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Abstract 

Purpose: Our study aimed to accelerate the acquisition of four-dimensional (4D) spectral-

spatial electron paramagnetic resonance (EPR) imaging for mouse tumor models. This 

advancement in EPR imaging should reduce the acquisition time of spectroscopic mapping 

while reducing quality degradation for mouse tumor models. 

Procedures: EPR spectra under magnetic field gradients, called spectral projections, were 

partially measured. Additional spectral projections were later computationally synthesized 

from the measured spectral projections. Four-dimensional spectral-spatial images were 

reconstructed from the post-processed spectral projections using the algebraic reconstruction 

technique (ART) and assessed in terms of their image qualities. We applied this approach to a 

sample solution and a mouse Hs766T xenograft model of human-derived pancreatic ductal 

adenocarcinoma cells to demonstrate the feasibility of our concept. The nitroxyl radical 

imaging agent 2H,15N-DCP was exogenously infused into the mouse xenograft model. 

Results: The computation code of 4D spectral-spatial imaging was tested with numerically 

generated spectral projections. In the linewidth mapping of the sample solution, we achieved 

a relative standard uncertainty (standard deviation/| mean |) of 0.76 T/45.38 T = 0.017 on 

the peak-to-peak first-derivative EPR linewidth. The qualities of the linewidth maps and the 

effect of computational synthesis of spectral projections were examined. Finally, we obtained 

the three-dimensional linewidth map of 2H,15N-DCP in a Hs766T tumor-bearing leg in vivo. 

Conclusion: We achieved a 46.7% reduction in the acquisition time of 4D spectral-spatial 

EPR imaging without significantly degrading the image quality. A combination of ART and 

partial acquisition in three-dimensional raster magnetic field gradient settings in orthogonal 

coordinates is a novel approach. Our approach to 4D spectral-spatial EPR imaging can be 

applied to any subject, especially for samples with less variation in one direction. 
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Introduction 

A lack of adequate oxygen supply (hypoxia) and acidification in the extracellular space 

(acidosis) are the hallmarks of solid tumors and indicate tumor metabolic shifts and 

malignancy, such as the migration, invasion, and metastasis of cancer cells [1, 2]. 

Furthermore, hypoxia in solid tumors is associated with resistance to chemotherapy and 

radiation therapy [3]. Therefore, tumor tissue oxygenation is essential to understand the 

pathophysiological state of tumors [4]. Noninvasive measurements of the partial pressure of 

oxygen (pO2) in tumor tissue provide insight into a critical parameter in the 

microenvironment of cancer cells [5]. Several imaging modalities can be used to visualize 

oxygen-related parameters in tumors, such as blood oxygen saturation with photoacoustic 

imaging [6], hypoxic cells with positron emission tomography (PET) using the hypoxia 

radiotracer 18F-misonidazole (18F-MISO) [7], and the change in the magnetic properties of 

oxygenated and deoxygenated hemoglobin with blood oxygen level-dependent magnetic 

resonance imaging (BOLD MRI) [8]. However, these imaging modalities do not provide pO2 

directly. The quantitative measurement of pO2 is preferable for monitoring tumor tissue 

oxygenation, which is related to the radiation sensitivity of cancer cells and the effects of 

anticancer drugs. 

 Electron paramagnetic resonance (EPR) can be used to measure pO2 in biological 

tissues in vivo [9, 10]. pO2 can be estimated using the shift in the absorption linewidth of 

unpaired electrons (with continuous-wave (CW) EPR) or the shift in the relaxation time of 

unpaired electrons (with pulsed EPR) [11]. In the CW-EPR protocol, mapping a spectroscopic 

parameter, e.g., the absorption linewidth, which is sensitive to pO2 or the ratio of two 

absorption peaks that are sensitive to pH, requires spectral-spatial data (each pixel or voxel 

has EPR spectral data) [12]. Such an imaging approach requires thousands of EPR spectra 

under magnetic field gradients, called spectral projections, to reconstruct the spectral 
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lineshape at each voxel in three-dimensional (3D) space. This spectroscopic mapping is called 

four-dimensional (4D) spectral-spatial imaging [13–15]. While pulsed EPR has been 

successfully applied to tumor pO2 mapping using an oxygen-sensitive imaging agent such as 

the triarylmethyl radical OX063, it is still difficult to use pulsed EPR to detect an imaging 

agent with a shorter relaxation time or a broader absorption peak. Therefore, versatile CW-

EPR detection is preferable for these imaging agents, e.g., oxygen- or pH-sensitive nitroxyl 

radical agents [16, 17]. However, a longer acquisition time of 4D spectral-spatial EPR 

imaging is a drawback in small animal experiments. 

 There are two approaches to reducing the acquisition time of 4D spectral-spatial EPR 

imaging with the CW protocol. One is fast magnetic field scanning to record each EPR 

spectrum in a short duration [18, 19]. Rapid-scan EPR is another approach to reducing the 

time needed to record each EPR spectrum [20]. The other approach is to acquire fewer 

spectral projections [21, 22]. While compressed sensing is a powerful method for 

reconstructing a spatial image from sparsely sampled data in MRI and EPR imaging [23–26], 

compressed sensing for 4D spectral-spatial EPR imaging has not yet been reported. Recently, 

a convex, constrained optimization-based 4D spectral-spatial EPR imaging with limited 

angular ranges or sparse sampling has been reported [27, 28]. Magnetic field gradient (MFG) 

settings with half-sphere acquisition in polar coordinates are commonly used for projection-

based 4D spectral-spatial imaging [8, 12–14, 29–31]. Also, 3D raster MFG settings in 

orthogonal coordinates have been used for 4D spectral-spatial imaging with the algebraic 

reconstruction technique (ART) [15, 32–34] [see Suppl. Table S1 in the Electronic 

Supplementary Material (ESM)]. We must further explore emerging methods to reduce the 

acquisition time and suitable image reconstruction techniques that fit our EPR imaging setup. 

