in the remainder of the paper use the same ROIs as depicted in Figure 2.4. 

Figure 2.5 shows the response of different parameter maps compared to relative 

enhancement from T1-weighted images: R1, R2, ∆R2, R2 *, ∆R2 *, B0, ∆B 0, ∆R1, and 

[GdDTPA] and [DyDOTP]. These plots establish the linearity of these parameters with 

relative enhancement. Of particular significance are the cross correlations of R2-derived 

parameters (Figure 2.5b and 2.5c) and R2* -derived parameters (Figure 2.5d and 2.5e) 

with relative enhancement (T1-weighted spin echo) within the glioma. Similar to Figure 

2.4, B0 and ∆B0 display alternating values of shift. 

The linearity of the contrast agent concentration and the change in the transverse 

relaxation rate constant, ΔR2*, is fundamental to this method. Figure 2.6 shows the linear 

dependence of the observables in this study with [GdDTPA] and [DyDOTP]. R1, ∆R1, 

R2, ∆R2 have a linear dependence on [CA] (F igure. 6a-d). Given that R1 and ∆R1 and 

[CA] have been calculated from the same data set, a linear dependence is expected and is 
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observed. In some experiments, R2 was extracted from CPMG and showed a linear 

dependence with [CA] in pixels within the glioma. Linearity was also observed for the 

dependence of R2, ∆R2 with R2* in Figure 2.6e and 2.6f. The correlation between R2 and 

R2* in Figure 2.6e was of particular importance as this relationship was used to estimate 

R2 values in experiments where CPMG experiments were not conducted. Further 

correlations were observed between R1, ∆R1, and [GdDTPA and DyDOTP] with ∆R2* in 

Figure 2.6g-i. The most significant of these relationships was between [GdDTPA, 

DyDOTP cocktail] and ∆R2* since this relationship allows one to obtain [CA] from EPSI 

spectroscopic imaging experiments. 

The concentration remained relatively low throughout the course of the experiment 

(Figure 2.6). For the first few points in the infusion, changes in ΔR2* were observed prior 

to any change in R1. We interpret this apparent discrepancy to be due to the intravascular 

localization of the CA in the early time points.  If the CA were primarily intravascular, 

then the inner sphere (T1) effects will be confined to the vascular water and that water 

that can exchange during the MR lifetime.  In contrast, the susceptibility effects are not 

spatially limited to direct contact and thus influences a much larger number of spin 

systems through direct susceptibility effects and spin diffusion.  As the CA begins to 

extravasate, the influenced volumes become similar and the relationship is linear. It took 

a few minutes for the relaxivity to reach the expected value given in Table 2.1, of 3.1 

mM–1 s-1, which occurred around 0.08 mM [GdDTPA]. 

The images and parameter maps that have been used to determine the relaxivity are 

summarized in Figure 2.7a-f: Proton density, T1-weighted, R2, R1, ∆R2 *, and [CA] 
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determined from EPSI. That the two observables can be combined to yield an 

experimental r1 is demonstrated in Figure 2.7g-i, where the numerator was determined 

from R1 (pre-and post contrast) and the denominator was calculated from the ΔR2*.   

The variability in the relationship between [GdDTPA] and ∆R2 * was analyzed for the 

calibration cohort. The correlation coefficient between tumor volume and slope is 0.59 

with a p-value of 0.0728, indicating that there was a statistically significant relationship 

between tumor burden and slope. 

The pH measurement was acquired with single infusion method.  In this case, all of the 

data were acquired in the presence of GdDOTA-4AmP and DyDOTA. The combination 

of T1-weighted data (Figure 2.8a) and proton density data (Figure 2.8b), were used to 

determine R1 (Figure 2.8c), where the range of CA concentrations in which the relaxivity 

was constant ranged from 0.02 to 0.1 mM CA. Hence, the R1 map was calculated using 

only data when the concentration was in this range. This also corresponds to the linear 

regime for the response of the relaxation rate R1. Figure 2.8d is the ∆R2 * map that was 

used to obtain the concentration map in Figure 2.8e. The maps in Figure 8c and 8e were 

used to calculate the relaxivity in Figure 2.8f. The values of relaxivity within the ROIs 

depicted in Figure 2.4a were used to generate a histogram in Figure 2.8g. These relaxivity 

values are shown to be within a reasonable range from the pH titration in Figure 2.8h. 

The uncertainty on a pixel-by-pixel basis was typically 0.05 or less, suggesting small 

individual variations in relaxivity. The values of relaxivities are in agreement with 

phantom measurements of relaxivity (Table 2.1). Since Eqn. 2.6 is sensitive to pixel 
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drop-out as values outside the limiting relaxivities yield complex values; hence, ROIs 

were adjusted to minimize this and are summarized in Table 2.3. 

From Figure 2.8, a pH map was obtained (Figure 2.9). The histograms of values within 

three different gliomas are shown in Figure 2.9a, c, and e and are distributed about pH 

6.9. Figure 2.9b, d, and f are histograms of uncertainties in the pH values determined by 

propagation of error from r1 values on a pixel-by-pixel basis, where r1 from different time 

points was used to calculate the uncertainty. Table 2.3 shows that the mean pHe values 

within the glioma are acidic relative to healthy tissue, and have relatively consistent mean 

values. 

2.4 Discussion 

2.4.1 In vivo calibration 

From the array of images and parameter maps in Figure 2.2, it is clear that the blood-

brain barrier has been breached allowing CA to extravasate into the extracellular space of 

the tumor. The most obvious example of this is the T1-weighted image enhancement. 

This has been corroborated by R2 and R2* parameter maps. It is also clear from the 

images that not much CA enters the brain outside of the glioma, yet enhancement is 

noticeable in the jaw muscle. 

EPSI was chosen for this study because the spatio-temporal resolution is very high for a 

slow infusion. In addition, EPSI was selected over a multiple gradient echo relaxation 

experiment because it has better time resolution along the FID due to rapid switching of 

the gradients in the echo planar readout. It also allows for the determination of R2* and 
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B0 simultaneously, where the lineshape is available for interrogation of the complexity of 

the water lineshape. The transverse relaxation rate constant R2* is affected by both 

mesoscopic and macroscopic magnetic field heterogeneity (123-124), as in regions of 

variable magnetic susceptibility. These two factors affect the relaxation and hence the 

linewidths. The R2* maps from EPSI demonstrate an increase in linewidth over the time-

series (Figure 2.2). Upon closer inspection of spectra from individual pixels, it is clear 

that the CA has a dramatic effect on the width of the line as shown in Figure 2.3. It is this 

direct relationship between [CA] and R2*, that is the essence of the single injection 

method. 

The infusion of the CA cocktail is slow and constant. The response of relative 

enhancement, R1, and R2* is linear over the course of the experiment within the glioma 

(Figure 2.4) where [CA] is building up at a rate proportional to the total amount infused. 

The contralateral side shows negligible build-up, while the muscle shows some 

enhancement. Notably, the ∆R2 * for both the glioma and muscle are on a similar scale 

over time whereas the muscle shows less relative enhancement when compared to the 

glioma. This is probably due to differences in the extracellular volume fractions and 

relative vascular permeability of the two tissues (125-126). The change in mesoscopic 

heterogeneity is also mirrored by the bulk magnetic susceptibility changes caused by the 

CA. The B0 heterogeneity is a result of static differences in magnetic susceptibility 

environments and changes caused by CA. However, those changes are dominated by the 

static contributions, especially the air in the nasal passages, which mask any changes in 

the glioma. In the ∆B 0 maps of Figure 2.2, the glioma is highlighted as the region with 
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the largest change and appears to be somewhat more informative than the B0 maps. In 

some tumors (Tumor 1, Table 2.2), these two parameters change linearly with each other 

as CA is gradually enters the glioma, suggesting that in some tumors, both quantities may 

be good indicators of CA concentration, although it must be noted that ∆B 0 did not show 

linearity in all cases. The observed changes in ∆B 0 are difficult to understand in the 

present case given that the spectroscopic bandwidth is 1.2 ppm or 241 Hz, whereas in the 

aforementioned case, aliasing occurs across the brain due to air in the nasal passages. 

