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Abstract

An algorithm is derived and demonstrated that reconstructs an EPR spectral-spatial image from

projections with arbitrarily selected gradients. This approach permits imaging wide spectra

without the use of the very large sweep widths and gradients that would be required for spectral-

spatial imaging with filtered backprojection reconstruction. Each projection is defined as the sum

of contributions at the set of locations in the object. At each location gradients shift the spectra in

the magnetic field domain, which is equivalent to a phase change in the Fourier-conjugate

frequency domain. This permits solution of the problem in the frequency domain. The method was

demonstrated for 2D images of phantoms consisting of (i) two tubes containing 14N and 15N

nitroxide and (ii) two tubes containing a pH sensitive trityl radical at pH 7.0 and 7.2. In each case

spectral slices through the image agree well with the full spectra obtained in the absence of

gradient.

1. Introduction

If the environment of an electron spin probe is spatially heterogeneous, the EPR spectrum is

the sum of contributions from all locations. Spectral-spatial imaging divides the sample's

volume into an array of small spatial segments and calculates the EPR spectrum for each of

these segments [1]. This allows mapping of the local environment, such as pO2 [2-7] or pH

[8, 9], by measuring the spatial variation in the EPR spectrum. Magnetic field gradients are

used to encode spatial information into EPR spectra, which are called projections. The

spectral-spatial image is reconstructed from these projections. The most commonly-used

EPR image reconstruction algorithm is Filtered Back Projection (FBP) [10, 11]. This

method was initially developed for X-ray tomography, which involves rotation of the
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sources and detectors around the imaged object, such that projections are collected at small

constant angular increments encompassing 180° [12]. The FBP algorithm, which was

adapted for EPR spectral-spatial imaging, imposes additional experimental constraints [1].

Because the image has a spectral dimension, it constitutes a mathematical pseudo-object.

The equivalent of rotation in the spectral dimension is achieved by changing the gradient

amplitude. The maximum angle for a particular set of experimental constraints can be

calculated using Eq.(1) [10]:

(1)

where L is the spatial length of the image, ΔB is the spectral length of the image, and Gmax is

the maximum gradient. For spin probes with large ΔB, Eq. (1) shows that either Gmax must

be extremely large (which may result in poor signal-to-noise), or the length L of the

reconstructed image must be artificially increased relative to the sample size; otherwise αmax

becomes too small relative to 90°. Missing angle algorithms can partially compensate for

small decreases in αmax [13]. The FBP algorithm requires equiangular data collection, so the

value of αmax limits the number of projections. If the number of projections is too small, a

‘star-effect’ distortion may be produced in the image [12]. For reconstruction of spectral-

spatial images using projections described by Eq. (1), the sweep widths are required to

increase proportional to 1/(cos α). For in vivo imaging at 250 MHz, the center field is about

90 G and sweep widths cannot exceed 180 G, which puts an additional constraint on the

maximum gradient that can be used.

Nitroxide spin probes are widely used in EPR spectroscopy and imaging. Most nitroxide

radicals contain I=1 14N, which gives rise to a three-line spectrum with an isotropic

hyperfine splitting of about 16 G. The EPR spectrum then spans about 40 G. Substitution of

this value of ΔB into Eq.(1), assuming in vivo imaging Gmax= 10 G/cm and L= 2 cm, gives

αmax ∼ 27° which is too small to be practical. It is common to use only one of the three

hyperfine lines for imaging, which decreases ΔB to a few gauss. This approach severely

limits spatial resolution because the maximum gradient must not produce overlap of the

adjacent hyperfine lines. In addition, only one-third of the electron spins contribute to the

EPR signal that is imaged. Isotopic substitution of 14N by 15N (I=1/2) (i) decreases the

number of hyperfine lines from 3 to 2, which increases signal amplitude by a factor of 1.5

[14], (ii) increases the nitrogen hyperfine splitting to about 23 G which permits about 40%

increase in gradient without overlap of hyperfine lines, and (iii) reduces the spectral width

by about 30% which increases αmax (Eq. 1). However, the increased cost of 15N nitroxides

make this option expensive.