Therefore, an approach to reducing the number of measured spectral projections has been 

needed in CW-EPR-based spectral-spatial imaging. Faced with this technical challenge, we 
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must fill the gap between the current acquisition approach and the promising accelerated 

acquisition approach with minimal degradation of the image quality. 

 This study aimed to reduce the number of measured spectral projections with minimal 

degradation of the resultant image quality in 4D spectral-spatial imaging. We demonstrate 

that the partial acquisition strategy for spectral projections accelerates 4D spectral-spatial 

EPR imaging, i.e., mapping the EPR absorption linewidth. To this end, we introduced a 

computational synthesis of EPR spectra from measured spectra in addition to the partial 

acquisition approach for 3D raster MFG settings in orthogonal coordinates in ART, which is a 

novel combination. This article describes the effectiveness of partially acquiring spectral 

projections and the computational synthesis of additional EPR spectra with an assessment of 

image quality for a sample solution and a mouse tumor model in vivo. 

 

Materials and Methods 

4D image reconstruction using ART 

Image reconstruction of 4D spectral-spatial imaging was based on ART [15, 35]. We extended 

the algorithm of 3D ART [35] to the computation dealing with 4D image data. The flowchart 

of the ART process is given in Fig. 1a. When each voxel has an EPR spectrum with m data 

points in the magnetic field domain, the 4D image s4D consists of EPR spectral data at each 

voxel and is written as a column vector (mn  1): 

𝒔4D ൌ ሺ𝒔ଵ
T,⋯ , 𝒔௡TሻT,     ሺ1ሻ 

where a column vector si (m  1) represents the EPR spectrum with m elements (data points) 

at the i-th voxel. The transpose of the column vector is indicated by T. From the 4D image 

s4D, the spectral projection fj [a column vector (m  1)] under magnetic field gradient Gj, 

where j represents the index of the magnetic field gradients, is given by 

𝒇௝ ൌ 𝑨௝𝒔4D,    ሺ2ሻ 
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where Aj is the operator producing the spectral projection under magnetic field gradient Gj 

and is an (m  mn) matrix. After calculating the spectral projection fj, the difference fj 

between the measured spectral projection 𝒇௝
meas and the computed spectral projection fj is 

given by 

Δ𝒇௝ ൌ 𝒇௝
meas െ 𝒇௝  .    ሺ3ሻ 

Next, we updated the 4D image as 

𝒔4D,௝ାଵ ൌ 𝒔4D,௝ ൅ 𝑨௝
T𝒘௝

ିଵ∆𝒇௝  ,    ሺ4ሻ 

where s4D,j+1 and s4D,j mean the updated and previous images, and wj denotes the (m  m) 

matrix of weight coefficients at diagonal elements: 

𝒘௝ ൌ diag൫𝑤௝,ଵ,⋯ ,𝑤௝,௠൯ .    ሺ5ሻ 

Weight coefficient wj represents how many times each point in fj will be placed on the image 

by the back projection operator Aj
T. Once this process [Eq. (2) to Eq. (4)] is completed for a 

given spectral projection, the 4D image is repeatedly updated again for each spectral 

projection under the magnetic field gradient (j =1 to k, where k is the total number of spectral 

projections). The 4D image is then updated with the spectral projections (j =1 to k), and this is 

repeated until the 4D image converges. This repetition is called the iteration of ART 

processing (q in Fig. 1a). In Eq. (4), the updating term may be weighted by a given coefficient 

(<1) to reduce the variance of the resultant image; however, it leads to a slower convergence. 

After each iteration of ART processing, a Gaussian filter [standard deviation = 0.69 mm 

(isotopic voxel size)] in 3D space was applied to the 4D image. This suppresses unwanted 

spatial variance (noise or artifacts) of the spectra in 3D space. 

 The ART computation code was implemented in the Fortran 95 development 

environment (Absoft Pro Fortran 2022, Absoft Corp., Rochester Hills, MI, USA). Parallel 

computing was implemented with the OpenMP Application Program Interface 3.1. Image 

reconstruction was performed on an Apple Mac mini computer (Intel Core i7, memory 16 
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GB). A trick of accelerating the computation of Eq. (4) is given as a Suppl. Text S1 in ESM. 

 

Concept of spectral projection synthesis 

In spectral-spatial EPR imaging, spectral projections are recorded with a data acquisition 

sequence under a systematically changing magnetic field gradient from +Gmax to –Gmax in a 

one-dimensional (1D) case. For a 3D subject having spectral information at each position (4D 

image data), the spectral projection f at the magnetic field B under magnetic field gradient G 

is given by the integration of EPR spectra shifted in the magnetic field domain: 

𝑓ሺ𝐵ሻ ൌ න 𝑠ሺ𝐵 ൅ 𝑮 ⋅ 𝒓, 𝒓ሻ𝑑𝒓.
 

ℝయ
    ሺ6ሻ 

Here, s represents the EPR spectrum at the position r. We do not assume any symmetry of a 

spectral lineshape. 

 The flowchart of processing for computational spectral synthesis is given in Fig. 1b. At 

the computational spectral synthesis stage, the spectral changes of each position are unknown. 

However, the spectral projection under the magnetic field gradient (Fig. 2a) can be 

approximately obtained by a convolution process of the zero-gradient spectrum s0 (Figs. 2b 

and 2c for a 1D example) and a flipped apparent spatial distribution 𝑡̂௔ of the signal (Fig. 