Here it appears that aliasing several-fold due to infusing CA has occurred. 

In the calibration phase of the experiment, correlation of the imaging parameters with 

relative enhancement shows a correspondence with inner sphere relaxation, which is a 

function of concentration. R2 and R2* correlations in Figure 2.5 show that CPMG and 

EPSI may be used to determine concentration of a pH-insensitive CA. However, previous 

in vitro experiments with CPMG showed that R2 tracks closely to R1 when using 

GdDOTA-4AmP. Since R2* operates on an outer-sphere mechanism, it is independent of 

R1 in the presence of GdDOTA-4AmP and may be used to determine concentration 

based on the linearity shown in Figure 2.5e. This linear response in the glioma allowed 

the determination of [CA] in the pH phase (Figure 2.6). It is clear that ∆R2 * yields useful 

concentrations based on its relationships with [Gd]. 

The effects of transcytolemmel exchange on the amplitudes and spin lattice relaxation 

rates have been extensively studied (127-128). The effect of multiple compartments may 

have profound implications upon CA injection thereby affecting the relaxometric 

properties of water exchanging between compartments. However, it is important to note 
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that this series of experiments was performed at CA concentrations low enough to remain 

within the fast exchange limit (127). Thus, the relaxation rates were not significantly 

affected by transcytolemmel water exchange. 

2.4.2 R1-R2*-Permeability Surface 

The slope of the relationship between R1 and ∆R2 * had a linear dependence on Tumor 

burden (Table 2.2). This dependence is statistically significant with a p-value of 0.0728. 

Experiments were conducted several days after the blood-brain barrier had been breached 

leading to visual enhancement of the glioma upon injection of CA. The fact that the 

tumor burden plays a role is probably due to thus, this the observation indicates that 

glioma vascular permeability increases with size (126). In the present study, permeability 

was not explicitly measured, but is considered to be the likely explanation (129).  

2.4.3 pH measurement 

The offset in the linear relationship required manual adjustment as it represents the onset 

of CA entry into the glioma. There is often some variability in the first few points of the 

infusion. After several minutes post-injection, a steady state is reached and variability in 

linear results is reduced. For pH measurements, the point where steady state was reached 

was set to zero which is justified by the data of Table 2.2. 

The r1 measurement of Figure 2.8 demonstrates that this approach yields consistent 

results when using GdDOTA-4AmP, where the range of relaxivities is seen in the pH 

titration (Figure 2.8h). The relaxivities fall in the range where the pH may be obtained 

according to equ. 2.6. 
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The pH maps in Figure 2.9 report a mean pH of 6.7 in this tumor, with a range of values 

from 6.5 to 7.5. The uncertainty in the pH values is typically below the range of pH 

values in the glioma. The majority of the pixels within the glioma are acidic relative to 

normal tissue pH. Other tumors showed a similar mean and distribution of pH values. 

The standard error of measurement indicates the uncertainty in the mean value. 

Propagation of error from r1 into pH shows that the error is typically well below the 

standard deviation of pH values, and tightness in the error distribution is what we expect 

for meaningful pH values. This gives credence to the approach of minimizing pixel drop-

out to obtain the appropriate slope. 

The pH could not be reliably measured for many pixels within the central core of the 

tumor. This is probably due to necrosis where the lack of intact cells largely affects the 

R2* such that it is well below cellular tissue. Decreased perfusion of CA to the necrotic 

core may also be responsible. This is an unfortunate drawback of this approach but, 

nonetheless, this can be addressed by obtaining a MRI diffusion map prior to infusion of 

CA that can assess cellularity, or a DCE-MRI map to assess contrast agent perfusion. In 

any case, the accurate determination of pH in a necrotic core is not of much interest. The 

pH plays a role in tumor progression by acidifying the surrounding tissue as it grows, and 

so we are especially interested in measuring the pH in the viable parts of the tumor. 

Overall the mean pH value from all of these tumors is 6.70. Most of these tumors fall into 

a relatively tight range of volumes when compared to the set used for the calibration.  

Likewise the slopes show a relatively small range in the pH group. Because of these 
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small ranges, these results cannot assess the relationships between tumor burden, 

permeability, and mean pH value.  

The approach of maximizing the number of pixels as a criterion localize tumors in the 

[CA]-∆R2*-Permeability space is justified. It yields consistent mean pH values across the 

pH cohort. Our understanding of the 3-D relationship is only qualitative, yet a 

quantitative view of the vascular permeability may also be obtained with additional work. 

The pH maps shown by this work are consistent with the general view that the 

microenvironment of tumors is acidic, which may in turn confer a competitive advantage 

to cancer cells. The further study of various tumors with this method may provide 

additional details in cancer invasion and proliferation. 

2.5 Conclusions 

A single infusion protocol consisting of slow infusion of a CA cocktail has yielded high-

resolution pHe maps of tumors. The current method is based on a calibration between 

[Gd] derived from T1-weighted SE and ΔR2*. The linear correlation is also a function of 

permeability. The primary advantage of this protocol over previous studies (10, 54-55, 

80, 108, 111) is the rapidity of the pHe measurement, after the calibration curve has been 

obtained. The time-resolution of these experiments is the fastest thus far for a matrix size 

of 128x128. The time required for pre-infusion and infusion give rise to a total time of 

approximately 1 hour. The measured relaxivity in this method is a hybrid determination 

from two separate measurements, whereby R1 values are determined from T1-weighted 

amplitudes and [Gd] is determined from EPSI linewidths. The linearity in these two 
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separate observable quantities during the infusion indicates that the value of r1 is 

applicable to the determination of pHe, which is the crux of this approach. This high-

resolution pHe map was achieved with a relatively modest concentration of GdDOTA-

4AmP, which is ca. 0.10 - 0.20 mM at16 minutes after infusion. This method is capable 

of yielding pHe maps within practical times in a clinical setting.  



 
 
 

62 

 

Contrast Agent r1 (mM-1 s-1) r2 (mM-1 s-1) 

GdDTPA 2.95 – 

GdDOTP 3.17 4.75 

DyDOTP 0.16 0.19 

 

Table 2.1 Relevant lanthanide CA relaxivities (r1 and r2) in this study. 
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Tumor Matrix Size Enhancement Volume / mm3 Slope Intercept Mean r1 ± STD 

1 128 ×128 S 48 0.0059 -0.0145 1.96 ± 4.93 

2 128 ×128 S 124 0.0264 -0.0654 3.04 ± 0.11 

3 256 ×256 S 70 0.0037 0.0111 3.02 ± 0.080 

4 256 ×256 M 100 0.0104 0.0018 3.04 ± 18.9 

5 256 ×256 M 187 0.0255 0.0127 12.3 ± 68.3 

6 256 ×256 M 62 0.0066 0.1409 3.22 ± 1.49 

7 128 ×128 S 104.9 0.0386 -0.0626 3.06 ± 0.12 

8 128 ×128 M 106 0.0105 -0.0329 3.06 ± 0.12 

9 128 ×128 S 65 0.0099 0.0037 0.098 ± 20.1 

10 128 ×128 M 39 0.0077 0.0039 3.4 ± 1.67 

median    0.0101 0.0027  

The correlation coefficient between tumor volume and slope is 0.59 with a p-value of 0.0728. 
 