Alternatives to FBP such as maximum entropy (MEM) [15] and regularized optimization

(RO) [16] are not restricted by Eq.(1). These types of iterative algorithms have demonstrated

substantial improvement in the quality of the reconstructed images, but are computationally

inefficient (compared to FBP) and require large amounts of computer memory.

Computational inefficiency is a limiting factor for 3D and 4D spectral-spatial imaging.

Another approach has been suggested by adaptation [17, 18] of the single-point pulse EPR

imaging algorithm [19] to perform CW spectral-spatial imaging. Limitations of this method
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include: (i) gradients must be equally spaced, and (ii) the spatial resolution and field of view

depend on the timing for the single point. It is not clear how well this method performs if the

spectral width is large enough to encompass a full nitroxide spectrum (40-60 G).

If the EPR spectrum is invariant through the sample, the hyperfine splitting can be removed

by deconvolution [20, 21], but then there is no spectral dimension in the image. To deal with

multi-line nitroxide spectra Kuppusamy and Zweier assumed that all information of interest

was contained in a single hyperfine line and used post-acquisition processing to remove

artifacts that were observed when high gradient projections caused partial overlap of

hyperfine lines [22, 23].

The image reconstruction method described in the current paper does not require equally-

spaced projection and the constraints of Eq. (1) do not apply. The numerical algorithm is

optimized for parallel computing and produces an image in one iteration. The method has

been used to reconstruct full spectrum images of phantoms consisting of (i) a 14N and 15N

nitroxide or (ii) a pH-sensitive trityl radical at pH = 7.0 and 7.2. Projections were obtained

by rapid scan [24-26] which improves signal-to-noise relative to CW [27]. The ability to

obtain spectral-spatial images without the constraints of Eq (1) or the need for large sweeps

and the improved S/N from rapid scan EPR overcome major hurdles for low frequency EPR

imaging.

2. Algorithm description

The first step is to select the spatial resolution, dL, for the image to be reconstructed. As a

starting value one can use the estimate:

(2)

where LWmin is the smallest linewidth of a single line in a multiline EPR spectrum.

Selection of dL divides the sample volume into K segments (see Fig.1). An unknown

spectral function spk(B) is assigned to each kth segment. A set of functions {spk (B), k = 1:

K} constitutes the spectral-spatial image. The image can be computed from projections

obtained with a set of gradients {Gn, n = 1: N}. Although no particular gradient pattern is

required, the spectral and spatial information content of the projections must be sufficient

for image reconstruction. The numbers of projections at lower and higher gradients may be

selected to enhance spectral and spatial resolution, respectively.

In a homogeneous magnetic field, the zero gradient projection is the sum of all spectral

functions:

(3)

In a non-zero gradient, Gn modifies Eq.(3) into the form
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(4)

that takes into account two factors: (i) the spectral shift of spk(B) in the magnetic field

domain by the amount of the scalar product Gn•r (see Fig.1) and (ii) the spatial extent of the

kth segment. The latter factor is introduced by integration over the volume Vk in Eq.(4).

Using the fact that the shift in the magnetic field is equivalent to a phase change in the

Fourier domain, Eq.(4) can be transformed and simplified to

(5)

where M is the number of discrete frequencies. M is selected to be large enough to

encompass all frequencies in the signal. SPk in Eq.(5) is the Discrete Fourier transform of

the spectral-spatial image along the spectral dimension and is the final goal of the algorithm;

SW denotes the sweep width of the projections in the magnetic field domain. If the sweep

width is varied, projections must be zero-filled and interpolated to have the same starting

and ending fields and number of points. This results in the same set of frequencies ωm for all

projections (Eq. 5), and allows rearranging the set of N equations (5) with respect to

gradients into a set of M equations with respect to ωm:

(6)

Eq.(6) is written in convenient vector-matrix form, where vector PR(m) has N elements

corresponding to N projections; vector SP(m) consists of K elements corresponding to K

spatial segments, and Ŵ(m) is an N×K matrix. Since Ŵ(m)is not a square matrix, solution of

Eq.(6) for unknown SP(m) can be computed either by Moore-Penrose pseudo-inversion of

Ŵ(m):

(7)

or by using Tikhonov regularization [28]:

(8)

where Γis the regularization operator and αis the regularization parameter. Equations for

SP(m) are independent for different indexes m and can be solved in parallel on a graphics

processor unit or computer cluster. After SP(m) have been computed for m=1, …, M, the

results are combined into a multi-dimensional array, Inverse Fourier transform of which

along the frequency dimension produces the spectral-spatial image.
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3. Experiment

3.1 Phantoms

Two phantoms composed of two types of spin probes, nitroxides and triarylmethyl radicals,

were used to test the algorithm. The imaging phantoms were constructed of two 6 mm o.d.

quartz tubes inside a larger tube with 16 mm o.d. and 14 mm i.d. A foam spacer held the 6

mm tubes 2 mm apart inside the larger tube. The center-to-center distance between the two

tubes that contained radicals was 8 mm (Fig 2). For phantom 1 the 6 mm tubes contained

deoxygenated aqueous 14N-PDT (0.2 mM) or 15N-PDT (0.53 mM) with liquid column

heights that are longer than the height of the resonator. 14N and 15N perdeuterated Tempone

(PDT) were purchased from CDN Isotopes (Quebec Canada). The pH sensitive triarylmethyl

radical (aTAM4) was prepared at Ohio State [29]. For phantom 2 the 6 mm tubes contained

aTAM4. The samples were prepared by dissolving radical in 200 μL absolute ethanol and

diluting with 800 μL of 1mM phosphate buffer for a final concentration of 0.5 mM in 80:20

buffer:ethanol. Solutions in the two tubes had pH of 7.2 and 7.0, respectively.

3.2 Spectrometer

EPR spectroscopy was performed at the University of Denver. Projections for rapid-scan 2D

spectral-spatial images were acquired at 251 MHz with a modified Bruker E540 console, the

magnet and gradient coils described previously [30-32], and a 16 mm cross-loop resonator

[27] with Litz wire coils to provide wide scans. The maximum z-gradient was 10 G/cm (0.10

T/m). The original rapid-scan bridge [32] provided a maximum RF output of 50 mW. A 7 W

amplifier (MiniCircuits model ZHL-03-5WF) was added to provide increased power to the

resonator. The sinusoidal rapid scans were generated with a driver similar to the one

described in [33], but with an additional option to trigger the digitizer after a specified

number of cycles. This modification permits acquiring multiple scans after a single trigger.

Combining the data in the multiple scans functions like a comb filter and decreases noise

[26, 34-36]. The signal went through a 1 MHz (Krohn-Hite model 3955) low-pass filter and

was digitized in quadrature using a Bruker SpecJet II.

3.3 Spectroscopy

The three 14N nitroxide hyperfine lines (Fig. 3) lines have an asymmetric splitting pattern at

250 MHz due to Breit-Rabi effects [37]. The splitting between low-field and center-field,

and center-field to high-field lines was 14.8 and 17.6 G, respectively, for a total spacing of

32.4 G. The splitting of the 15N low-field to high-field line is 22.6 G. To cover the entire

spectrum in the presence of maximum gradients ranging from -10 G/cm to 10 G/cm with 1

G/cm step, rapid sinusoidal scans of 65 G width and 3.5 kHz frequency were used for all

projections. The total number of projections was 21. The microwave B1 of 72 mG, was in

the linear response regime. The acquisition time per projection was 44 s.

Zero-gradient spectra of aTAM radicals are significantly narrower than for nitroxides (Fig.

4). For this reason scan widths were varied to cover the entire spectral width of the gradient-

broadened spectra. Scan frequency of 3 kHz was used for all projections. The microwave B1

of 36 mG, was in the linear response regime. Three different gradient patterns were

examined: (i) Equidistant gradient stepping from -10 G/cm to 10 G/cm with 1 G/cm step; (ii)
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FBP equidistant angle stepping with a total of 18 projections, 16 of which are in the range

from -3.2 to 3.2 G/cm; (iii) projections were added to the FBP set that fill the gaps between

±3.2 and the maximum value of ±10 G/cm. These projections were in the intervals from ±4

to ±9 G/cm with 1 G/cm step plus the zero-gradient projection. The acquisition time per

projection was 60 s.