2d). We imposed the spectral differences at each position onto the spatial distribution of EPR 

signals in fitting the spectral projection fG under a magnetic field gradient G: 

𝑓 ሺ𝐵ሻ ൎ න 𝑡̂௔ሺ𝑮,𝛽ሻ𝑠଴ሺ𝐵 ൅ 𝛽ሻ
ஶ

ିஶ
𝑑𝛽,     ሺ7ሻ 

where  is a parameter of the convolution integral. This apparent spatial distribution differs 

from the actual spatial distribution of the signals. To fit the measured spectral projection fG by 

Eq. (7) (Figs. 2e and 2f), the apparent spatial distribution of the signal was obtained by the 

following optimization problem: 
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arg min
௧መೌ

1
2
‖𝑓௠௘௔௦ െ 𝑓௖௢௠௣‖ଶ

ଶ ൅ 𝜆‖∇𝑡̂௔‖ଵ,    ሺ8ሻ 

where f comp is the computed spectral projection [fG in Eq. (7)],  is a coefficient of the 

regularization term, ‖∇𝑡̂௔‖ଵ denotes the total variation of the flipped apparent spatial 

distribution [36]. After we found the flipped apparent spatial distribution of the signal, we 

approximately obtained the spectral projection f–G under the reversed magnetic field gradient 

–G (Figs. 2g and 2h) using the apparent spatial signal distribution ta:  

𝑓 ீሺ𝐵ሻ ൎ න 𝑡௔ሺ𝑮,𝛽ሻ𝑠଴ሺ𝐵 ൅ 𝛽ሻ
ஶ

ିஶ
𝑑𝛽.    ሺ9ሻ 

Although this approach is not exact, it gave approximately a spectral projection under a 

reversed magnetic field gradient. In our approach, 4D image reconstruction is performed 

using ART, so at this stage of numerical synthesis of spectra, it is sufficient to obtain the 

spectral projection without knowing the spectral variations of each position. 

 The 1D profile ta can be obtained by the optimization problem with the known zero-

gradient spectrum and the measured spectral projection at each magnetic field gradient [36]. 

This problem is essentially a deconvolution process; however, an approach using the 

optimization problem can overcome the drawbacks due to the division-by-zero problem and 

blurring with filtering in the deconvolution process in the Fourier domain. We obtained the 

1D profile ta using a hill-climbing search, which is a simple optimization algorithm. 

 Based on this concept, image degradation can be prevented by synthesizing spectral 

projections even though the number of measured spectral projections is reduced. In the 

standard filtered back-projection (FBP) method, the directions of magnetic field gradients for 

recording spectral projections are in the range of polar coordinate angle –/2 to +/2. Spectral 

projections with the opposite magnetic field gradients are not usually recorded. However, 

each spectral projection is used to update the image sequentially in the ART. Therefore, 
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spectral projections overlapping with the spectra recorded in the opposite magnetic field 

gradients are also effective for reconstructing the image with ART. 

 In our previous reports on 4D spectral-spatial EPR imaging, 15-step magnetic field 

gradients were applied in the x-, y-, and z-directions (total projections 153 = 3375) [15, 32–

34]. In this article, we reduced the number of spectral projections in one direction (15  15  

p) as a proof-of-concept experiment (15  p  8) (see suppl. Fig. S1 in ESM). Regarding 

compressed sensing in MRI, k-space data can be directly acquired in random under-sampling 

as a subset of measurements, removing artifacts in image reconstruction [25]. We could also 

randomly obtain EPR spectral projections in the x-, y-, and z-directions as in MRI, in the 

future. 

 

Numerical phantom for testing image reconstruction 

To test our ART code, we first reconstructed the 4D image using a numerical phantom that 

mimicked three homogeneous solutions in tubes with different peak-to-peak EPR linewidths. 

The peak-to-peak Lorentzian linewidths were set to 33, 39 and 46 T, roughly mimicking the 

linewidths of 1.0, 1.5, and 2.0 mM nitroxyl radical solutions (see the next section) under air-

saturated conditions. To obtain the Voigt function (convolution of the Lorentzian function and 

Gaussian function), we set the full width at half maximum (FWHM) of the Gaussian function 

to 30 T. The image matrix was 72 × 72 × 72 × 512 (three spatial dimensions and one spectral 

dimension). The spectral window was 1.5 mT. The field-of-view (FOV) was 50 mm × 50 mm 

× 50 mm in 3D space. A field gradient setting with 15 steps was used for the numerical 

phantom simulation with a maximum field gradient of 30 mT/m for each direction. Under 

these conditions, we generated 3375 noise-free spectral projections under magnetic field 

gradients using Eq. (6). Another set of spectral projections with white noise was also 

generated, where the maximum noise amplitude was 5% of the EPR signal amplitude. 
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Chemicals 

The nitroxyl radical 4-oxo-2,2,6,6-tetramethylpiperidine-d16;1-15N-1-oxyl (15N-PDT) was 

purchased from CDN Isotopes (product no. M-2327, Quebec, Canada). The nitroxyl radical 

trans-3,4-dicarboxy-2,2,5,5-tetra(2H3)methylpyrrolidin-(3,4-2H2)(115N)-1-oxyl (2H,15N-DCP) 

was synthesized as previously reported [16]. All chemicals used were of analytical grade. 

 

Sample solutions 

The nitroxyl radical 15N-PDT was dissolved in phosphate-buffered saline (PBS) and used in 

concentrations of 1.0, 1.5, and 2.0 mM. Sample tubes (5.8 mm in inner diameter and 50 mm 

long) were filled with air-saturated 15N-PDT solutions (0.5 mL each) and sealed with 

Parafilm. Three sample tubes were placed in the resonator with a sample holder made of 

cross-linked polystyrene. 