Table 2.2 Summary of relevant parameters for the calibration tumors investigated in this 
study. The enhancement is denoted by strong (S) or medium (M). 
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Tumor Matrix Size Enhancement ROI Fraction 
Volume / 

mm3 Slope 
Intercep

t 
Mean pH ± 

STD 

11 128 ×128 M 0.509 18.8 0.005 0 6.95 ± 0.51 

12 128 ×128 M 0.239 47.7 0.03 0 6.79 ± 0.62 

13 128 ×128 M 0.193 71.5 0.003 0 6.70 ± 0.59 

14 128 ×128 M 0.633 18.8 0.0045 0 6.76 ± 0.50 

15 128 ×128 W 0.508 12.8 0.0034 0 6.70 ± 0.51 

16 128 ×128 M 0.536 28.7 0.0045 0 6.69 ± 0.63 

17 128 ×128 M 0.747 26.5 0.0065 0 6.68 ± 0.39 

18 128 ×128 S 0.775 82.4 0.0037 0 6.69 ± 0.67 

median     0.0045 0 6.70 

 

Table 2.3 Summary of relevant parameters including pH values when infusing 
GdDOTA-4AmP. The enhancement is denoted by strong (S), medium (M) or weak (W). 
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Figure 2.1 A schematic overview of the Single Infusion Protocol. In vitro calibrations 

(upper panel) are used to define a relationship between the molar relaxivity of GdDOTA-

4AmP and pH. In vivo calibrations (lower panel) involve co-injection of pH-independent 

Gd- DTPA and Dy-DOTP. These data are used to define an in-vivo relationship between 

[Gd] and the EPSI-measured linewidth. In the in vivo pHe experiment (middle panel), the 

linewidth induced by the co-injected [Dy] is used to calculate the per-pixel [Gd-DOTA-

4AmP], which is then combined with T1 values to calculate a molar relaxivity and hence, 

pH. 
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Figure 2.2 Representative Time-series of images and parameter-maps following the 
GdDTPA/ DyDOTP infusion. 
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Figure 2.3 Representative Lorentzian curve-fits to a pixel of EPSI data before (a) and 

at a late stage (b) in the CA infusion. A concomitant drop in the amplitude is seen in the 

peak. 
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Figure 2.4 (a) Depiction of three different ROIs in the head in a representative rat: the 

glioma (red filled circles), contralateral side (green squares), and jaw muscle (blue 

diamonds). (b) Time-response of the raw T1-weighted images, (c) R1 vs. time, (d) R2 vs. 

time, (e) [GdDTPA] or [DyDOTP] vs. time, (f) R2* vs. time, (g) ∆ R2* vs. time, (h) B0 vs. 

time, and (i) ∆B0 vs. time. 
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Figure 2.5  Various parameters and difference parameters versus Relative Enhancement 

for the three different ROIs in Figure 2.4 in a representative rat. (a) R1, (b) R2, (c) ∆R2, 

(d) R2*, (e) ∆R2*, (f) B0, (g) ∆B0, (h) ∆R1, and (i), [GdDTPA/DyDOTP] (1:2). 
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Figure 2.6 Self- and cross linearity for the various pulse-sequence-derived parameters. 

T1-weighted images yield R1 and [GdDTPA] parameters whereas CPMG yields R2, 

while EPSI yields R2* and B0. (a)-(b) R1 and ∆ R1 vs. [GdDTPA] or [DyDOTP] (T1-

Weighted - T1-Weighted), (c)-(d) R2 and ∆ R2 vs. [GdDTPA] or [DyDOTP] (CPMG - 

EPSI), (e)-(f) R2 and ∆ R2 vs R2* (CPMG - EPSI) (g)-(h) R1 and ∆ R1 vs ∆ R2*, (T1-

Weighted - EPSI) and finally (i) [GdDTPA] or [DyDOTP] vs. ∆ R2* (T1-Weighted - 

EPSI). The symbols are the same as in Figure 2.3. 
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Figure 2.7 Calibration data overview in a representative rat: (a) Proton Density (b) T1-

Weighted (c) R2 Map (d) R1 Map (e)∆R2* Map, (f) [GdDTPA] from ∆ R2* (g) r1 Map 

from (e) & (f); (h) in vivo r1 histogram. 
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Figure 2.8 pH data overview in a representative rat: (a) T1-Weighted (b) proton density 

(c) R1 Map (d) ∆R2* Map (e) [GdDOTA-4AmP] from ∆R2* (f) r1 Map from (c) & (e), (g) 

r1 histogram.  
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Figure 2.9 (a) pH Maps of glioma. (b) and (c) are the same as (a) except for two other 

subjects. (A), (C), and (E) are histogram of pH values, while (B), (D), and (F) are pH 

uncertainty histograms calculated by propagation of error from r1 averaged over several 

time-points. Pixels that had unreasonable r1 values yielded pH values that were complex 

and considered to be unreasonable and thus set to 0.  
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CHAPTER 3  

REPRODUCIBILITY OF MR PERFUSION IMAGING WITH GD-DTPA AND 
P792 

 

Abstract  

Dynamic MR biomarkers (T2*-weighted or susceptibility based and T1-weighted or 

relaxivity enhanced) have been applied to assess tumor perfusion and its response to 

therapies. A significant challenge in the development of reliable biomarkers is a rigorous 

assessment and optimization of reproducibility. The purpose of this study was to 

determine the measurement reproducibility of T1-weighted dynamic contrast-enhanced 

(DCE)- MRI and T2*-weighted dynamic susceptibility contrast (DSC)- MRI with two 

widely used contrast agents (CA) of different molecular weight (MW): Gd-DTPA (0.5 

kDa) and P792 (6.5 kDa). Each contrast agent was tested with eight mice that had 

subcutaneous MDA-MB-231 breast tumors. Each mouse was imaged three times within 

one week to achieve measures of reproducibility. DSC imaging data were evaluated with 

a signal to noise ratio (SNR) efficiency threshold. In all animals with both agents, there 

was a clear signal drop (> 95% probability threshold) in the normal tissue, while signal 

changes were minimal or non-existent (< 95% probability threshold) in tumors.  DCE 

data were also obtained for both contrast agents in all animals. Within-object coefficient 

variation (wCV) was used to assess reproducibility of Ktrans from a tumor ROI. 

Calculated Ktrans showed good reproducibility ( mean wCV, 5.13% for Gd-DTPA group, 
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8.28% for P792 group ). Intra- and inter-subject reproducibility was calculated by 

average of intraclass correlation coefficient (ICC). ICC analyses of tumor vasculature 

showed high inter-subject heterogeneity (ICC = 0.417), but high intra-subject 

reproducibility (ICC = 0.94 – 0.99) for both CA measured on three different days. 

Histograms and cumulative histograms of Ktrans distributions for three measurements of 

each individual had a high degree of overlap.  

3.1 Introduction  

Tumor angiogenesis is a pathophysiological process involving development of new 

capillaries and hyperpermeable blood vessels (130). For a tumor to grow beyond the 

occult stage (~ 1-2 mm diameter), angiogenic activators have to outweigh inhibitors, 

leading to neovascularization. Activation of the angiogenic process is an important step 

in the progression from small lesions to malignant disease. Thus, it is important to be able 

to accurately monitor angiogenesis and its response to therapy.  

Several MRI techniques are available to assess the tissue vasculature. MR perfusion 

techniques using contrast agents (CAs) detect hemodynamic parameters by monitoring 

the rate of uptake and wash-out of CAs in the tumor tissue (131). The most common 

perfusion technique is relaxivity-based DCE-MRI which has been widely used to 

investigate angiogenesis within tumors, and in particular the response to antiangiogenic 

therapy. The longest experience is with Gd-DTPA, which has been used since 1980s. 

Kinetic models can be applied in order to derive estimates of tissue perfusion and 

permeability based on the slope of the tumor uptake and/or wash-out curves. Many 
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applications of quantitative DCE-MRI to detect response to anti-angiogenic and 

antivascular drug treatment assume that these methods are reproducible and can be used 

to predict biological changes. However the test-retest reproducibility of these methods are 

important but have rarely been estimated. This study evaluated the reproducibility of 

DCE-MRI with two contrast agents that have different hydrodynamic radii to test the  

hypothesis that the large MW-CA will have a better reproducibility due to its slower rate 

of extravasation. 