Projections were obtained from the rapid scan signal as described in [24, 25].

3.3 Image Reconstruction

To test the algorithm described above, two-dimensional spectral-spatial images were

reconstructed and compared using Moore-Penrose pseudo-inversion (see Eq.(7)) and

Tikhonov regularization (see Eq.(8)). For Moore-Penrose pseudo-inversion reconstruction a

standard Matlab routine pinv was used. The tolerance level for pinv was selected to produce

a stable solution without distorting the image. For Tikhonov regularization two types of

regularization operators were tested: identity operator and first derivative operator. The

image reconstructed using the identity operator was very similar to the one reconstructed

using the pseudo-inversion method. The use of the first derivative operator did not produce a

meaningful image. The Tikhonov regularization parameter α was adjusted to give a stable

solution without causing distortion. The images produced using Tikhonov regularization and

Moore-Penrose pseudo-inversion were very similar. No additional filtering was applied to

the images.

Fig.3a and Fig.4a show spectral-spatial images reconstructed using Moore-Penrose pseudo-

inversion for the PDT and aTAM4 phantoms, respectively. Spectral slices at the centers of

the radical-containing tubes are compared to the spectra obtained in the absence of the

gradient field in Fig.3b, Fig.4b and Fig.4c. Because the hyperfine lines of 14N-PDT and 15N-

PDT do not overlap, comparison in Fig.3b was done with the spectrum of the entire

phantom. To measure the individual aTAM4 spectra shown in Fig.4b and Fig.4c, the

phantom was disassembled and the two 6mm tubes were measured independently. The

changes in spectra from pH = 7.0 to 7.2 are consistent with the literature report [29].

Comparison of the images reconstructed from data acquired with the three gradient selection

schemes described in the Spectroscopy section, revealed that the third pattern produces the

best results. Equidistant gradient sampling in scheme (i) produced artefacts in the baseline

regions of the image that extended out from regions of high intensity. Scheme (iii) resulted

in an image with a slightly better spatial resolution compared to the FBP scheme (ii). These

results confirm a known concept behind the FBP algorithm that low-gradients responsible

for spectral information need to be sampled with a higher density compared to high-

gradients that predominantly carry spatial information. However, the small number of

projections with high gradients that are used in the FBP method may impair spatial content

of the reconstructed image. The flexibility of the proposed algorithm with respect to gradient

selection allows the user to tailor the selection of gradients to suit the goals of an

experiment.

The center-to-center distances between the two tubes in Fig.3a and Fig.4a agree well with

the known dimensions in the phantoms.
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4. Discussion

Rapid scan imaging provides improved S/N relative to CW [27]. Sinusoidal field scans with

resonated coils permit wider sweeps than linear scans [33]. Deconvolution, background

subtraction, and filtering of the rapid scan data obtained in the presence of magnetic

gradients produce projections [24]. Application of the algorithm in Eq. (5) – (7) produced

the image in the Fourier domain. Inverse Fourier transform gives the final images.

The spectral-spatial imaging algorithm described in this paper lifts limitations imposed on

data collection to allow full-spectrum imaging of multiline EPR spin probes such as

nitroxides and pH sensitive radicals. Since overlap of contributions from adjacent lines in

multiline spectra in the presence of magnetic field gradients is not a restriction, larger

gradients can be used to increase spatial resolution. Unconstrained choice of gradients

allows the experimenter to reduce data acquisition time by selection of fewer projections

with the most complementary information content. This can be done additively. Analysis of

an intermediate image may guide gradient selection for the next projections [38]. The

algorithm allows relaxing homogeneity specifications for external magnet and gradient coils.

Assuming that magnetic field is homogeneous and gradients are constant within each spatial

segment, the deviations from homogeneity can be measured – for example, with a strong

sample with a known constant lineshape – and the correction terms Δk can be introduced in

Eq.(4)

(9)

(10)

In Eq.(10) the first and second terms are the corrections for the external magnetic field and

gradient.

Since the projection is represented as a sum of contributions from a set of spatial regions, the

imaging problem of any dimensionality is reduced to a two-dimensional problem (see Eq.