 

Animal preparation 

All animal experiments were performed in compliance with the “Law for The Care and 

Welfare of Animals in Japan” and approved by the Animal Experiment Committee of 

Hokkaido University (approval no. 20-0118). Six-week-old BALB/c-nu/nu male mice were 

purchased from Japan SLC (Hamamatsu, Japan) and housed at five mice per cage in a 

climate-controlled room with a 12-h light 12-h dark cycle and room temperature of 23 ºC. The 

mice could access standard mouse diet and water ad libitum. They were acclimated to their 

environment for a week before cell inoculation. The human-derived pancreatic ductal 

adenocarcinoma cell line Hs766T was purchased from the American Type Culture Collection 

(ATCC, Manassas, VA). Approximately 10 million Hs766T cells were subcutaneously 

inoculated into the right hind legs of mice. Tumors developed over 9–16 weeks until the 
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tumor volume reached 900 to 1000 mm3. The mice were 16–23 weeks old and weighed 20–22 

g at the time of EPR and MR image scanning. 

 

EPR spectrometer and imager 

A 750-MHz laboratory-built CW-EPR spectrometer/imager was used for EPR measurements. 

This spectrometer/imager has been reported previously [18]. In brief, a multi-coil parallel-gap 

resonator with a sample space of 22 mm diameter and 30 mm long was used in the reflection-

type EPR bridge [37, 38]. The conversion efficiency of the RF magnetic field was 32 T/W1/2 

at the center of the resonator. A permanent magnet system (static magnetic field 26.8 mT) 

was used with the coils of magnetic field gradients and the magnetic field scanning coil. The 

quality factor of the unloaded resonator was 420. Also, the quality factor with the 15N-PDT 

sample solutions was 330. For reference, when a tumor-bearing leg was inserted into the 

resonator, the quality factor was down to 100 or even lower [39]. 

 

EPR imaging of the sample solutions 

Sample solutions with three different concentrations of 15N-PDT were placed in the resonator. 

The measurement parameters for EPR imaging were as follows: incident RF power 0.9 mW, 

magnetic field scanning 1.5 mT, field scan duration 100 ms, magnetic field modulation 0.04 

mT at 90 kHz, time constant of lock-in amplifier 0.1 ms, number of data acquisition points 

per scan of 512, and maximum magnetic field gradient of 30 mT/m for each direction. The 

central magnetic field was set at a low field component of the EPR absorption peaks of 15N-

PDT. The number of projections was set to 153 (3375). The total acquisition time was 7.5 

min. EPR imaging of the sample solution was conducted at room temperature. The spin 

system was below saturation and in the linear response region. 
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In vivo EPR imaging of the mouse xenograft models 

The Hs766T tumor xenograft model was measured to perform Lorentzian linewidth mapping. 

For spectral-spatial EPR imaging, a tumor-bearing mouse was anesthetized by inhalation of 

isoflurane (1.3–2.0%). The subject mouse was placed prone on a mouse-holder made of cross-

linked polystyrene. The right tumor-bearing leg of the subject mouse was placed in the RF 

resonator. Mouse body temperature and respiration were monitored with a fiber optic 

temperature sensor and a small air-pressure sensor. Mouse body temperature was maintained 

at 37.0 ± 0.5 °C by heated airflow regulated by a small-animal monitoring system (Model 

1025, SA Instruments, Inc., Stony Brook, NY, USA). 2H,15N-DCP was dissolved in 5 mM 

PBS (salinity 69 mM), and the solution was adjusted to pH 7.4 by adding NaOH or HCl. The 

mouse tail vein was cannulated for the intravenous injection of 2H,15N-DCP. The infusion of 

2H,15N-DCP (0.4 mmol/kg body weight) was conducted over 40 s. 2H,15N-DCP has narrower 

EPR absorption peaks and a longer lifetime of EPR signals than 15N-PDT in subject mice. The 

EPR signal acquisition was started 1 min after the infusion of 2H,15N-DCP was completed. 

The measurement parameters of in vivo EPR imaging were as follows: incident RF power 

18.2 mW, magnetic field scanning 1.5 mT, field scan duration 100 ms, magnetic field 

modulation 0.04 mT at 50 kHz, time constant of lock-in amplifier 0.1 ms, number of data 

acquisition points per scan 512, and maximum magnetic field gradient of 30 mT/m. The total 

acquisition time was 7.5 min for 3375 projections. The number of spectral projections was 

retrospectively reduced to investigate the influence of the number of spectral projections on 

the resulting quality in linewidth mapping. In 4D ART processing, the FWHM of the 

Gaussian function was set to 39.2 T to compute the Voigt function for 2H,15N-DCP. 

