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Abstract

Variable Radio Frequency Proton-Electron Double-Resonance Imaging (VRF PEDRI) enables 

extracting a functional map from a limited number of images acquired at pre-selected EPR 

frequencies using specifically designed paramagnetic probes with high quality spatial resolution 

and short acquisition times. In this work we explored potential of VRF PEDRI for pH mapping of 

aqueous samples using recently synthesized pH-sensitive phosphonated trityl radical, pTR. The 

ratio of Overhauser enhancements measured at each pixel at two different excitation frequencies 

corresponding to the resonances of protonated and deprotonated forms of pTR probe allows for a 

pH map extraction. Long relaxation times of pTR allow for pH mapping at EPR irradiation power 

as low as 1.25 W during 130 s acquisition time with spatial resolution of about 1 mm. This is 

particularly important for in vivo applications enabling one to avoid sample overheating by 

reducing RF power deposition.
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Introduction

Proton-Electron Double-Resonance Imaging (PEDRI) [1] or Overhauser-enhanced magnetic 

resonance imaging (OMRI) [2] is based on the proton MRI acquired upon electron 

paramagnetic resonance (EPR) irradiation of paramagnetic molecules, the latter providing an 
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enhancement of the NMR signal via transfer of polarization from electrons to protons by the 

Overhauser effect [3]. Conventional PEDRI has been shown to be a useful technique to 

image paramagnetic probe distribution [4, 5] and tissue oxygenation [6] in living subjects. In 

addition, functional PEDRI approaches such as variable field [7] and variable radio 

frequency (VRF) PEDRI [8] allow for recovering essential spectral information and 

functional mapping using specially designed paramagnetic probes. VRF PEDRI in 

combination with pH-sensitive nitroxide probe has been used for extracellular tumor pH 

mapping in living animals [9], a pH map being obtained from two PEDRI acquisitions 

performed at EPR frequencies of protonated and unprotonated forms of the nitroxide.

The trityl radicals have advantage over nitroxides for in vivo PEDRI applications due to 

extraordinary high stability in living tissues [10] and long relaxation times [11] allowing for 

a maximum saturation with limited radio frequency (RF) power deposition. These 

compounds were first developed for biomedical applications by Nycomed Innovation [12] 

and have been used for in vivo EPR [13] and PEDRI oximetry [6]. In addition, trityl 

derivatives containing amino [14] or phosphono [15, 16] groups demonstrate dual function 

oxygen and pH spectral sensitivity. Recently monophosphonated trityl probe, pTR, has been 

used for concurrent tissue pO2 and pH monitoring in tumor-bearing mice using continuous 

waves EPR spectroscopy [16]. In this work we investigate the capacity of the pTR probe for 

pH mapping of aqueous samples by VRF PEDRI approach.

Experimental

Synthesis

The monophosphonated trityl probe, pTR (Scheme 1), was synthesized as previously 

described [16].

PEDRI Instrument

VRF PEDRI experiments were performed on a home-made imager/spectrometer [17]. A 

water-cooled iron core Resonex 5000/Paradigm resistive magnet (Resonex Corp., 

Sunnyvale, CA) was used to generate the main vertical 200 G magnetic field. High 

homogeneity of the NMR detection field was achieved by a set of 24 active shims, providing 

homogeneity of better than 20 ppm over sample volume. Modified Danfysik MPS 854/SYS 

8000 power supply was used to power the magnet. Current regulation of the magnetic field 

relies on the high precision manually adjustable reference voltage, providing stability better 

than 0.5 ppm/hr of the current and, therefore, of the magnetic field.

For dynamic nuclear polarization (DNP) spectroscopy, the secondary magnet is used for 

partial offset of the main magnetic field which enables the field sweep necessary for 

spectroscopy [17]. A planar low inductance coil (Tesla Engineering, West Sussex, UK) 

placed in the gap within the primary electromagnet magnet is used for this purpose. The 

secondary coil is actively shielded to minimize the eddy currents that result in the primary 

electromagnet when the current in the secondary coils is ramped up and down to perform 

field offset. The cancellation coils also have an integrated gradient coil which is not used in 

the DNP spectroscopy studies but has been used in PEDRI applications. Any heat generated 
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is removed from the water cooled cancellation coils by an Eaton-Williams TE 20411 heat 

exchanger. The power supply that drives the secondary coil consists of a Copley 266 power 

supply amplifier (Copley Controls, MA, USA) rated at 350 V, 250 A which is powered by 

two 15 kW DC power supplies (Lambda EMI, NJ, USA) connected in parallel.