(6)). The difference with respect to the image dimensionality is primarily in the increased

number of projections K and number of spatial regions N. If the required spatial resolution is

1 mm and the object is 20 mm in each of the three spatial dimensions, the size of the array to

be inverted would be about 8000 × 8000 (see Eq.(7-8)), which is still feasible in a PC.

However, the algorithm has not yet been tested for 4D imaging. . The size of W(m) can be

reduced by choosing only those spatial regions in the image where the concentration of the

spin probes is expected to be above a certain threshold level. In addition, integration over the

volume Vk in Eq.(4) allows more sparse gridding of the image, larger dL, than otherwise

would be required for the standard imaging method.

Acknowledgments

Partial support of this work by NIH grants NIBIB grant EB000557 (GRE and SSE), K25 EB016040 (MT), R01
EB014542 (VK) and P41 EB002034 to GRE, H. J. Halpern, PI, is gratefully acknowledged. This work was

Tseitlin et al. Page 7

J Magn Reson. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



stimulated by the need to image the full spectra of nitroxide radicals in a project conducted jointly with Dr. G. M.
Rosen [27] and Dr. H. J. Halpern.

References

1. Eaton GR, Eaton SS. Introduction to EPR imaging using magnetic-field gradients. Concepts Magn
Reson. 1995; 7:49–67.

2. Halpern HJ, Yu C, Peric M, Barth E, Grdina DJ, Teicher BA. Oxymetry deep in tissues with low-
frequency electron paramagnetic resonance. Proc Natl Acad Sci U S. 1994; 91:13047–13051.

3. Halpern HJ, Yu C, Peric M, Barth ED, Karczmar GS, River JN, Grdina DJ, Teicher BA.
Measurement of differences in pO2 in response to perfluorocarbon/carbogen in FSa and NFSa
murine fibrosarcomas with low-frequency electron paramagnetic resonance oximetry. Radiation
Research. 1996; 145:610–618. [PubMed: 8619027]

4. Elas M, Williams B, Parasca A, Mailer C, Pelizzari CA, Lewis MA, River JN, Karczmar GS, Barth
ED, Halpern HJ. Quantitative tumor oxymetric images from 4D electron paramagnetic resonance
imaging (EPRI): Methodology and comparison with blood oxygen level-dependent (BOLD) MRI.
Magn Reson Med. 2003; 49:682–691. [PubMed: 12652539]

5. Elas M, Ahn KH, Parasca A, Barth ED, Lee D, Haney C, Halpern HJ. Electron paramagnetic
resonance oxygen images correlate spatially and quantitatively with OxyLite oxygen measurements.
Clin Cancer Res. 2006; 12:4209–4217. [PubMed: 16857793]

6. Elas M, Hleihel D, Barth ED, Haney CR, Ahn KH, Pelizzari CA, Epel B, Weichselbaum RR,
Halpern HJ. Where it's at really matters: in situ in vivo vascular endothelial growth factor spatially
correlates with electron paramagnetic resonance pO2 images in tumors of living mice. Mol Imaging
Biol. 2011; 13:1107–1113. [PubMed: 20960236]

7. Elas M, Bell R, Hleihel D, Barth ED, McFaul C, Haney CR, Bielanska J, Pustelny K, Ahn KH,
Pelizzari CA, Kocherginsky M, Halpern HJ. Electron Paramagnetic Resonance Oxygen Image
Hypoxic Fraction Plus Radiation Dose Strongly Correlates With Tumor Cure in FSa Fibrosarcomas.
Int J Radiation Oncology Biol Phys. 2008; 71:542–549.

8. Khramtsov VV, Weiner LM, Grigoriev IA, Volodarsky LB. Proton exchange in stable nitroxyl
radicals. EPR study of the pH of aqueous solutions. Chem Phys Lett. 1982; 91:69–72.

9. Gallez B, Mader K, Swartz HM. Noninvasive measurements of the pH inside the gut by using pH-
sensitive nitroxides. An in vivo ESR study. Magn Reson Med. 1996; 36:694–697. [PubMed:
8916019]

10. Maltempo MM. Differentiation of spectral and spatial components in EPR imaging using 2-D
image reconstruction algorithms. J Magn Reson. 1986; 69:156–161.