 

Results 

Image reconstruction test with a numerical phantom 
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To test our computation code for 4D spectral-spatial image reconstruction, we performed 3D 

linewidth mapping with the spectral projections generated from the numerical phantom 

(Maximum noise amplitude was set to 5% of the EPR signal amplitude). We could 

reconstruct the linewidths in the numerical phantom in 3D space. A schematic illustration of 

the numerical phantom is shown in Fig. 3a, and the three pillars have different Lorentzian 

linewidths. First, the convergence profile of linewidths in each pillar is given in Fig. 3b. After 

30 iterations of ART processing, the mean linewidths converged for the three pillars and ART 

processing was terminated. The plots and error bars of the convergence profiles show the 

mean and standard deviation (SD) of the linewidth data for each pillar. The reconstructed 

linewidths were 33.24  0.58 T for pillar #1, 39.17  0.55 T for pillar #2, and 45.98  0.54 

T for pillar #3 (mean  SD) at the 30th iteration. The relative standard uncertainty (SD/| 

mean |), a measure of uncertainty in linewidth mapping, showed the lowest value at pillar #3 

(0.54 T/45.98 T = 0.012). The computation time of a single cycle of ART processing with 

3375 spectral projections was 17 min. The reconstructed spectra at the center of each pillar 

and residuals are shown in Fig. 3c. Furthermore, volume rendering of the linewidth map is 

provided in Fig. 3d. The corresponding histogram of the linewidths for each pillar is shown in 

Fig. 3e. To evaluate the reconstructed image quality, we obtained the normalized root-mean-

square error (NRMSE) of the linewidths in the reconstructed image with various numbers of 

spectral projections [3375 (15  15  15), 2475 (15  15  11), and 1800 projections (15  15 

 8)], as shown in Fig. 3f. We used the linewidths in the numerical phantom as the ground 

truth. While this NRMSE profile reflects the degradation of linewidth mapping, no 

remarkable difference in NRMSE was shown at the 30th iteration of ART. All NRMSE data 

with 5% white noise is listed in Suppl. Table S2 (see ESM). 

 

Experimental verification of the partial acquisition strategy with a sample solution 
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To further test 4D spectral-spatial image reconstruction and to demonstrate the partial 

acquisition strategy with computational spectral synthesis, we measured 15N-PDT sample 

solutions (Fig. 4a). A volume-rendered image of the double-integrated EPR signal intensities 

depicts the geometry of the sample solution in Fig. 4b. The convergence profile of the 

linewidths in 4D spectral-spatial data is given in Fig. 4c for a complete set of spectral 

projections. In Fig. 4d, we compared the reconstructed spectra with the complete set (3375) of 

spectral projections and a subset (1800) of spectral projections with computational spectral 

synthesis. Figure 4e shows the NRMSE for the 3D linewidth maps for the three cases of 

spectral projections. The linewidth map at the 30th iteration of the ART processing was used 

as the reference map of NRMSE. Figure 4f shows the slice-selective map of the linewidths for 

the three tubes at the center of the sample solution in three cases: (i) the complete set of 

spectral projections (3375); (ii) the subset of spectral projections (1800); and (iii) the subset 

of spectral projections (1800) with computational spectral synthesis. All images were 

obtained at the 30th iteration of the ART processing. Furthermore, Fig. 4g shows the 

linewidth histograms for each tube. In Fig. 4g, the relative standard uncertainties of 

linewidths for three solutions were (i) 0.039, 0.022, and 0.017 for 3375 projections, (ii) 0.081, 

0.055, and 0.102 for 1800 projections, and (iii) 0.088, 0.091, and 0.027 for 1800 projections 

with computational spectral synthesis. In the NRMSE computation, the linewidth map with a 

complete set of spectral projections was considered to be a reference map. This imaging of the 

sample solutions confirmed the recovery of the linewidth mapping quality with computational 

spectral synthesis. As a result, we demonstrated the feasibility of the partially acquiring 

strategy for spectral projections and computational spectral synthesis. 

 

In vivo linewidth mapping in a mouse xenograft model 
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To demonstrate our strategy in 4D spectral-spatial imaging with mouse xenograft models, we 

scanned a mouse Hs766T tumor-bearing leg by EPR imaging. A volume-rendered image of 

linewidths of 2H,15N-DCP in the tumor-bearing leg is depicted in Fig. 5a. Scattered red voxels 

(broader linewidths) appeared around the tumor-bearing leg because remarkable errors in 

linewidth estimation are induced at voxels with low signal intensities. A double-integrated 

EPR signal intensity map, reflecting the radical concentration, is given in Fig. 5b. The 

linewidth map is shown in Fig. 5c. Both maps were selected at the sagittal plane shown in 

Fig. 5a. The histogram of the 3D linewidth map is provided in Fig. 5d. Furthermore, we 

retrospectively reduced the number of spectral projections and computationally synthesized 

the spectral data before ART processing. Figures 5e and 5f show the linewidth maps with 

various numbers of spectral projections with and without spectral synthesis. Representative 

reconstructed EPR spectra are shown in Fig. 5g to compare them at voxels A and B indicated 

in Figs. 5c, 5e, and 5f. After spectral fitting using the Voigt function, the Lorentzian 

linewidths were obtained at voxel A: 25.0 µT for 3375 spectral projections, 28.9 µT for 1800 

spectral projections, and 26.1 µT for 1800 spectral projections with spectral synthesis, and at 

voxel B: 28.9 µT for 3375 spectral projections, 33.0 µT for 1800 spectral projections, and 

28.5 µT for 1800 spectral projections with spectral synthesis. The quantitative evaluation 

(NRMSE) of those maps is shown in Fig. 5h. We used the linewidth map with a complete set 

of spectral projections (Fig. 5c) as the reference for NRMSE computation. ART processing 

was terminated at the 10th iteration. When the subject mouse underwent EPR imaging, it was 

23 weeks old. The mouse’s body weight was 20.8 g, and the tumor volume reached 990 mm3. 

 

Discussion 

For 4D spectral-spatial imaging with a numerical phantom, our results regarding the mean 

linewidths in each pillar agreed with the linewidth setting in the numerical phantom. The 
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relative standard uncertainty under the noise-free condition defines the lower limit of the 

scattering of the linewidths in image reconstruction. In the histogram, the three peaks of the 

linewidths were separated, as in a previous report [15]. These results indicate that our 4D 

image reconstruction code worked correctly. We concluded that our 4D reconstruction code 

could be used for spectral-spatial imaging experiments. The linewidths for the three pillars 

converged after the 20th iteration of the ART process (Fig. 3b). However, since the 

convergence profile could differ in another sample, one should pay attention to the 

convergence of the lineshapes in the 4D image data. We achieved the relative standard 

uncertainty of 0.012 in the numerical model with white noise; however, standard uncertainty 

can depend on the noise level of the experimental projection data. 