Resonator assembly for regional images of small animals with coaxial orientation of EPR 

and NMR B1 fields was used. For EPR excitation, it uses one-loop two-gap design 

previously described in [18]. The resonator has loop of 33 mm ID and 20 mm length. For 

MRI, Helmholtz coils were utilized. Resonators were tuned to be used both at ~200 G main 

magnetic field. Quality factor was 200 and 80 correspondingly. EPR RF tuning element was 

designed as removable/interchangeable block. No mutual shielding, as well as coupling 

between EPR and MRI channels during the EPR irradiation was observed which was the 

main concern for this design. EPR power absorption is ~3 times less than power required to 

achieve similar enhancement with Aldemant Grant design [19]. The EPR irradiation was 

supplied by a synthesized source (Fluke 6071A) and was amplified by Kalmus 7150LC-CE 

amplifier (maximum output of 150 W). Transmitted and reflected power was monitored by 

BIRD RF Power Analyst 4391 A.

Individual parts of the imaging system are controlled by a customized MRRS MR 5000 

console (MR Solutions Inc., Surrey, UK), including gradient hardware, the RF system, field 

cycling coils (which has been used for DNP experiments), and the magnet shim coils. 

Console also provides image acquisition and post-processing. For pH mapping PEDRI 

images were acquired at fixed magnetic field of 200 G upon EPR irradiation at two EPR 

frequencies, selected to optimize the contrast between unprotonated, pTR4−, and protonated, 

pTR3−, radical forms. The pulse sequence begins with the switching on the irradiation at one 

of the frequencies. RFEPR started 800 msec prior to MRI image acquisition in order to allow 

polarization transfer from electron spins to protons and continued during the image 

acquisition. Conventional gradient echo pulse sequence was used for image acquisition. The 

system parameters used: magnetic field (fixed), 200 G; EPR frequencies, 573.625 MHz and 

573.950 MHz; NMR frequency, 856 kHz.

pH Titration

Trityl radical solutions were titrated by addition of a small volume of NaOH or HCl with the 

final dilution of sample less than 1%. pH was controlled by pH electrode calibrated using 

pH values for reference solution recommended by National Bureau of Standards (U.S.). 

Temperature of reference and titrated solutions during pH measurements was controlled 

using jacketed reaction beaker attached to Lauda Circulator E100.

Phantom for optimization of PEDRI pH measurements

The phantom used for optimization of VRF PEDRI pH mapping is shown in Figure 1. The 

phantom consists of 10 sealed glass tubes: 9 tubes were filled with a 0.5 mM solution of the 

probe in 150 mM sodium chloride at different pH values from 5.51 to 8.85 indicated in the 

Figure 1; the 10th tube was filled with sodium chloride to be used as a reference. All 

samples were degassed.
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DNP measurements

DNP spectra were obtained by means of a field-cycled DNP pulse sequence in which the 

evolution field strength was stepped in 10 mG increments as illustrated in Figure 2. The 

pulse sequence begins with the switching of the magnetic field from B0
NMR to B0

EPR in a 

time equal to Tramp (typically 40 msec). EPR irradiation of the electron spin at B0
EPR 

applied for a time TEPR=800 msec. This is followed by the ramping of the field up or down 

back to B0
NMR for detection of the NMR signal after Tstab of 5 msec. This sequence is 

repeated by increasing B0
EPR in steps to achieve the field sweep necessary for acquiring the 

DNP spectrum. The EPR irradiation frequency was maintained constant (as was the NMR 

frequency), so each step of the evolution field was equivalent to the sampling of an EPR 

signal at a different magnetic field value. The number of steps defined the overall width of 

the observed spectrum and its resolution. In this study, typically spectra of 200 points over a 

field range of 2 G centered on 200 G provided the spectrum of low field line of the sample.

Results

DNP optimization of EPR irradiation power

The EPR spectrum of pTR probe is represented by the doublet due to hyperfine splitting, 

hfs, from the phosphorus nucleus (SN = 1/2) of the phosphono group. The difference in hfs 

values of pTR3− (aP=3630 mG) and pTR4− (aP=3370 mG) forms, ΔaP = 260 mG, 

corresponds to 130 mG distance between spectral lines of these forms [16].