11. Maltempo, M.; Eaton, SS.; Eaton, GR. Spectral-Spatial Imaging. In: Eaton, GR., editor. EPR
Imaging and in vivo Spectroscopy. CRC Press; Boca Raton, FL: 1991. p. 135-144.

12. Herman, GT. Image Reconstruction from Projections: Fundamentals of Computerized
Tomography. Academic Press; New York: 1980.

13. Maltempo, MM.; Eaton, SS.; Eaton, GR. Algorithms for Spectral-Spatial Imaging with a “Missing
Angle”. In: Eaton, GR., editor. EPR Imaging and in vivo Spectroscopy. CRC Press; Boca Raton,
FL: 1991. p. 145-152.

14. Burks SR, Bakhshai J, Makowsky MA, Muralidharan S, Tsai P, Rosen GM, Kao JPY. 2H, 15N-
Substituted Nitroxides as Sensitive Probes for Electron Paramagnetic Resonance Imaging. J Org
Chem. 2010; 75:6463–6467. [PubMed: 20828113]

15. Tseitlin M, Dhami A, Eaton SS, Eaton GR. Comparison of Maximum Entropy and Filtered Back-
Projection Methods to Reconstruct Rapid-Scan EPR Images. J Magn Reson. 2007; 184:157–168.
[PubMed: 17070083]

16. Tseitlin M, Czechowski T, Eaton SS, Eaton GR. Regularized Optimization (RO) Reconstruction
for Oximetric EPR Imaging. J Magn Reson. 2008; 194:212–221. [PubMed: 18667346]

17. Matsumoto K, Chandrika B, Lohman JAB, Mitchell JB, Krishna M, Subramanian S. Application
of continuous-wave EPR spectral-spatial image reconstruction techniques for in vivo oximetry:
comparison of projection reconstruction and constant-time modalities. Magn Reson Med. 2003;
50:865–874. [PubMed: 14523974]

Tseitlin et al. Page 8

J Magn Reson. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



18. Subramanian, S.; Johnson, CA.; Devasahayam, N.; Matsumoto, K.; Hyodo, F.; Cook, J.; Krishna,
M. In vivo Spectral-Spatial imaging for oxygen mapping using single-point, time-domain electron
paramagnetic resonance. Proceedings of the 2006 IEEE International Symposium on Biomedical
Imaging: From Nano to Macro; 6-9 April 2006; Arlington, VA, USA. 2006. p. 1096-1099.

19. Subramanian S, Devasahayam N, Yamada K, Cook J, Taube A, Mitchell JB, Lohman JAB,
Krishna MC. Single-point (constant-time) imaging in radiofrequency Fourier transform electron
paramagnetic resonance. Magn Reson Med. 2002; 48:370–379. [PubMed: 12210946]

20. Ohno K. A deconvolution method for hyperfine patterns. J Magn Reson. 1982; 50:145–151.

21. Hornak JP, Moscicki JK, Schneider DJ, Freed JH. Diffusion coefficients in anisotropic fluids by
ESR imaging of concentration profiles. J Chem Phys. 1986; 84:3387–3395.

22. Kuppusamy P, Zweier JL. A Forward-Subtraction Procedure for Removing Hyperfine Artifacts in
Electron Paramagnetic Imaging. Magn Reson Med. 1996; 35:316–322. [PubMed: 8699942]

23. Kuppusamy P, Zweier JL. Hyperfine Artifacts in Electron Paramagnetic Resonance Imaging. Res
Chem Intermed. 1996; 22:593–604.

24. Tseitlin M, Rinard GA, Quine RW, Eaton SS, Eaton GR. Deconvolution of Sinusoidal Rapid EPR
Scans. J Magn Reson. 2011; 208:279–283. [PubMed: 21163677]

25. Tseitlin M, Mitchell DG, Eaton SS, Eaton GR. Corrections for sinusoidal background and non-
orthogonality of signal channels in sinusoidal rapid magnetic field scans. J Magn Res. 2012;
223:80–84.