 We retrospectively applied our partial acquisition approach to the data measured using 

the sample solution. In Fig. 4e, the NRMSE value of the linewidth map for 1800 projections 

with computational spectral synthesis was lower than that with 1800 projections. In Fig. 4f, 

the shape of linewidth maps for the tubes with 1800 projections became larger than in other 

cases. This difference was due to the blurring of the image. In Fig. 4g, the relative standard 

uncertainties of linewidths for three solutions are comparable to the previous results of 

linewidth mapping for 2H,15N-DCP solution [15]. For the linewidth histograms for the 2.0 

mM sample solution in the middle and right panels in Fig. 4g, the relative standard 

uncertainties were 0.102 and 0.027, respectively. However, there is no significant difference 

when looking at both histograms. We further examined the data for the linewidths. The 

maximum and minimum values in the linewidth data for the 2.0 mM sample solution were 

4.50 and 48.60 µT, respectively, for the data set of 1800 spectral projections and 40.70 and 

47.40 µT, respectively, for the data set of 1800 spectral projections with spectral synthesis. 

Some outliers led to a larger standard uncertainty in the former linewidth data. However, 

those outliers were not depicted in the histogram in Fig. 4g (middle panel). This is the reason 
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for the significant difference in the relative standard uncertainties (for outliers, see Suppl. Fig. 

S2 in ESM). Our results suggest that computational synthesis of the spectral projections partly 

recovers the quality of the linewidth map degraded with fewer spectral projections. While the 

improvement in the error of the spatial map (Fig. 4f) was visible, the improvement in the 

linewidth histograms (Fig. 4g) was modest compared to the alteration in the spatial map in 

our experiments. However, this finding is encouraging for mapping the linewidths in mouse 

xenograft models. If there is redundancy of the information (intensity and spectral variations) 

in a sample for a specific direction, we could reduce the number of spectral projections in this 

direction with less impact on the resultant image. In our experiments, we reduced the 

measured spectral projections in the x-direction, which is the axis of the cylindrical sample 

space. From the complete set of spectral projections in the 3D raster MFG settings, several 

MFG settings from the foremost strong magnetic field gradient were removed in the 

sacrificed direction for comparison of the image quality. 

 We further demonstrated our 4D spectral-spatial mapping in mouse xenograft models. 

The Hs766T xenograft tumor model is known to be hypoxic [40]. The results of the linewidth 

map show narrow peak-to-peak linewidths in a tumor xenograft, close to the linewidth of 

2H,15N-DCP solution under the oxygen-free condition (20 T at 1 mM 2H,15N-DCP [15]). The 

linewidth map suggests that some of the Hs766T tumor is hypoxic and has a low agent 

concentration. This result is consistent with the previous report of tumor oxygen mapping in 

the Hs766T xenograft model [39]. The results of linewidth mapping with the xenograft model 

suggest that our 4D spectral-spatial imaging with the partial acquisition strategy can reflect 

the spectral lineshape of the imaging agent in vivo. Although the information redundancy in 

the mouse tumor-bearing leg is unknown a priori, the length of the tumor-bearing leg in the 

cylindrical axis of the resonator is usually longer than the tumor dimensions in perpendicular 

directions. Considering this, it might be appropriate to set the sacrificed direction to be the 
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cylindrical axis of the resonator (the x-direction). However, this is not always appropriate and 

depends on the sample. 

 Conceptually, ART can be applied to arbitrary incomplete sets of projections. However, 

in general, many projections give a better-reconstructed image quality than fewer projections. 

While a spectral projection in the direction opposite the magnetic field gradient has similar 

spatial information (but flipped) as formalized, it still contributes to the quality of image 

reconstruction. Since we update the 4D image data spectral projection-by-spectral projection, 

additional spectral projections should have the same effects as iteration on the ART process, 

updating and converging the 4D image data. Increasing the spectral projections improved the 

reconstructed 4D image, partly recovering its quality. This improvement in the 4D image 

quality is due to additional constraints that have a role in strengthening the data fidelity of the 

image. 

 Our approach has several limitations. First, to enable the computational synthesis of 

spectral projections, the magnetic field gradients must be linear and there must be no 

hysteresis in the intensity of magnetic field gradients. Moreover, filter characteristics and 

delays in magnetic field scanning should not damage the measured spectral projections. The 

performances of these EPR spectrometer/imager instruments are essential in our approach. 

Moreover, this article focused on reducing the spectral projections in one direction. However, 

another approach, such as random selection in the MFG settings, to reduce spectral 

projections could be considered further. Also, an approach to identify which projections can 

be skipped without compromising the image quality would be helpful for the future practice 

of the proposed concept. However, since the object image is unknown a priori, it is difficult to 

identify “skipped projections” before conducting image acquisition at the present 

development stage. Thus, this issue should be further investigated. 
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 Based on the mathematical modeling given in Eqs. (2)–(4), we could computationally 

synthesize the spectral projections from the measured projections. Even if the incorrect 

adjustment of the RF phase affects the EPR lineshape, our approach could take such an error 

into account. The additional spectral projections help recover the image quality even when 

some measured spectral projections are removed, as demonstrated in the results. Also, the 

proposed approach of reducing the measured spectral projections accelerates data acquisition 

in spectral-spatial EPR imaging. Since small animal experiments always require fast 4D 

image acquisition, approaches that reduce the measured spectral projection are helpful. 

