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Abstract

Electron paramagnetic resonance (EPR) spin-lattice relaxation (SLR) oxygen imaging has proven 

to be an indispensable tool for assessing oxygen partial pressure in live animals. EPR oxygen 

images show remarkable oxygen accuracy when combined with high precision and spatial 

resolution. Developing more effective means for obtaining SLR rates is of great practical, 

biological and medical importance. In this work we compared different pulse EPR imaging 

protocols and pulse sequences to establish advantages and areas of applicability for each method. 

Tests were performed using phantoms containing spin probes with oxygen concentrations relevant 

to in vivo oxymetry. We have found that for small animal size objects the inversion recovery 

sequence combined with the filtered backprojection reconstruction method delivers the best 

accuracy and precision. For large animals, in which large radio frequency energy deposition might 

be critical, free induction decay and three pulse stimulated echo sequences might find better 

practical usage.
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1. Introduction

Imaging oxygen in the tissues of living animals and eventually in humans has profound 

health related consequence. Of the causes of human death worldwide, the four leading 

causes result from local tissue oxygen starvation. In first world countries seven of the 
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leading causes are from local tissue oxygen starvation. [1] The value of oxygen images 

increases as their ability to absolutely quantify the average local pO2 in image voxels 

increases. More accurate pO2 quantification allows repeated image to be obtained with more 

highly resolved pO2 changes in local tissue. [2] EPR oxygen measurements and images have 

until recently relied on the increase in transverse relaxation rates (R2=1/T2, where T2 is the 

relaxation time) through Heisenberg spin exchange. [3-6] Since our very early in vivo 

oxygen image [7], a number of groups have published important contributions using EPR 

imaging including pulse imaging. [8-11] Recently we demonstrated that spin-lattice 

relaxation (SLR or R1) based electron paramagnetic resonance (EPR) oxygen images that 

use soluble spin probes are superior to their phase relaxation based analogs [12]. Spin probe 

relaxation rates are linearly related to the oxygen tension of molecular oxygen when 

dissolved in the same solution. This facilitates high precision measurements and imaging of 

the oxygen tension in live animal tissues [13]. Although the SLR rates of typical spin probes 

are similar to phase relaxation rates, they carry much less dependence on other factors such 

as salinity and, especially, spin probe concentration self-relaxation or broadening. This 

property of SLR imaging makes it possible to obtain nearly absolute oxygen images, greatly 

advancing the field of in vivo oximetry.

A number of approaches to oxygen imaging are possible. The development of trityl spin 

probes with multi-microsecond relaxation times has enabled in vivo EPR oxygen images 

using pulse techniques, pioneered by the Biophysical Spectroscopy group at the National 

Cancer Institute[10, 14] and further pursued in our laboratory. [11, 15] More traditional 

spectral spatial images [16, 17] will not be discussed here. In this paper we examine 

different R1 imaging methods.

2. Pulse sequences and Imaging Methods

At present, the two major methodologies for pulse EPR in vivo imaging are: electron spin 

echo (ESE) imaging and single point imaging (SPI). Both account for the instrumental 

limitations imposed by microsecond-long spin probe electron relaxation times: the imager's 

dead time as compared with the life time of the signal and static gradients of the magnetic 

field.

Similarly to MRI [18], it is convenient to discuss pulse EPR imaging methodologies in terms 

of k-space, the complimentary Fourier space of the image. Every point of the EPR time 

domain signal at time t can be directly mapped into k-space using the simple relation k=γGt, 
where G is the three- dimensional vector of the static magnetic field gradient and γ is the 

electron gyromagnetic ratio. Three dimensional uniform image acquisition requires k-values 

to be sampled on a cube defined by the vertices (−kmax, +kmax), where kmax is defined by 

the target image resolution.