Figure 3 shows DNP spectra of the low-field component of pTR radical measured at EPR 

frequency 573.65 MHz and various EPR irradiation powers. At low irradiation powers two 

well resolved peaks separated by about 120 mG are observed with the higher spectral 

intensity for unprotonated pTR4− form in agreement with the sample pH value (pH 7.4) 

being above pKa2=6.9 (see Scheme 1). While DNP signal is enhanced with the power 

increase, corresponding line broadening of the individual components compromise spectral 

resolution, therefore decreasing pH sensitivity. For further VRF PEDRI experiments a 

power of 1.25 W was chosen achieving enhancement ~7 while keeping spectral lines 

partially resolved.

pH mapping with VRF PEDRI and pTR probe

To evaluate the capacity of VRF PEDRI for pH mapping using pTR probe, the PEDRI 

measurements were performed using the phantom described in Experimental part (see Fig.

1). The phantom consists of 10 tubes filled with saline or 0.5 mM pTR saline solutions with 

different pH values ranging from 5.51 to 8.85. For pH mapping two PEDRI images were 

acquired at fixed magnetic field of 200 G upon EPR irradiation at two EPR frequencies, RF1 

and RF2, that correspond to the resonances of the unprotonated, pTR4−, and protonated, 

pTR3−, radical forms. As follows from the Figure 3, the difference between field positions 

of pTR3− and pTR4 signals is about 120 mG which corresponds to EPR frequency difference 

of about 340 kHz, while resonator central frequency is about 573.8 MHz. For fine tuning of 

EPR irradiation frequencies, PEDRI images of the phantom (Fig.1) were acquired upon 

irradiation at two sets of frequencies, RF1 and RF2, as illustrated in Figure 4. The acquired 

images were analyzed for the changes in normalized intensity ratio, I (RF1)/(I(RF1)+ 
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I(RF2)), over pH range from pH 5.51 to pH 8.85. The RF1 and RF2 frequencies that provide 

the biggest ratio change, or optimal dynamic range of pH sensitivity, were selected for 

further pH mapping.

Figure 5 shows PEDRI images of the phantom obtained upon EPR irradiation at optimized 

EPR frequencies, RF1 = 573.625 MHz and RF2 = 573.950 MHz. When acquired at RF1 

(Figure 5a), signals from the upper right tube filled with the most acidic solution and bottom 

left tube with the most alkaline solution demonstrated the lowest and highest enhancements 

correspondingly. The situation is reversed for the image acquired at RF2 (Figure 5b). The 

tube with saline solution alone is not visible on the either image due to the absence of 

paramagnetic probe-induced signal enhancement.

The corresponding dependence of intensities ratio I(RF1)/(I(RF1)+I(RF2)) on pH is shown 

in Figure 6. Each point on the graphs corresponds to an average value of the ratios within 

the individual tube, calculated for each pixel of the image. The data from the phantom are 

described by standard titration curves with the observed pKa2 value of 6.9±0.1. This is in 

agreement with the previously reported value of pKa, 6.90±0.05, obtained from pH 

dependence of the hyperfine splitting of the EPR spectra of the pTR radical [16]. pH values 

accessible for pH mapping using pTR probe and VRF PEDRI approach are in the range 

from pH 6 to pH 8 with an accuracy of pH detection of 0.1 pH units.

Discussion

Acidity, or pH, is one of the most important parameters in the physiology of living 

organisms [20]. Deviation from normal tissue pH homeostasis in the human body has been 

reported for a number of pathological conditions that include cancers [21], myocardial [22] 

and brain [23] ischemia, and chronic pulmonary [24] and kidney [25] diseases. The 

extracellular tumor tissue acidosis has been identified as a significant factor in cancer 

pathophysiology contributing to tumor initiation, progression, and therapy [21, 26]. 

Therefore, in vivo extracellular pH (pHe) imaging can contribute to the diagnosis, 

understanding of disease progression, and treatment optimization.

The techniques currently employed for imaging of tumor pHe include Optical Imaging, 

Positron Emission Tomography (PET), Magnetic Resonance Spectroscopy and Imaging 

(MRI), EPR imaging (EPRI) and PEDRI. Optical pH imaging [27, 28] suffers from limited 

penetration depth while PET requires application of radioisotope labeled pH probes [29]. 

Both MRI and EPRI allow for in vivo pH mapping in living subjects due to sufficient 

penetration depth of radio frequency microwaves in living tissue. To avoid signal overlaps 

MRI and NMR techniques for the assessment of tumor pHe rely entirely on exogenous pH 

probes such as the 31P pH probe 3-aminopropylphosphate [30], 19F pH probes [31] and 

hyperpolarized 13C-labeled bicarbonate [32]. Note that clinical application of 13C-labeled 

bicarbonate is limited by a short image acquisition time due to the fast 13C signal decay. 