 Moreover, 4D spectral-spatial image reconstruction is time-consuming in general. ART 

processing for 30 iterations requires 12.5 h. Other approaches, like parallel computing and 

improved algorithms, could shorten this computation time. Furthermore, the scattering of the 

linewidths in 4D image reconstruction should be improved to obtain a more precise 3D 

linewidth map. To convert a linewidth map to a pO2 map, we must consider the influence of 

the imaging agent concentration, which also affects the EPR linewidth [41]. However, this 

problem is beyond the scope of this article. 

 

Conclusion 

An approach for reducing spectral projections combined with a computational spectral 

synthesis was demonstrated for a sample solution and a mouse tumor xenograft model. The 

results proved that an acceleration of 4D spectral-spatial imaging (46.7% reduction of the 

acquisition time) could be achieved with less degradation of image quality. This decrease in 

the time required for data acquisition in CW-EPR imaging partly solves the technical 

drawback in 4D spectral-spatial imaging in small animal experiments. 
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Figure Legends 

Figure 1: Flowcharts of processing for the algebraic reconstruction technique (ART) (a) and 

for synthesizing spectral projections (b). In flowchart a, parameter k represents the total 

number of magnetic field gradients, j indicates the index of the magnetic field gradients, and q 

denotes the number of iterations for the ART process. In flowchart b, G represents the 

magnetic field gradient vector, ta represents an apparent spatial distribution of EPR signals, 

and s0 means the zero-gradient spectrum. A “hat” notation means the flip of the spatial 

profile. 

 

Figure 2: Concept of the partial acquisition of spectral projections and the computational 

synthesis of spectral projections. (a) Magnetic field gradients in the z-direction, (b) schematic 

cross-section of two sample tubes, (c) zero-gradient spectrum of 15N-PDT (the absorption 

peak at the lower field), (d) flipped apparent signal profile 𝑡̂௔, (e) EPR spectral projections of 

15N-PDT under a magnetic field gradient Gz = +50 mT/m, (f) fitted spectral projection (red), 

(g) EPR spectral projections of 15N-PDT under a magnetic field gradient Gz = –50 mT/m, and 

(h) computationally synthesized spectral projection (red). 

 

Figure 3: Four-dimensional spectral-spatial imaging of a numerical phantom with ART. (a) 

A numerical phantom having different linewidths in 3D space, (b) convergence profile of 

peak-to-peak linewidths for three pillars, (c) reconstructed first-derivative EPR spectral 

lineshapes at the center of each pillar, and differences (reconstructed spectrum – given 

spectrum), (d) the volume-rendered image of peak-to-peak linewidths, (e) histograms of peak-

to-peak linewidths for three pillars, and (f) normalized root-mean-square error (NRMSE) of 

the linewidth map with various reduction ratios of measured spectral projections. In panel b, 

the plots and error bars represent each pillar’s mean and standard deviation (SD) of the 
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linewidth data. In panel d, the image matrix is 48  48  48, and the field-of-view (FOV) is 

33.3 mm  33.3 mm  33.3 mm. The obtained linewidths are 33.24  0.58 T for pillar #1 

(33T), 39.17  0.55 T for pillar #2 (39T), and 45.98  0.54 T for pillar #3 (46T) 

(mean  SD). The values in parentheses are the linewidths given in the numerical phantom. 

The results in panels c, d, and e were obtained at the 30th iteration of ART processing.

 

Figure 4: 4D spectral-spatial imaging of a nitroxyl radical sample solution. (a) Photograph of 

glass tubes containing nitroxyl radical solutions (0.5 mL each, 5.8 mm in inner diameter and 

approximately 20 mm in length), (b) surface-rendered image of the EPR signal intensity, (c) 

convergence profile of the linewidths with 3375 spectral projections, (d) comparison of 

spectra reconstructed with all and a subset of spectral projections as well as computational 

spectral synthesis, (e) NRMSE of the linewidth maps with the three cases of spectral 

projections, (f) linewidth map of nitroxyl radicals (concentration 1.0 mM, 1.5 mM, and 2.0 

mM), and (g) histograms of the linewidths for each solution. In panel f, the obtained 

linewidths with 3375 spectral projections are 33.66  1.31 T for a concentration of 1 mM, 

40.74  0.89 T for a concentration of 1.5 mM, and 45.38  0.76 T for a concentration of 

2.0 mM. [33.31  2.69 T, 40.35  2.22 T, and 44.42  4.55 T (1800 spectral projections); 

32.45  2.87 T, 39.75  3.63 T, and 44.27  1.20 T (1800 spectral projections with 

spectral synthesis)]. The image matrix of the surface-rendered image in panel b is 48  48  

48, and the FOV is 33.3 mm  33.3 mm  33.3 mm. This image was cut out from the image 

data of 72  72  72 and a FOV of 50 mm  50 mm  50 mm. The image matrix of slice-

selective linewidth maps in panel f is 48  48, and the FOV is 33.3 mm  33.3 mm. The 

results in panels d, f, and g were obtained at the 30th iteration of ART processing. The scale 

bar in panel f represents 5 mm. 
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Figure 5: EPR linewidth mapping in a mouse xenograft model. (a) Volume-rendered image 

of linewidths, (b) double-integrated EPR signal intensity map, (c) EPR linewidth map 

reconstructed from 3375 spectral projections, (d) histogram of the linewidths, (e, f) linewidth 

maps with and without the computational synthesis of spectral projections, (g) reconstructed 