ESE imaging utilizes the complete time trace of spin echo from the end of spectrometer dead 

time until time tmax corresponding to kmax. The maximum value of the echo (echo time, t = 

0) corresponds to k=0. The value of |G| is chosen to have a sufficient signal at time tmax. The 

single time trace radially crosses k-space, passing the center of the k-coordinates at the echo 

time. Typically, the same gradient strength |G| is chosen for every acquisition, while the 
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direction of the gradient vector is varied to cover the complete space. The implementation of 

the gradient sampling algorithm used here has two nested cycles, one for the polar and one 

for the azimuthal angle of the gradient. The angles are chosen to keep gradient vectors 

uniformly distributed on the unit sphere. To avoid image artifacts, signals at and around k = 

0 (t = 0) should be acquired. This precludes the use of free induction decays where the t = 0 

signal is buried in the dead time of the imager and requires the use of spin-echo sequences 

[11, 15]. ESE images in our laboratory are reconstructed using filtered backprojection (FBP) 

algorithms in a spatial domain. This means that time traces are Fourier transformed into a 

spatial domain prior to reconstruction. The major advantage of ESE imaging is its highly 

efficient use of data. As a result, most of the acquired echo time trace can be used. 

Unfortunately, the resulting k-space density sampling does not show optimum results. The 

samples are very dense around the center of k-space but sparse on the periphery. This 

complicates image reconstruction and is a source of image artifacts.

The SPI method is based on a different principle. A single point at time t = τ on the time 

trace is used to obtain a single k-space value kijk=γGijkτ [14, 19, 20]. A different gradient 

vector Gijk is selected for the acquisition of each k-space point. Naturally, the dead time of 

the imager has no effect on the SPI as any acquisition time τ can be chosen. Using the SPI 

method, no back projection is required and k-space can be sampled in any direction desired, 

although a rectangular grid is usually chosen. Data acquisition requires three nested loops, 

one for each Cartesian coordinate. The data taken along each Cartesian direction forms a 

pseudo-echo. The final image is obtained by a three dimensional Fourier transformation of 

these pseudo-echos. More sophisticated methods for k-space sampling were described 

elsewhere [21]. These can reduce the acquisition burden imposed by the necessity to acquire 

the number of time traces equal to the number of voxels in the resulting image.

Both ESE and SPI methodologies provide high quality EPR images of relaxation times and 

are used for tissue oxymetry. Both methodologies can also be used to determine R1 (SLR). 

We examined three conventional pulse sequences to determine R1 [22] combined with these 

methodologies:

• Inversion recovery (IRESE and IRSPI)

• Stimulated echo (SE, ESE methodology only)

• Saturation by fast repetition (SFR ESE and SFR SPI)

The first type of R1 sequence, inversion recovery (Figs. 1A and 1B), inverts spin 

polarization by using a broadband π pulse. The recovery is measured as a function of the 

delay, T, after the inversion pulse (Fig. 2A). IRESE was used in our earlier publication [12]. 

The proportionality coefficient A in Fig. 2A, less than or equal to two, accounts for the 

incomplete inversion which may be due to RF field inhomogeneity in the resonator and the 

limited bandwidth of the inversion pulse. The delay τ (Fig. 1A) is fixed with a minimum 

value limited by the dead time of the imager. The bandwidth of the echo detected inversion 

recovery sequence with ESE detection, IRESE (Fig. 1A), is approximately equal to the 

bandwidth of the two-pulse ESE detection sequence. The inversion recovery sequence for 

SPI, referred to as IRSPI, utilizes FID detection (Fig. 1B). The bandwidth of this sequence is 

equal to that of a single RF pulse.
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The second sequence, SE (Fig. 1C), is the three-pulse ‘stimulated’ echo sequence. In this 

sequence the π pulse of the two-pulse ESE experiment is split into two π/2 pulses separated 

by a time T. After the first two π/2 pulses, the magnetization is stored along the z-axis 

(longitudinal axis) . Different delays T probe the magnetization decay. The third π/2 pulse 

rotates the z-component back into the transverse xy-plane where it gives rise to a stimulated 

echo at fixed time τ after the third pulse. The amplitude of the SE signal decays as T 

increases, as shown in Figure 2B. This sequence has nearly twice the bandwidth of the two-

pulse ESE (and thus also the IRESE) sequence with the same RF pulse length [23]. By 

applying longer RF pulses with the same overall sequence bandwidth the applied power can 

be reduced, thereby also reducing the specific absorption rate (SAR) in living subjects. This 

factor may be crucial to human applications.

In the SFR experiment (Figs. 1D and 1E) the amplitude of the ESE or FID is measured as a 

function of repetition time, TR, for the respective sequence. As the repetition rate increases, 

the signal from the spin system saturates thus allowing the measurement of R1 (Fig. 2C).