26. Mitchell DG, Rosen GM, Tseitlin M, Symmes B, Eaton SS, Eaton GR. Use of Rapid-Scan EPR to
Improve Detection Sensitivity for Spin-Trapped Radicals. Biophys J. 2013; 105:338–342.
[PubMed: 23870255]

27. Biller JR, Tseitlin M, Quine RW, Rinard GA, Weismiller HA, Elajaili H, Rosen GM, Kao JP,
Eaton SS, Eaton GR. Imaging of Nitroxides at 250 MHz using Rapid-Scan Electron Paramagnetic
Resonance. J Magn Reson. 2014; 242:162–168. [PubMed: 24650729]

28. Tikhonov, AN.; Arsenin, VY. Methods of solving ill-posed problems. Nauka; Moscow: 1986.

29. Dhimitruka I, Bobko AA, Hadad CM, Zweier JL, Khramtsov VV. Synthesis and characterization
of amino derivatives of persistent trityl radicals as dual function pH and oxygen paramagnetic
probes. J Am Chem Soc. 2008; 130:10780–10787. [PubMed: 18636723]

30. Quine RW, Rinard GA, Eaton SS, Eaton GR. A pulsed and continuous wave 250 MHz electron
paramagnetic resonance spectrometer. Magn Reson Engineer. 2002; 15:59–91.

31. Rinard GA, Quine RW, Eaton SS, Eaton GR, Barth ED, Pelizzari CA, Halpern HJ. Magnet and
Gradient Coil System for Low-Field EPR Imaging. Magn Reson Engineer. 2002; 15:51–58.

32. Quine RW, Rinard GA, Eaton SS, Eaton GR. Quantitative Rapid Scan EPR Spectroscopy at 258
MHz. J Magn Reson. 2010; 205:23–27. [PubMed: 20382055]

33. Quine RW, Mitchell DG, Eaton SS, Eaton GR. A Resonated Coil Driver for Rapid Scan EPR.
Conc Magn Reson, Magn Reson Engineer. 2012; 41B:95–110.

34. Tseitlin M, Eaton SS, Eaton GR. Uncertainty analysis for absorption and first-derivative EPR
spectra. Conc Magn Reson. 2012; 40A:295–305.

35. Klein MP, Barton BW. Enhancement of signal-to-noise ratio by continuous averaging: application
to magnetic resonance. Rev Sci Instrum. 1963; 34:754–759.

36. Eaton, SS.; Quine, RW.; Tseitlin, M.; Mitchell, DG.; Rinard, GA.; Eaton, GR. Rapid Scan Electron
Paramagnetic Resonance. In: Misra, SK., editor. Handbook of High Frequency EPR. Wiley; 2014.

37. Gillies DG, Sutcliffe LH, Symms MR. Effects encountered in EPR spectroscopy and imaging at
small magnetic fields. JCS Faraday Trans. 1994; 90:2671–2675.

38. Ahmad R, Clymer B, Deng Y, He G, Vikram D, Kuppusamy P, Zweier JL. Optimization of data
acquisition for EPR imaging. J Magn Reson. 2006; 179:263–272. [PubMed: 16458030]

Tseitlin et al. Page 9

J Magn Reson. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Research Highlights

• Spectral-spatial algorithm reconstructs image from arbitrary set of projections.

• The spectral width is not constrained by the maximum gradient.

• Results are demonstrated for phantoms of nitroxides and pH-sensitive trityls.
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Fig. 1.
Schematic of the geometry for the imaging experiment and the spectral shift at location k.

Tseitlin et al. Page 11

J Magn Reson. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2.
Geometry of the phantom.
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Fig. 3.
(a) 2D spectral-spatial image of phantom 1 consisting of 14N and 15N PDT. (b) Comparison

of spectral slices (14N in green, 15N in blue) through the image with the zero-gradient

spectrum (dashed red).
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Fig. 4.
(a) 2D spectral-spatial image of phantom 2 consisting of pH=7.0 and pH=7.2 aTAM4

radicals. (b) Comparison of the spectral slice for pH=7.2 (blue) with the zero-gradient

spectrum (dashed green). (c) Comparison of pH=7.0 slice (blue) with the zero-gradient

spectrum (dashed green)
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