EPR spectra at voxels A and B, and (h) NRMSE of the linewidth maps with and without 

spectral synthesis. In panel a, the image matrix of the volume-rendered image is 72  72  72, 

and the FOV is 50.0 mm  50.0 mm  50.0 mm. The image matrix of slice-selective EPR 

images is 48  48, and the FOV is 23.4 mm  23.4 mm. The scale bar represents 5 mm. ART 

processing was terminated at the 10th iteration. 
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Figure 1: Flowcharts of processing for the algebraic reconstruction technique (ART) (a) and 
for synthesizing spectral projections (b). In flowchart a, parameter k represents the total number 
of magnetic field gradients, j indicates the index of the magnetic field gradients, and q denotes 
the number of iterations for the ART process. In flowchart b, G represents the magnetic field 
gradient vector, ta represents an apparent spatial distribution of EPR signals, and s0 means the 
zero-gradient spectrum. A “hat” notation means the flip of the spatial profile. 
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Figure 2: Concept of the partial acquisition of spectral projections and the computational 
synthesis of spectral projections. (a) Magnetic field gradients in the z-direction, (b) schematic 
cross-section of two sample tubes, (c) zero-gradient spectrum of 15N-PDT (the absorption 
peak at the lower field), (d) flipped apparent signal profile 𝑡̂!, (e) EPR spectral projections of 
15N-PDT under a magnetic field gradient Gz = +50 mT/m, (f) fitted spectral projection (red), 
(g) EPR spectral projections of 15N-PDT under a magnetic field gradient Gz = –50 mT/m, and 
(h) computationally synthesized spectral projection (red). 
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Figure 3: Four-dimensional spectral-spatial imaging of a numerical phantom with ART. (a) A 
numerical phantom having different linewidths in 3D space, (b) convergence profile of peak-
to-peak linewidths for three pillars, (c) reconstructed first-derivative EPR spectral lineshapes at 
the center of each pillar, and differences (reconstructed spectrum – given spectrum), (d) the 
volume-rendered image of peak-to-peak linewidths, (e) histograms of peak-to-peak linewidths 
for three pillars, and (f) normalized root-mean-square error (NRMSE) of the linewidth map 
with various reduction ratios of measured spectral projections. In panel b, the plots and error 
bars represent each pillar’s mean and standard deviation (SD) of the linewidth data. In panel d, 
the image matrix is 48 ´ 48 ´ 48, and the field-of-view (FOV) is 33.3 mm ´ 33.3 mm ´ 33.3 
mm. The obtained linewidths are 33.24 ± 0.58 mT for pillar #1 (33 mT), 39.17 ± 0.55 mT for 



pillar #2 (39 mT), and 45.98 ± 0.54 mT for pillar #3 (46 mT) (mean ± SD). The values in 
parentheses are the linewidths given in the numerical phantom. The results in panels c, d, and 
e were obtained at the 30th iteration of ART processing. 
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Figure 4: 4D spectral-spatial imaging of a nitroxyl radical sample solution. (a) Photograph of 
glass tubes containing nitroxyl radical solutions (0.5 mL each, 5.8 mm in inner diameter and 
approximately 20 mm in length), (b) surface-rendered image of the EPR signal intensity, (c) 
convergence profile of the linewidths with 1800 spectral projections with spectral synthesis, 
(d) comparison of spectra reconstructed with all and a subset of spectral projections as well as 



computational spectral synthesis, (e) NRMSE of the linewidth maps with the three cases of 
spectral projections, (f) linewidth map of nitroxyl radicals (concentration 1.0 mM, 1.5 mM, 
and 2.0 mM), and (g) histograms of the linewidths for each solution. In panel f, the obtained 
linewidths with 3375 spectral projections are 33.66 ± 1.31 mT for a concentration of 1 mM, 
40.74 ± 0.89 mT for a concentration of 1.5 mM, and 45.38 ± 0.76 mT for a concentration of 
2.0 mM. [33.31 ± 2.69 mT, 40.35 ± 2.22 mT, and 44.42 ± 4.55 mT (1800 spectral 
projections); 32.45 ± 2.87 mT, 39.75 ± 3.63 mT, and 44.27 ± 1.20 mT (1800 spectral 
projections with spectral synthesis)]. The image matrix of the surface-rendered image in panel 
b is 48 ´ 48 ´ 48, and the FOV is 33.3 mm ´ 33.3 mm ´ 33.3 mm. This image was cut out 
from the image data of 72 ´ 72 ´ 72 and a FOV of 50 mm ´ 50 mm ´ 50 mm. The image 
matrix of slice-selective linewidth maps in panel f is 48 ´ 48, and the FOV is 33.3 mm ´ 33.3 
mm. The results in panels d, f, and g were obtained at the 30th iteration of ART processing. 
The scale bar in panel f represents 5 mm. 
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Figure 5: EPR linewidth mapping in a mouse xenograft model. (a) Volume-rendered image 
of linewidths, (b) double-integrated EPR signal intensity map, (c) EPR linewidth map 
reconstructed from 3375 spectral projections, (d) histogram of the linewidths, (e, f) linewidth 
maps with and without the computational synthesis of spectral projections, (g) reconstructed 
EPR spectra at voxels A and B, and (h) NRMSE of the linewidth maps with and without 



spectral synthesis. In panel a, the image matrix of the volume-rendered image is 72 ´ 72 ´ 72, 
and the FOV is 50.0 mm ´ 50.0 mm ´ 50.0 mm. The image matrix of slice-selective EPR 
images is 48 ´ 48, and the FOV is 23.4 mm ´ 23.4 mm. The scale bar represents 5 mm. ART 
processing was terminated at the 10th iteration. 
 