We present a study of these R1 imaging methods using our 250 MHz pulse spectrometer 

[15].

3. Results

Spatial images obtained using ESE and SPI methodologies, are presented in Figures 3B and 

3C, respectively. Bottle phantoms with narrow line trityl OX063H radical were used [24]. 

The phantoms were placed in the resonator at an angle to the horizontal plane, as shown in 

Figure 3A. Figure 4 displays selected R1 images. The ESE and SPI images are very similar. 

In the figure, the SPI image appears slightly larger due to better SPI performance in the 

fringe field of the resonator. The results of R1 imaging of two phantoms with 0% and 9.3% 

of O2 (71 torr pO2 at physiologic temperature and atmospheric pressure) respectively are 

summarized in Table 3. This range of oxygen concentrations is relevant to hypoxia studies 

of animals [25-27]. The average across phantom relaxation times, as determined under non-

imaging conditions, is given for comparison. IRESE and SE pulse sequences with a large 

number of steps along T and long accumulation times were used. The SE sequence slightly 

overestimated R1 when compared to the inversion recovery sequence, probably due to the 

effect of spectral diffusion on relaxation time [22, 28]. The standard deviation of relaxation 

times for all voxels of homogeneous phantoms was used to estimate errors. Of all the ESE 

R1 imaging methods, the IRESE sequence demonstrated the smallest standard deviation, 4% 

of the absolute value for 0% O2 and 12% of the absolute value for 9.3% O2. SE showed a 

slightly worse performance, with a standard deviation of 5% of the absolute value for 0% O2 

and 17% for 9.3% O2. For the 0% O2 phantom the SFR methods demonstrated large 

standard deviations. For the 9.3% O2 phantom the SFR methods were unable to produce an 

R1 image because R1 was too fast to become saturated by the highest repetition rate our 

power amplifier can achieve (~7% duty cycle). As with the ESE sequences, the IRSPI 

sequence demonstrated much better performance (6% and 14% for 0% O2 and 9.3% O2, 

respectively) than the SFR SPI, but a slightly worse performance than IRESE.
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For all studied sequences the R1 errors were growing faster than R1 itself. Many 

experimental and instrumental settings may lead to this result. The dead time of the imager 

defines the shortest acquisition delay (630 ns in this study). For the ESE sequence, the 

attenuation of the signal at this delay is ~23% for the hypoxic sample and more than 60% for 

9.3% O2 sample. This explains a factor of 2 difference in imaging errors. In addition, the 

delay times in pulse sequences were optimized to capture both high and low R1. This again 

favored the measurement precision for slow relaxation rates as the sequences with long 

delays generated no signal for 9.3% O2 sample.

4. Discussion

Since the imaging parameters for each type of image were chosen in order to produce 

similar spatial resolution, only the relaxation time accuracy needed to be considered as a 

figure of merit. A major factor affecting image accuracy is the signal to noise ratio (SNR). 

Assuming that for each methodology the imager noise characteristics are the same, the 

image SNR will be governed by the amplitude of the signal, the effect of SLR on this signal 

and the number of signal acquisitions per unit of time (acquisition rate). Inversion recovery 

has the greatest SLR effect on the signal; it is double that of other sequences, since the 

evolution of the signal from negative to positive is monitored. The amplitude of the SLR 

effect for SFR is proportional to exp(-R1*TR
MIN), where TR

MIN is the shortest TR in an 

experiment. In our instrument, TR
MIN was governed by the duty cycle of the power 

amplifier. For 9.3% O2 phantom, the imager did not produce sequences with a TR low 

enough to cause a substantial saturation effect on the echo or FID amplitude. This eliminated 

the feasibility of using SFR imaging for our instrument. The performance of the SE method 

is worse than that of IRESE both because the echo amplitude is decreased by a factor of two 

[23] and because of the lower SLR effect on the echo amplitude. The SPI image SNR is 

lower than that of ESE since only one point of the time domain signal was used. However, 

when correctly estimating relaxation times in the absence of reconstruction artifacts, the SPI 

may become less dependent on the SNR [14, 19]. Accordingly, Table 3 demonstrates the 

advantage of IRESE over all SLR sequences, while SE and IRSPI show a similar, but 

slightly lower, performance.