Anti-angiogenic therapies prevent the growth of new vessels and induce regression of 

immature blood vessels. Paradoxically, instead of reducing perfusion, these therapies can 

result in the "normalization" of vessels and improved perfusion. This is important as it 

can increase the efficacy of subsequent drug delivery, resulting in better response. Thus 

combination therapies of an anti-angiogenic followed by a targeted or cytotoxic agent are 

becoming an important anti-cancer paradigm.  One challenge of this method is to identify 

the normalization time window. DSC-MRI is a fast and robust imaging technique that can 

yield quantitative estimates of coherent microvasculature. In the brain, susceptibility-

based DSC-MRI has been used to estimate vascular volume fractions during the first pass 

of a bolus-injected CA (132).  Such approaches have not been routinely used in the 

assessment of tumor vasculature, perhaps due to the unknown reproducibility of these 

techniques. In this study the reproducibility of DSC-MRI with two contrast agents was 

evaluated in tumor and normal tissues, which represent chaotic and normalized perfusion, 

respectively. 
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3.1.1 DCE-MRI  

DCE-MRI has been used to diagnose tumors in preclinical and clinical settings.  It has 

proven useful to differentiate malignant from benign lesions, to help in staging, and to 

prognosticate patient outcome (133). DCE-MRI measurements of uptake and wash-out 

kinetics of CAs can help identify and locate neoangiogenic vasculature which is a 

characteristic of growing tumors. DCE-MRI data have been correlated with microvessel 

densities (134), tumor grades (135), expression of angiogenic proteins (136), tumor 

oxygenation (137), and interstitial fluid pressure (138). The ability of DCE-MRI to non-

invasively evaluate tumor angiogenesis provides the ability to longitudinally evaluate the 

entire tumor tissue with reasonable spatial resolution. Signal amplitude enhancement in 

T1-weighted DCE-MRI can be assessed either quantitatively or semi-quantitatively (139). 

A variety of semi-quantitative assessments describe tissue enhancement using a heuristic 

descriptor. These include the initial and mean rate of initial enhancement, the maximum 

signal amplitude, the washout gradient and the initial area under the curve (iAUC) of 

temporal contrast changes over fixed time periods (140). Such model-free parameters 

have the advantage of being straightforward to calculate and are useful in the absence of 

measuring the change rate of the CA concentration in the blood plasma, known as arterial 

input function (AIF) (141), However, the reproducibility of semi-quantitative 

assessments is very sensitive to changes in the MRI acquisition and analysis protocols. 

Quantitative kinetic parameters should be system-independent and are derived from 

concentration–time curves that are mathematically fit to a pharmacokinetic model (142). 

Examples of model parameters include the transfer coefficient (Ktrans) related to 
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permeability, surface area and flow, the leakage space as a percent of unit volume of 

tissue (ve) and the rate constant (kep). These standard parameters are related 

mathematically, such that kep =Ktrans/ve. In this study, the Kety model was employed to 

detemine Ktrans, which represents a combination of vascular flow, permeability, and 

surface area between two intra- and extra-vascular spaces. Ktrans represents flow if 

permeability is high relative to flow, and Ktrans represents permeability if permeability is 

low relative to flow. 

3.1.2 DSC-MRI 

Perfusion-weighted images obtained with “bolus tracking techniques” are sensitive to 

susceptibility effects caused by the passage of contrast agents in a capillary bed (143). 

Bolus injection of contrast agents is essential to the success of DSC-MRI. The degree of 

signal amplitude loss observed on susceptibility-weighted images is dependent on the 

MRI experimental protocol, the orientation of the phase-encoding gradients, the vascular 

concentration of the contrast agent and microvessel size and density. Although echo-

planar MRI pulse sequences allow for rapid multi-slice data acquisition (129), standard 

gradient-echo MRI pulse sequences with fewer slices usually have enough SNR. A linear 

relationship between blood concentration of the contrast agent and change in transverse 

relaxation time is usually assumed. It is also assumed that the contrast agent remains in 

the vascular space throughout the examination period, acting as a blood pool agent (144). 

Tracer kinetic algorithms can be used to provide estimates of relative blood volume 

(rBV), relative blood flow (rBF) and mean transit time (MTT) derived from the first-pass 
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of contrast agent through the microcirculation. In tumors, the loss of 

compartmentalization of the contrast agents in the first pass occurs because of high 

capillary permeability (145). This loss of compartmentalization of the injection bolus and 

the T1 enhancing effects of diluted contrast agent in the extravasular space counters T2* 

signal intensity-lowering effects, resulting in falsely lowered blood volume computations. 

Therefore, the conventional approach of deriving kinetic parameters obtained from the 

integral of the time-susceptibility curve should not be undertaken (146). Solutions for 

obtaining more reliable perfusion data under these circumstances include: optimization of 

pulse sequence parameters to minimize T1 signal enhancing effects; pre-injection with a 

small amount of contrast agents to allow T1 shortening effects to occur before the arrival 

of the main bolus of contrast agents and thus minimize competing T1 and T2* effects. 

This work investigated the use of a gamma-variate function. 

3.1.3 Contrast agents 

MR contrast agents that are marginally permeable to normal vascular endothelium are 

able to extravasate more rapidly through angiogenic tumor vessels to produce differential 

enhancement. This result in a fast “wash-in” of CA coupled with a rapid “wash-out” and 

allows for a functional analysis of the tumor vascular permeability. In theory and practice, 

these rates are affected by the hydrodynamic radius of the CA (147).  Gd-

diethylenetriamine pentaacetic acid (Gd-DTPA) is a popular CA with a hydrodynamic 

radius of 0.9 nm. P792 is a monogadolinium chelate based on a cyclen structure with 

semi-rigid hydrophilic ligands. The hydrodynamic radius of P792 is ca. 6 nm, which is 
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similar to that of a macromolecular CA (148).  Unlike Gd-DTPA, the increased diameter 

of P792 does not pass through normal endothelia, and thus P792 is potentially more 

suitable for selective imaging of the tumor neovasculature, which tends to be highly 

permeable to larger molecules. The kinetic parameter Ktrans is dependent on both flow and 

the permeability. When blood flow is low relative to permeability, the amount of CA that 

leaks into the extracellular space will depend primarily on the supplied rate to the 

endothelium, and Ktrans will reflect blood flow in a “flow-limited” state. If CA delivery is 

not limited by flow relative to permeability, Ktrans reflects permeability in a 

“permeability-limited” state. Thus, high values of Ktrans indicate high permeability and 

probably high perfusion, while low values of Ktrans indicate either low permeability 

and/or low perfusion. A change in Ktrans following therapy likely represents a genuine 

pharmacodynamic effect of the therapy. P792 has different pharmacokinetic properties 

compared to Gd-DTPA. The size of CAs is important. Low MW CA Gd-DTPA is a 

freely diffusible tracer and yields a Ktrans that is more proportional to the blood flow, 

whereas large MW CA P792 is a minimally diffusible tracer, where Ktrans is more 

proportional to permeability. Thus, the increased size of CAs makes them less diffusible, 

and Ktrans values may more accurately reflect permeability within tumors. In addition 

P792 is an excellent blood pool agent, so it can give more accurate estimates of tumor 

blood volume. Although the majority of DCE-MRI studies rely on low MW agents, such 

“macromolecular” agents are being increasingly investigated because of these inherent 

advantages.  However, to be useful as a biomarker, especially to measure therapy-

induced changes in vascular permeability, the reproducibility of kinetic parameters must 
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be assessed.  In this chapter, we compare the reproducibility of small and large MW CAs 

using a standard acquisition protocol and quantitative analysis method in a mouse tumor 

model.  

3.2 Materials and Methods  

3.2.1 Cell lines and animals Model 

MDA-mb-231 breast cancer cells were obtained from the American Type Culture 

Collection (ATCC) and grown in DMEM supplemented with 10% FCS and antibiotics in 

a 5% CO2 humidified incubator at 37 ºC.  Cells were routinely monitored for mycoplama 

contamination and cell line authenticity. Orthotopic tumors were obtained by injecting 

SCID mice with 10 x 106 cells into the mammary fat pad.  Tumors were measured using 

electronic calipers and tumor volumes calculated as π/6[(short axis in mm)2 x (long axis 

in mm)].  When tumors reached ≥ 2000mm3, the  animals were sacrificed.  