EPR-based pH measurements using nitroxide pH probes [33–35] possess a high signal 

specificity due to the lack of endogenous paramagnetic species. However, pH mapping 

using continuous wave EPRI requires a comparatively long acquisition time [36, 37]. 

Moreover, short relaxation times of the nitroxide pH probes compromise spatial resolution 
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of EPRI which requires the application of powerful field gradients and/or extraordinary fast 

pulse techniques.

pH mapping using VRF PEDRI is based on the proton MRI acquired upon specific EPR 

frequency irradiations of pH-sensitive paramagnetic probes. Therefore, PEDRI inherently 

offers high spatial resolution and rapid image data collection. Recently VRF PEDRI in 

combination with pH-sensitive nitroxide probe has been used for pHe mapping in tumor-

bearing mice [9]. The pH-sensitive pTR probe has advantage over nitroxide probe 

possessing a longer relaxation times [38] and, therefore allowing for a maximum saturation 

with lower RF power deposition. In this work we performed VRF PEDRI pH mapping with 

a spatial resolution of ≈1 mm (Figure 5) and functional sensitivity of 0.1 pH units using 

comparatively low irradiation power of 1.25 W and short acquisition time of ≈2 min. An 

acquisition time can be further decreased down to about 20 s using fast spin echo sequence 

as described in the recent work [9].

Trityl radicals were found to be highly sensitive oxygen probes due to extraordinary narrow 

linewidths. A variable power (VP) PEDRI approach [6, 39] based on acquisitions with 

different powers of EPR irradiation has been employed for oxygen mapping. A 

phosphonated trityl probe demonstrates dual function sensitivity to oxygen and pH [16, 38]. 

Further studies are required to investigate the potential of pTR probe for concurrent mapping 

of two different functional parameters using combination of VP and VRF PEDRI 

approaches.
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Figure 1. 
Schematics of the phantom used for PEDRI pH calibration. The tubes are filled with 1 ml 

solution.
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Figure 2. 
A DNP spectroscopy pulse sequence diagram.
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Figure 3. 
DNP spectra of low-field component of the 0.5 mM pTR radical solution, 150 mM NaCl, 

pH 7.4, measured at EPR frequency 573.650 MHz and different irradiation power.
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Figure 4. 
The illustration of optimization of EPR frequencies for PEDRI pH mapping. The EPR 

resonator was tuned to 573.800 MHz. The EPR frequencies RF1 and RF2 were varied with 

25 kHz increment step. Offset from the EPR resonator central frequency did not exceed 200 

kHz and did not lead to significant increase in microwave power reflection and reduction of 

irradiation efficiency. The acquired PEDRI images were analyzed for the changes in 

normalized intensity ratio, I (RF1)/(I(RF1)+ I(RF2)), over total pH range from pH 5.51 to 

pH 8.85 (see Fig.1). The RF1 and RF2 frequencies that provide the biggest difference, 

namely RF1 = 573.625 MHz and RF2 = 573.950 MHz, were selected for further pH 

mapping.
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Figure 5. 
PEDRI of the miltitube phantom shown in Fig.1. Images were acquired with a) 573.625 

MHz and b) 573.950 MHz EPR irradiation frequency, respectively. The MRI acquisition 

parameters (using gradient echo pulse sequence) were: TR, 500 ms; TE, 40 ms; matrix, 64 × 

64; field of view, 80 × 80 mm; slice thickness, 20 mm; Number of repetitions, 4; acquisition 

time, 129 s; NMR frequency, 856 kHz. EPR irradiation power, 1.25 W, irradiation time, 130 

s.
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Figure 6. 
pH dependence of VRF PEDRI intensities ratio I(RF1)/(I(RF1)+I(RF2)). Solid line is 

standard titration curve with the pKa2 value of 6.9.
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Scheme 1. 
Chemical structure of monophosphonated trityl radical, pTR, and the scheme of acid-base 

equilibrium between the radical forms with protonated (pTR3−) and unprotonated (pTR4−) 

phosphono group (pKa2=6.9). Note the values of pKa1≈1.3 for the first dissociation of 

phosphono group and pKa≈2.6 for the dissociation of carboxyl groups [16].
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