Experimental advantages, however, can be gained from the considerably smaller power 

requirements of the SE and IRSPI sequences (Table 2). Of all the echo-based imaging 

methods, the SE images (which require a power amplifier with only 1/25th of peak power), 

demand the least peak power and the lowest average power for the same bandwidth. The 

power required for RF pulses with identical B1 increases proportionally with the resonator 

volume. Applying SLR imaging to larger animals may require larger resonators and more 

power than currently available sources can deliver. Thus the lower RF power requirements 

may make SE and IRSPI sequences attractive for large subject imaging. The lower average 

power deposition may also make these sequences favorable for human applications.

5. Conclusions

This work demonstrates that in the absence of power deposition restrictions, an inversion 

recovery sequence combined with the filtered backprojection reconstruction method delivers 
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the best R1 and pO2 accuracy and precision. For large animals, where minimization of radio 

frequency energy deposition might be critical, free induction decay single point imaging and 

three pulse echo filtered backprojection imaging might find better practical usage.

6. Materials and Methods

6.1 Spin probe

The spin probe used for the EPR imaging was the trityl OX063 radical methyl-tris[8-

carboxy-2,2,6,6-tetrakis[2-hydroxyethyl]benzo[1,2-d:4,5-d’]bis[1,3]dithiol-4-yl]-trisodium 

salt, molecular weight = 1,427 from GE Healthcare (Little Chalfont, Buckinghamshire, UK). 

Phantoms containing 1 mM solution of spin probe in normal saline (0.90% w/v of NaCl) 

were fabricated from Wheaton vials, flat-bottomed borosilicate glass cylinders with a 9.5 

mm inner diameter and 45 mm length. The 0% O2 sample was deoxygenated using a 

multiple-cycle freeze-pump-thaw technique and flame sealed. The 9.3% O2 sample was 

produced by bubbling the solution with a nitrogen-oxygen gas mixture and then sealing with 

epoxy.

6.2 Pulse imager and details of measurements

A versatile pulse 250 MHz imager was used to produce the images shown here, as has been 

described in detail elsewhere [15, 29]. A pulse amplitude modulation switch was added to 

produce π/2- and π- pulses of equal duration [30]. The maximum achieved duty cycle of the 

2 kW BT-2000 (TOMCO, Australia) power amplifier was 7%. This included 325 ns pre-

gating for each RF pulse. The duty cycle was the factor that limited repetition rates in SFR 

ESE and SFR SPI experiments. The imager control software SpecMan4EPR version 1.1.6 

[31] was used.

Pulse power optimization—Loop gap resonators may have a substantial non uniformity 

of the RF magnetic field. This results in different electron spin turning angles at different 

positions in the resonator. For the images we used RF powers that maximized the overall 

EPR signal from the phantom. This choice of power may have led to reduced SNR of certain 

phantom areas experiencing lower and higher than optimum turning angles.

Bandwidth measurements—Sequence bandwidths were measured using methodology 

presented elsewhere [15]. The amplitude of a narrow line EPR signal in the absence of 

gradients was plotted as a function of the homogeneous magnetic field. The frequency of the 

EPR signal, in this case, is different from the base frequency of the imager. This creates the 

ability to probe the frequency domain transfer function. This transfer function has 

contributions from the resonator, imager hardware and pulse sequence. The bandwidth is 

given at the EPR signal amplitude 3 dB point [15].

Pulse sequence parameters—The range of pulse sequence parameters was optimized 

for the given spin probe and instrumental capabilities. The minimum T in SE and IRESE 

were chosen as the shortest values that produced undisturbed echo traces. The 4-step, 16-

step and 64-step CYCLOPS were used for FID, IRESE and SE sequences, respectively.

Epel and Halpern Page 6

J Magn Reson. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Applied RF power—RF power was calculated using the formulae P = ΣtiPi / TR, where ti 
and Pi are the durations and powers of each pulse in the sequence respectively. TR is the 

repetition time. TR is the duration between first pulses of consecutive pulse sequences. For 

images where TR was changed during imaging, the applied power was averaged over all 

pulse sequences. Most of the RF power was deposited into the resonator resistive load (shunt 

resistor). Based on the comparison of loaded and unloaded resonator quality factors of about 

1 per cent, the power deposition into the sample is expected to be below 10% of the applied 

power.