3.2.2 Data acquisition  

MRI experiments were performed with a Bruker Biospec 7 T MRI scanner equipped with 

a maximum gradient amplitude of 600 mT/m. All animals were anesthetized by inhaled 

isoflurane (1.5% in O2) at 1.0 LPM and cannulated at the tail vein. A pressure-transducer 

balloon taped to the animal's chest was used to continuously monitor its respiration rate. 

The body temperatures were continuously monitored using a rectal fluoroptic 

thermometer (SAII®, Stony Brook, NY). An external heater was used to maintain body 

temperature at 37 ºC during the course of the imaging experiments. The animal was 
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gently secured in a plastic holder and loaded into a 34-mm-ID small-animal imaging Litz 

coil (Doty Scientific, Columbia, SC, USA). T2-weighted images were acquired using a 

rapid acquisition with relaxation enhancement (RARE) MRI pulse sequence with a 

RARE factor of 8, giving an effective TE of 72 ms. A series of spin echo (SE) images at 

six different recovery time (TR) values were acquired prior to injection of the contrast 

agent (TR = 200, 400, 800, 1500, 3000, 5000 ms, TE = 8.5 ms, FOV = 35 mm x 35 mm, 

matrix = 128 x 128). A 1.5-mm-thick axial slice was oriented through the tumor center 

and three additional slices oriented through the thigh were placed only for monitoring the 

AIF. During bolus administration of a single dose of CA (0.1 mmol/kg for P792 or 0.25 

mmol /kg for Gd-DTPA), a gradient-echo (GRE) Flash MRI pulse sequence (TR = 10ms, 

TE = 5ms, flip angle = 5°, 64 X 64, 0.6 s temporal resolution) was applied for 60 seconds 

followed by a dynamic series of spin echo T1-weighted images (TR = 150 ms, TE = 7.2 

ms, matrix = 128 x 128) for 30 minutes.  

3.2.3 T2* DSC-MRI Analysis 

The concentration of a CA is directly proportional to a change in relaxation rate (ΔR2*), 

which can be calculated for each time point of the T2*-weighted DSC-MRI dataset and 

fit using a gamma-variate function:  

[𝐶𝐶𝐶𝐶](𝑃𝑃) ~∆𝑇𝑇2
∗(𝑃𝑃) = − 1

𝑇𝑇𝑇𝑇
𝑙𝑙𝑙𝑙 �𝑆𝑆(𝑃𝑃)

𝑆𝑆0
�  [Equ. 3.1] 

where [CA](t) is contrast agent concentration in blood at time t, S0 and S(t) are the signal 

amplitudes at the baseline prior to injection and at time t after injection, respectively, and 
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TE is the echo time of the MR sequence used. The rBV (arbitrary units) is then the 

integral of the R2*-time curve: 

 𝑟𝑟𝑟𝑟𝑟𝑟 = ∫∆𝑇𝑇2
∗ (𝑃𝑃)𝑎𝑎𝑃𝑃    [Equ. 3.2] 

The relative mean transit time (MTT, in units of seconds) was approximated by 

measuring the width of the ΔR2*-time curve at half its maximum value (full-width, half-

maximum). Then rBF was then obtained by substituting in the transit time equation of the 

central volume theorem: 

𝑀𝑀𝑇𝑇𝑇𝑇 = 𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟�   [Equ. 3.3] 

A single global value for the entire ROI was obtained from the mean of voxel values. 

3.2.4 Pharmacokinetic Modeling of DCE-MRI 

Although algorithms have been developed to assess the initial uptake of a MRI contrast 

agent into the tumor tissue, these methods require rapid temporal sampling rates and 

bolus injections to achieve accurate results. An alternative algorithm can assess DCE-

MRI results after the initial uptake has reached steady-state, which is less sensitive to the 

temporal sampling rate and to having a bolus injection, and can be easily and rapidly 

evaluated by using the Patlak graphical method. The fractional blood volume can also be 

measured with these algorithms. Pharmacokinetic modeling critically depends on the AIF 

to account for different injection amounts and durations of each protocol, as well as 
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different physiological elimination rates during each DCE MRI scan session.  The AIF 

can be measured with MRI by directly visualizing an artery or vein in the MR image. 

3.2.5 DCE-MRI Analysis 

Data were analyzed on a “pixel-wise” basis using the Kety model: 

𝐶𝐶(𝑇𝑇) = 𝜆𝜆𝜆𝜆 ∫ 𝐶𝐶𝑝𝑝(𝑃𝑃)𝑒𝑒−𝜆𝜆(𝑇𝑇−𝑃𝑃)𝑎𝑎𝑃𝑃𝑇𝑇
0   [Equ. 3.4] 

Ktrans values can be calculated by simplified equation derived from the Kety models and 

the Patlak method. 

∆[𝐶𝐶𝐶𝐶]𝑇𝑇
∆[𝐶𝐶𝐶𝐶]𝑟𝑟
� = 𝐶𝐶∗𝑝𝑝𝑃𝑃𝑟𝑟𝑝𝑝𝑙𝑙𝑃𝑃 ∗𝑃𝑃𝑝𝑝𝑃𝑃𝑙𝑙𝑝𝑝𝜆𝜆 (𝑃𝑃)

1−𝑝𝑝𝑎𝑎𝑃𝑃
+ 𝑟𝑟𝑒𝑒   [Equ.3.5] 

Where, 

Δ[CA]T :  Change in MRI agent concentration in tumor  

Δ[CA]B :  Change in MRI agent concentration in blood pool 

C:   Constant dependent on MRI acquisition parameters 

Ktrans:   Permeability-surface area volume transfer constant 

Patlak(t) :  Patlak time, accounts for blood CA clearance 

Hct :   Hematocrit, fraction of red blood cells in blood volume 

Ve :   Plasma volume of extracellular & vascular space 

 



 
 
 

85 

3.2.6 Data and statistical analysis 

MRI data were analyzed using self-developed programs written for MATLAB 

(Mathworks, Natick, MA). A region of interest (ROI) encompassing the tumor was 

drawn manually on the T2-W anatomical image. The values of Ktrans maps within the ROI 

were used to generate normalized distribution histograms and cumulative histograms. 

Statistics of reproducibility between three scans per mouse were determined using wCV 

and ICC. For each animal, wCV is the standard deviation, σ, for three measurements on 

that animal, divided by the mean measurement, µ, for the animal (Equ. 3.6). The overall 

mean wCV for a group of N animals is equal to Equ. 3.7: 

𝑤𝑤𝐶𝐶𝑟𝑟 =  𝜎𝜎
µ
   [Equ. 3.6] 

𝑤𝑤𝐶𝐶𝑟𝑟𝑚𝑚𝑒𝑒𝑝𝑝𝑙𝑙 =  �
∑ �𝜎𝜎𝑎𝑎µ𝑎𝑎

�𝑁𝑁
𝑎𝑎

𝑁𝑁
   [Equ. 3.7] 

ICC can be estimated as the difference of the inter- and intra-subjects mean sum of 

squares divided by their sum. (Equ. 3.8) 

 

𝐼𝐼𝐶𝐶𝐶𝐶 =  𝑟𝑟𝑎𝑎𝑙𝑙𝑃𝑃𝑒𝑒𝑟𝑟 −𝑟𝑟𝑎𝑎𝑙𝑙𝑃𝑃𝑟𝑟𝑝𝑝
𝑟𝑟𝑎𝑎𝑙𝑙𝑃𝑃𝑒𝑒𝑟𝑟 +(𝜆𝜆−1)𝑟𝑟𝑎𝑎𝑙𝑙𝑃𝑃𝑟𝑟𝑝𝑝

  [Equ. 3.8] 

 

where Vinter = inter-subject variance and Vintra = intra-insubject variance. This ICC 

captures the differences between inter and intra-subject variability. For instance, if intra-

subject variability is very low, which means good intra-subject reliability, the ICC is 

close to 1. For the analysis, the Statistical Package for Social Sciences Windows, (SPSS 



 
 
 

86 

Inc., Chicago, Illinois, USA) was used. 

3.3 Results 

Sixteen animals with a subcutaneous MDA-MB-231 tumor were separated into two 

groups - one for each contrast agent, Gd-DTPA and P792. Each animal was imaged three 

times within one week to achieve measures of reproducibility. Figure 3.1 shows the 

changes in the measured tumor volumes over the study period. The reproducibility of 

tumor volume (mean wCV) was 3.22%. It was assumed that tumor vascular 

characteristics were unchanged during one week. Two animals died during the first and 

third scans respectively, two animals were observed to have significant motion during the 

scans. These imaging data were excluded from the data analysis.  

DSC imaging data were highly reproducible between all animals with both agents. The 

SNR efficiency was used to quantitatively distinguish the signal changes from baseline 

noise. A threshold of 2.828 multiplied by the standard deviation of the normalized 

baseline value represents the 95% probability levels that signal change was not due to 

random noise fluctuations.  Figure 3.2 shows representative data from three separate 

exams of a single animal.  In all cases, there was a clear signal drop in the normal tissue 

(Figure 3.2 (b)), while signal changes lower than the threshold were determined as no 

R2* signal intensity-lowering effects in tumors (Figure 3.2 (a)).  

The kinetic parameters of DCE-MRI were estimated on a “pixel wise” basis applying the 

Kety model. This pharmacokinetic modeling is highly sensitive to the AIF measurement. 
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AIFs were measured with either single ROI “hot spots” or with multi-ROIs.  The average 

of multi-ROIs generated more reproducible AIF slopes thus gave more reproducible 

kinetic values. An example of AIFs observed from three different measurements 

presented similar shape (Figure 3.3). The mean parameter (Ktrans) was calculated for each 

animal. Then showed inter-subject change from 9.9e-5 to 1.28e-3 sec-1, but no significant 

intra-subject difference was observed in any individual animal. The ICCs for Ktrans with 

associated 95% confidence limits confirmed this conclusion (Table 3.1).The use of a two-

way mixed correlation coefficient model illustrates the expected reliability of repeated 

measures derived from groups of animals where the expected direction of change is 

unknown. Although contrast produced by P792 was lower than Gd-DTPA, a pixel-by-

pixel based temporal spline-fit compensated the SNR, resulting in comparable 

permeability maps to Gd-DTPA. Motion artifacts had great impact on reproducibility. A 

highly central weighed Gaussian smoothing kernel (3x3) was applied to reduce these 

errors. Distributed histogram analyses from three scans of all animals were used to 

visualize the reproducibility of the DCE-MRI results. The Ktrans distribution histograms 

for three measurements of each individual mouse had a high degree of overlap, which 

represented high reproducibility (Figure 3.4). Furthermore, differences in cumulative 

histograms were calculated and also showed highly reproducible. Figure 3.5 shows mean 

and standard deviation of Ktrans vs. tumor volume for all animals.   



 
 
 

88 

3.4 Discussion 

The lack of sufficient data on the reproducibility of perfusion MRI has long been 

appreciated. Despite the fact that a vast number of applications utilizing this technique 

have been undertaken, the issue of reliability has not been a major concern to many 

researchers. Only a few studies have addressed the reproducibility of DCE-MRI, and the 

results still need further exploration (149). Reproducibility is especially important for the 

application of assessment of tumor response to treatment.  

We demonstrated the reproducibility of small and large MW CAs using standard MRI 

acquisition and analysis protocols in a tumor model. A low wCV (5.13% for Gd-DTPA / 

8.28% for P792) and high ICC (0.99 for Gd-DTPA / 0.94 for P792) indicate that one can 

detect an acceptably small variability in tumor vasculature. This is supported by the 

results of earlier studies (149-150), where wCV ranged from 6 to 29% for permeability. 

The reason for assessing intra and inter-subject repeatability using ICC is the fact that 

wCV alone is not sufficient to assess reproducibility, as there are some limitations to use 

of wCV for agreement between techniques. The low inter-subject ICC value (0.417) 

illustrates the wide range of variation, which represents high biological variability 

between tumors.  

Although reproducibility is a widely accepted term, in practice most MRI studies do not 

directly reproduce imaging results from the same tissue position. Previous studies often 

reported failures on “pixel wise” test-retest analyses with a resultant pixel exclusion 

ranging from 13 to 74% (149-150). A histogram is used to graphically summarize and 
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display the distribution of Ktrans. Temporal changes in parameters can be easily visualized 

with the use of histograms that show the distribution of parameter values measured 

throughout the tumor. Such distribution analysis is very sensitive to tumor progression 

and response to therapy. The overlaid histograms showed reproducibility of the 

distribution of scans. These distributions for most animals in a single tumor measured in 

three different scans were overlaid and observed to be identical. The AUCs from the 

differences between cumulative histograms, which provided more visual information 

about variation within tumor, further demonstrated high reproducibility of individual 

tumor. 

The measurement of AIF is crucial to produce reproducible estimates of kinetic 

parameters. Multiple factors for AIF estimation may induce errors. These include partial 

volume effects, low temporal and spatial resolution, low signal to noise ratio (SNR) and 

in many DCE-MRI cases, a bad choice of major arteries in the field of view (FOV) and 

motion artifacts which result in inaccurate estimation of Ktrans. In our study, the AIF was 

estimated using the contrast agent enhancement data from three T1-w slices. Direct 

measurement of arterial blood was limited in this model given the small size of vessels in 

small animals. Multiple ROIs were selected using an auto signal detection program which 

traces the signal changes of each pixel through all slices. Motion artifacts and low SNR 

were reduced by using a temporal spline-fit function and a spatial Gaussian kernel to 

smooth the data on “pixel wise” analyses. The average of the most enhanced ROI after 

injection gave a more reproducible AIF through three scans and thus more reliable Ktrans 

values.  



 
 
 

90 

In this study, we used small size CA Gd-DTPA and larger size CA P792. P792, as a 

macromolecular contrast agent, may better estimate permeability by being insensitive to 

flow effects. However, the sensitivity of P792 in vivo is low compared to its in vitro 

estimation, which gave bad SNR for the measurements resulting in lower reproducibility 

than Gd-DTPA. Smoothed data were analyzed in order to compensate for low sensitivity. 

The advantages of using low MW Gd-DTPA versus higher MW P792 include the 

increased penetration of smaller compounds in areas of decreased permeability and the 

general clinical availability and established safety of Gd-DTPA. 

Pharmacokinetic models make a number of assumptions that may not be valid for every 

tissue or tumor type. The application of the Kety model in this study assumed that the 

arterial hematocrit is 40%, which is an acceptable estimate for patients with metastatic 

cancer. However, a variable hematocrit in the tumor microvascularture could cause Ktrans 

of the tumor microvasculature to be underestimated up to 36%. Because the relationship 

between vessel diameter and angiogenesis is controversial, tumor regions with the lowest 

hematocrit have the highest permeability. Because hypoxia stimulates angiogenesis, 

tumor regions with the lowest hematocrit are again more likely to have the highest 

permeability. The hematocrit and Ktrans are inversely correlated, so that an overestimation 

of the microvascular hematocrit directly translates to an underestimation of Ktrans. Tumor 

regions with the highest vascular permeabilities are more likely to have the most 

underestimated permeability measurements. 
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A limited number of studies have reported on the feasibility of using DSC-MRI to 

examine tumors other than gliomas. Our data indicated T2* effects associated with the 

first pass of CAs in normal tissue (or tumor tissue with normalized vasculature) are 

detectable and reproducible. A decrease in signal amplitude was observed approximately 

3-5 seconds. In these studies, a gradient echo FLASH sequence was used to acquire data 

through a single slice across the center of the tumors. This provides sufficient spatial 

resolution with fairly high SNR compared to using multiple slices. The signal 

enhancement due to the T1 shortening associated with the leakage of CAs to the 

extravascular space was minimized with different settings tested in a preliminary 

experiment. The minimal change of DSC-MRI signal in tumors is normally ascribed to 

the leakage of contrast agent from the intravascular to the interstitial space. Extravasation 

of the contrast medium contributes to the reduction of T2* by decreasing the 

concentration gradient between the two compartments and by further shortening the value 

of T1 in regions with low accumulation of contrast material during first-pass circulation. 