6.3 Image parameters

To facilitate the image quality comparison, image acquisition time was fixed at 10 minutes. 

The settings for SPI and ESE images were chosen to have spatial resolution equal to 1.5 

mm. Tables 1 and 2 present the parameters of the SLR sequences. The repetition time for 

ESE sequences, TR, was adjusted to keep constant the delay between the last pulse in one 

sequence and the first pulse, TLF
R, of the next one. This repetition time definition allows 

longitudinal magnetization after the last pulse to relax equally for sequences of different 

durations. This method is more efficient than the conventional method in which the 

repetition time in the experiment is kept constant, independent of echo time and sequence 

length. The optimal repetition time in phantom experiments was determined as the shortest 

TR for which the sequence still provided correct R1 values. For correct determination of R1 

in inversion recovery experiments, the image recorded at a very long, essentially infinite, 

time T is very important. This image, however, is identical to the image recorded without an 

inversion pulse, which may be acquired in a shorter time. Thus in IRESE/IRSPI images, the 

image with T = 40 μs was replaced by an image obtained without an inversion pulse.

For all FBP images the same three-dimensional protocol [15, 32] was applied: 208 

projections corresponding to an 18x18 equal solid angle gradient spacing [33] were 

acquired; gradient strength was  mT/m; object field of view was 4.24 cm. A baseline 

(acquisition at 1.5 mT lower field) acquired every fourth trace (53 traces in all). To reduce 

FBP reconstruction artifacts, the acquired set of projections was linearly interpolated four-

fold [34] and filtered with a 3D Ram-Lak filter with a cutoff at one-half of the Nyquist 

frequency. In the images we kept only those voxels with signal amplitude greater than 15% 

of the maximum amplitude at the shortest delay. Standard deviation of the relaxation rates in 

a homogeneous phantom was used as an estimation of relaxation rate errors. Two outer 

layers of images were excluded from standard deviation calculations to avoid partial volume 

averaging artifacts. Further data acquisition and processing methods are discussed in detail 

elsewhere [15].

The SPI protocol involved the acquisition of FIDs at a fixed delay, tSPI (Table 1), with 

gradients corresponding to a 23×23×23 matrix (from -15 mT/m to +15 mT/m) in which only 

the gradients |G|≤15 mT/m were acquired. A baseline was acquired every 20th trace to 

suppress imager related artifacts. The 3D ‘pseudo-echo’ matrix was zero filled to a 

69×69×69 matrix and Fourier transformed to produce the final image.
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All data processing was performed using in-house software written in MATLAB (The 

Mathworks, Inc., and Natick, MA, USA).

6.4 Non-imaging vs. imaging conditions

Acquisition of imaging information requires considerable time. Therefore imaging protocols 

have to balance measurement precision with the duration of the experiment. As a result, the 

relaxation times in imaging protocols are estimated from only eight points on the decay 

curve. Such restrictions do not apply for non-imaging measurements on phantoms, which 

have more numerous (80 vs 8 for imaging) delays of a wider range (more than 2 times wider 

than for imaging).
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Highlights

1. A variety of pulse sequences can be used for pulse EPR imaging

2. Inversion recovery sequences deliver best accuracy and precision

3. Free induction decay and three pulse echo sequences show less average power 

deposition
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Figure 1. 
Pulse sequences for R1 measurements: A. IRESE; B. IRSPI; C. SE; D. SFR FBP; E. SFR 

SPI.
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Figure 2. 
The simulation of a single voxel's signal amplitude dependence: A. on T in inversion 

recovery experiments; B. on T in stimulated echo experiments; and C. on repetition time TR 

in saturation by fast repetition experiments. The simulated signals are normalized to 1. R1 

equal to 200·103 s−1 was used for simulation.
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Figure 3. 
A. Schematic drawing of a glass tube containing the spin probe in the 19 mm loop-gap 

resonator. Axial cut of the resonator is shown. The patterned elements represent resonator 

structures. B and C. The slices (~ 0.7 mm thickness) in the vertical plane of the EPR 

intensity images of 0% O2 phantom were obtained using ESE and SPI, respectively. The 

resonator structure is superimposed on the images for presentation purposes.
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Figure 4. 
The slices (~ 0.7 mm thickness) in the vertical plane of R1 images of 0% O2 phantom 

obtained using A. IRESE and B. IRSPI.
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Table 1

Pulse sequences and imaging protocols.