However, we hypothesize that this lack of signal change in tumors was due to the 

incoherent organization of the tumor vasculature.  An incoherent vasculature could 

reduce susceptibility effects as they would be averaged out over all orientations.  For 

comparison, T1-weighted DCE-MRI of the same tumors showed a time-dependent 

increase in signal amplitude, ascribed to extravasation.  Thus, vessel normalization with 

anti-angiogenic therapies would not necessarily be expected to transform the 

enhancement pattern from that of tumor (left column of Figure 3.2) to that of normal 

tissue (right column of Figure 3.2), yet this remains to be tested. 
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We did not attempt to assess reproducibility of Ve in this study. Although Ve could be 

analyzed through similar methods, its value for assessing in angiogenesis and the early 

reponse to anti-angiogenic therapies is uncertain. Since Ve represents the size of the 

extravascular space, it does not specifically relate to either vascular structure or function.  

3.5 Conlusion 

Intra-subject reproducibility tests for perfusion MRI are fundamental basis of many 

biomarker studies. Inter-subject variability presents a blueprint of biological 

heterogeneity and complexity. High reproducibility was observed when comparing 

kinetic parameters between scans performed on different days with two size-different 

contrast agents. We conclude that tumor vascularity characteristics could be measured 

reproducibly using DCE-MRI in the same mouse when imaging was carefully performed. 

High reproducibility of DCE-MRI gives confidence in measuring or predicting the effect 

of anti-angiogenic therapies. Although observations in DSC-MRI have shown that it is 

possible to demonstrate first pass in normal tissue, effects that lower contrast changes 

occur in tumor tissues with immature blood vessels. But this technique has potential 

application to assess "normalized" tumor vessels resulting from cancer therapies. 
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Table 3.1 Reproducibility of different measurements of Ktrans for all tumors.  
 

Animal 
Index/CR 

Number 
of Scans Mean STD wCV 

% 

Mean 
of 

wCV 
% 

ICC for 
intra-subject 
reproducibilit

y 

ICC for 
inter-subject 
reproducibili

ty 

01 / Gd-
DTPA 3 4.63E-04 1.53E-05 3.30 

5.13 0.99 

0.417 

02 / Gd-
DTPA 3 1.28E-03 2.08E-05 1.63 

03 / Gd-
DTPA 1 - - - 

04 / Gd-
DTPA 2 8.20E-04 1.41E-05 1.72 

05 / Gd-
DTPA 3 2.96E-04 2.94E-05 9.91 

06 / Gd-
DTPA 3 3.83E-04 2.08E-05 5.43 

07 / Gd-
DTPA 3 1.53E-04 5.77E-06 3.77 

08 / Gd-
DTPA 3 2.60E-04 2.65E-05 10.18 

09 / P792 3 4.73E-04 1.61E-05 3.40 

8.28 0.94 

10 / P792 3 2.73E-04 1.85E-05 6.79 

11 / P792 3 2.57E-04 2.08E-05 8.11 

12 / P792 3 1.25E-04 1.10E-05 8.80 

13 / P792 2 9.75E-04 2.12E-05 2.18 

14 / P792 3 1.31E-04 1.96E-05 14.96 

15 / P792 3 9.90E-05 1.73E-05 17.52 

16 / P792 2 6.30E-04 2.83E-05 4.49 
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Figure 3.1 a) Measured change in tumor volumes over the study period. b) Calculated 

mean of tumor Ktrans changes over the study period. 
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Figure 3.2 Signal amplitude change of DSC on tumor tissue (left column) and normal 

tissue (right column). Three rows represent three separate exams ( Day 1, Day 3, Day 5 ) 

for a single animal. 
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Figure 3.3 AIFs measured from Gd-DTPA (a) and P792 (b). Solid line are fitted by a 

spline-fit with 6 degree fitting. 

a. b. a.
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Figure 3.4 Ktrans parametric maps of a single mouse acquired on different days (a); 

Histogram of pixel-wise Ktrans values in the tumor ROI (b); Cumulative histogram of 

pixel-wise Ktrans values in the tumor ROI (c). 
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Figure 3.5 Mean and standard deviation of Ktrans vs. Tumor volume for all animals.   
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CHAPTER 4  

SUMMARY AND FUTURE DIRECTIONS 

This work describes a systematic investigation into the measurement and dynamics of 

tumor pH and tumor perfusion.  pH and perfusion are inextricably coupled as the acidity 

of tumors is the result of hypermetabolism combined with poor perfusion.  Hence, 

accurate knowledge of these two parameters in the same tumors may give insights into 

their biology, natural history and prognosis. 

4.1 In vivo pH measurement 
 

Maintenance of acid-base homeostasis is important to normal cells. However, this 

balance is altered in solid tumors (151). The major acid load produced by increased 

metabolic activity is transported outside the cells via specialized transporters, allowing 

the pHi to be maintained in the neutral range. Protons and lactic acid accumulate in 

extracellular space but cannot be removed efficiently by perfusion, due to the 

inhomogeneous and chaotic vasculature. The capacity of extracellular buffers, primarily 

bicarbonate, to neutralize this acid is limited. As a consequence, extracellular pH (pHe) in 

solid tumors is acidic. Acidity of the tumor microenvironment is a major characteristic of 

solid tumors and can influence tumor cell proliferation, metastasis, and angiogenesis. 

Evidence supporting this includes the correlation of glucose consumption and its end-

products, protons (152). It is possible to estimate tumor pHe from glucose-derived 

production rates.  Because tumor pH is a result of complex biological process, it is 
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difficult to parse out exactly which pH-induced phenotypes that are relevant to cancer 

progression and therapy (22). This could be achieved by changing pH and observing 

changes in phenotypes that are relevant to cancer, which can be subsequently explained 

in mechanistic terms. In vitro studies have shown that the maximum tumor cell 

proliferation is observed at a pHe at 6.8 instead of 7.3 in normal cells (19-21). The low 

pHe also greatly affects the response of tumors to various treatments such as 

chemotherapy, radiotherapy and hyperthermia. Studies have shown that transmembrane 

gradients between pHe and pHi can render cells resistant to weakly basic drugs such as 

doxorubicin and mitoxantrone by preventing the cellular uptake of the drugs (153). 

Quantitatively imaging the distribution of tumor acidity can help investigators 

characterize the tumor microenvironment and understand the cause and consequence of 

acidity and responses to treatment. 

The major obstacle with the single injection method to image tumor pHe (Chapter 2) is 

the determination of CA concentration in tissue (154). The CA concentration cannot be 

assumed to be uniform across all tissues at all times. The measurement of pH requires a 

spatial distribution for the local CA concentration at the moment the image is collected. 

In the CA concentration calibration phase, the pharmacokinetics of pH-insensitive Gd-

CA were assumed to be adequately representative of that of pH-sensitive Gd-CA in a 

given animal, which has been observed by Raghunand,  et al. (154). In the pH 

measurement phase, we mixed two CAs with similar chemical characteristics, one being 

a pH-independent relaxivity CA and another being a pH-dependent relaxivity CA. The 

R1 signal from pH-sensitive Gd-CA depended on the CA concentration in tissue and the 
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pH-dependent r1 relaxivity. Both T1 and T2 relaxation of the Gd-CA exhibited pH-

dependence, but the inner sphere (T1 and T2) effect of this agent was much stronger than 

its outer sphere T2* effect. Dy-CA induced a strong outer sphere effect on T2* that is 

pHe-independent with negligible effect on the T1. The r1 relaxivity of Dy-CA was 

insensitive to changes in pH, while the r1 relaxivity of pH-sensitive Gd-CA changed a 

modest amount, from 3.5 mM-1s-1 at pH 9.0 to 5.5 mM-1s-1 at pH 6.3. The assumption is 

made that the pH-sensitive Gd-CA and the pH-insensitive Dy-CA have similar 

pharmacokinetics and, hence, the concentration of the former can be inferred from the 

concentration of the latter. Although the T2 effect on Gd-CA and T1 effect on Dy-CA 

could be corrected to achieve more accurate pH measurements, the pharmacokinetics of 

mixed CAs in both calibration and pH measurement phases may slightly different due to 

small differences in molecular size and charge (155). 