Protocol Description

Non-imaging conditions IRESE π-T-π/2-τ-π-τ-echo; 35 ns π/2 and π RF pulses; τ = 630 ns; 16-step phase cycling for detection sequence; 
80 T's logarithmically spaced between 0.5 μs and 32 μs; 80 μs repetition time; echo is integrated; T's are 
measured in random order.

Non-imaging conditions SE π/2-τ-π/2-T-π/2- τ -echo; 60 ns RF pulses; τ = 600 ns; 32-step phase cycling; 80 T's logarithmically 
spaced between 0.5 μs and 32 μs; 80 μs repetition time; echo is integrated; T's are measured in random 
order.

IRESE imaging π-T-π/2-τ-π-τ-echo; 35 ns π/2 and π RF pulses; time trace 1500 points with 4 ns dwell time; τ = 630 ns; 
16-step phase cycling applied only for detection sequence, 9600 acquisitions per T, including phase 
cycling; 8 T's logarithmically spaced between 0.41 μs and 14 μs; TLFR = 25 μs (see Section 6.3 for the 
definition); |G|=15 mT/m; imaging time 10 minutes.

SE imaging π/2-τ-π/2-T-π/2- τ -echo; 75 ns RF pulses; time trace 1500 points with 4 ns dwell time; τ = 550 ns; 16-step 
phase cycling, 12160 acquisitions per T, including phase cycling; 8 T's logarithmically spaced between 
0.44 μs and 14 μs; TLFR = 25 μs; |G|=15 mT/m; imaging time 10 minutes.

SFR imaging π/2-τ-π/-τ-echo; 35 ns π/2 and π RF pulses; time trace 1500 points with 4 ns dwell time; τ = 630 ns; 16-
step phase cycling, 16800 echoes, including phase cycling; 8 images with different repetition times 
logarithmically spaced between 10 μs (the shortest achieved) and 25 μs; |G|=15 mT/m; imaging time 10 
minutes.

IRSPI imaging π-T-π/2-FID; 75 ns π/2- and 150 ns π-RF pulse; tSPI = 790 ns; GMAX=15 mT/m; 4-step phase cycling 
applied only for detection sequence, 420 acquisitions per T, including phase cycling; 8 T's logarithmically 
spaced between 0.41 μs and 14 μs; TLFR = 25 μs; imaging time 10 minutes.

SFR SPI imaging π/2-FID; 80 ns π/2 RF pulse; tSPI = 790 ns; GMAX=15 mT/m; 4-step phase cycling, 720 fid's, including 
phase cycling; 8 images with different repetition times logarithmically spaced between 9 μs and 25 μs; 
imaging time 10 minutes.
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Table 2

Pulse sequence parameters

Pulse Sequence Pulse length RF power [W] Bandwidth [MHz] Transmitted Average Power [W]

IRESE 35 ns, π/2 and π 39.6 (π/2), 158.5 (π) 8.7 0.42

SE 75 ns, π/2 6.3 (π/2) 8.8 0.05

SFR ESE 35 ns, π/2 and π 39.6 (π/2), 158.5 (π) 8.7 0.25

IR SPI 75 ns π/2, 150 ns π 6.3 (π/2 and π) 11.6 0.05

SFR SPI 75 ns, π/2 6.3 (π/2) 11.6 0.03
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Table 3

Precision of SLR rate images obtained in 10 minutes on phantom containing 1 mM OX063 dissolved in 

normal saline.

0% pO2 9.3% pO2

Pulse Sequence Average R1 

[·103 s−1]
Standard 
deviation of R1 

[·103 s−1]

Non imaging 
R1 [·103 s−1]

Average R1 [·103 

s−1]
Standard deviation 
of R1 [·103 s−1]

Non imaging 
R1 [·103 s−1]

IRESE 200 7.9 207 760 89.8 752

SE 233 11.4 227 741 128.5 763

IR SPI 203 11.4 730 100.3

SFR ESE 196 33.5
N/A

*
N/A

*

SFR SPI 330 52.8
N/A

*
N/A

*

*
the SFR sequences were unable to produce precise measurement.
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