The T1 relaxivity of a Gd-based CA mainly depends on three factors: the number of 

water molecules in the inner sphere of CA (q), the residence lifetime of these inner sphere 

water molecules which indicate how fast they exchange with other water molecules (τM), 

and the rotational correlation time of the agent which indicate how fast the complex 

tumbles in solution (τR) (156). Recently, Aime and colleagues demonstrated that the R2 

to R1 ratio of water protons was independent of Gd-CA concentration for a motionally 

restricted agent (τR > 1 ns) and wa affected primarily by the τM (157). They created a 

peptide, (GdDOTA)33-ornithine, which is sensitive to pH due to a conversion of the poly- 

L-ornithine from a random structure at high pH to a helix structure at lower pH while R2 

remained independent of pH. Thus, the R2/R1 ratio was independent of CA concentration 
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but sensitive to pH. This method avoids potential pharmacokinetics problems of different 

CAs in single injection measurement, and may achieve more accurate pH values in vivo. 

In the future, methods continue to be developed that will allow measurement of spatial 

pH in human cancers.  Developing methods were discussed in Chapter 1.  In the end, the 

choice of method will depend strongly on the type of information required.  All methods 

involve a tradeoff between precision, accuracy and spatial resolution and temporal 

resolution.  For example, acute changes in pHe can be measured with high precision 

using pH-dependent relaxometry or APT, although there will be uncertainties in the 

scalar pHe values themselves.  MRSI can provide accurate measurements with exogenous 

agents, although the spatial and temporal resolution are compromised.         

4.2 Perfusion MRI 
 

One intrinsic characteristic of the microenvironment of solid tumors is a chaotic 

vasculature. The process of tumor angiogenesis and neovascularization appears to play a 

central role in the growth and metastasis of tumors (158), however increased 

angiogenesis does not lead to increased perfusion (159). Imaging techniques that can 

estimate tissue vasculature have become increasingly important in recent years with 

emergence of anti-angiogenic drugs. The process of angiogenesis is stimulated by 

vascular growth factors i.e. Vascular Endothelial Growth Factor (VEGF). Imaging 

angiogenesis is essential for monitoring tumor growth and metastasis. Although MR 

angiographic techniques allow for the visualization of vessels at 1 mm scale, the 

assessment of microvascular changes in the capillaries and venules requires other 
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approaches. Two typical approaches, DCE-MRI and DSC-MRI, were demonstrated in 

Chapter 3 for assessing tumor microvascular changes using perfusion MRI. Both of these 

methodologies have been widely accepted in oncologic applications.  

The major applications include non-invasive differential diagnosis of tumor progression, 

tumor grading and assessment of the effects of therapies. The studies described in 

Chapter 3 attest to the reliability of perfusion MRI that has been used to determine 

vascular parameters. Measuring kinetic parameters related to permeability and blood flow 

through DCE-MRI has demonstrated potential for the rapid and noninvasive detection of 

vascular changes in tumors in response to therapy, which may predict later clinical 

response. DSC-MRI has been demonstrated to be sensitive for measuring vascular 

normalization induced by anti-angiogenic drugs. Because of short experimental time, 

DSC-MRI offers a practical advantage for integration within other imaging protocols 

such as DCE-MRI and to facilitate the evaluation of tumor vasculature. However, DSC-

MRI has yet to gain widespread use in monitoring perfusion in tumors other than glioma 

in clinical applications, possibly due to reproducibility and possibly due to a more chaotic 

perfusion in other solid tumors. If further studies confirm the predictive value of these 

changes, DSC or DCE imaging may become a valuable biomarker in clinical studies for 

the determination of the appropriate clinical dose and for predicting the outcome of 

therapy. The assessment of tumor response to treatment requires a measure of 

reproducibility based on reference tissues to define a level above which a significant 

change due to therapy can be inferred. Therefore, a threshold value of a decrease in 
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kinetic parameters such as Ktrans is crucial to detect a real change under treatment and to 

be sure that changes are not related with measurement errors. 

The Ktrans calculated from DCE-MRI is sensitive to the measurement of the Arterial Input 

Function (AIF). Inaccurate estimation of AIF used for pharmacokinetic modeling resulted 

in errors of kinetic parameters. Choosing the “right” arteries from T1-w MR images is 

essential for estimation of the AIF. In our studies, the “right” arteries were chosen 

empirically as those that could be reproducibly and automatically assigned and yielded 

the most reproducible Ktrans values across tumors.  In practive, this is difficult in small 

animal models due to the size of arteries and motion artifacts. In our study, the AIF was 

estimated using the contrast agent enhancement data from three T1-w slices across the 

thigh. The motion artifacts were minimized because the animal’s legs could be easily 

immobilized. The arteries within the FOV normally only present as a few pixels and 

some of these pixels were the result of combined signal with vessels and its surrounding 

tissue, which may underestimate the signal changes of the blood signal of during the 

perfusion. Arteries were selected by a Matlab program that could detect the signal 

changes during the perfusion throughout all the pixels in ROIs at all slices. Multiple 

slices gave more chances to detect the real blood signal because of the geometry of the 

vasculature. An average of most enhanced pixels was used to measure the AIF. In the 

case of low enhancement in P792 experiment, a temporal spline-fit function was used to 

further improve the SNR of each pixel. The AIF strategy worked very well in our DCE-

MRI reproducibility study. This is also proved the important role of AIF in 

pharmacokinetic model.  
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Another potential error of DCE-MRI is the assumption of hematocrit value uniformly 

throughout tissues. The hematocrit and Ktrans are linearly and inversely correlated, so that 

a misestimation of the microvascular hematocrit directly results in an inaccurate 

estimation of Ktrans (Equ. 3.5). Most DCE-MRI studies assume that the arterial hematocrit 

is 40%, which is an acceptable estimation for metastatic cancer (160). However, the 

arterial hematocrit can be variable among animals and hematocrit may also have different 

distribution across the tumor due to the chaotic tumor vasculatures (161). More 

importantly, the Fahraeus effect predicts that the hematocrit decreases with decreases in 

vessel diameter (162-163). Hence, the hematocrit in tumor microvasculature may 

experience a range between 20-80% (164). These effects can cause Ktrans of the tumor 

microvasculature to be underestimated by 5-36% if the hematocrit is assumed to be 40%. 

Because tumor regions that have vessels with the smallest diameters are likely to be the 

most angiogenic (165), tumor regions with the lowest hematocrit are more likely to have 

the highest permeability. Hypoxia stimulates angiogenesis (166-167), while tumor 

regions with the lowest hematocrit are more likely to have the highest permeability. 

Therefore, tumor regions with the highest vascular permeabilities are more likely to have 

the most underestimated permeability measurements. The hematocrit distribution could 

be estimated through intravital microscopy or in vivo spectroscopy, but this will 

significantly increase the complexity of DCE-MRI. 

The inability to account for the true hematocrit within the tumor microvasculature and 

potential inaccurate estimation of AIF may cause a large errors of kinetic parameter 

estimatioins compared to true values from living tissues.  Nonetheless, DCE-MRI is still 
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a reliable imaging method to monitor the tumor vasculature and the effects of therapies as 

long as the reproducibility of the measurement is established. Thus, the accuracy of the 

method is likely low, yet the precision can be high.  Reproducibility of DCE-MRI 

provides a reliable threshold for variation and errors in measurements. The changes 

beyond this threshold reflect real changes of the tumor vasculature. Test-retest reliability 

is highly recommended as part of a response monitoring protocol. This will significantly 

increase the confidence in measuring or predicting the effect of anti-angiogenic therapies. 

In the future, these data show that DCE and DSC MRI can be highly reproducible in a 

pre-clinical setting, and should be even more so in a clinical setting, with fewer spatial 

limitations.  However, it is essential that test-retest measures be performed in every 

setting (choice of CA, cancer site, scanner) so that accurate estimates of significance can 

be propagated.   
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