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Abstract

The resolution and signal to noise ratio of EPR imaging and T1-weighted MRI were compared using an identical phantom. Several
solutions of nitroxyl contrast agents with different EPR spectral shapes were tested. The feasibility of T1-weighted MRI to detect nitroxyl
contrast agents was described. T1-weighted MRI can detect nitroxyl contrast agents with a complicated EPR spectrum easier and quick-
er; however, T1-weighted MRI has less quantitative ability especially for lipophilic nitroxyl contrast agents, because T1-relaxivity, i.e.
accessibility to water, is affected by the hydrophilic/hydrophobic micro-environment of a nitroxyl contrast agent. The less quantitative
ability of T1-weighted MRI may not be a disadvantage of redox imaging, which obtains reduction rate of a nitroxyl contrast. Therefore,
T1-weighted MRI has a great advantage to check the pharmacokinetics of newly modified and/or designed nitroxyl contrast agents.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Nitroxyl radical; Redox-sensitive contrast agent; Magnetic resonance imaging; T1-relaxivity; T1-weighted contrast; Electron paramagnetic
resonance imaging
1. Introduction

Nitroxyl free radical species are recommended as tissue
redox-sensitive MR contrast agents [1]. Paramagnetic ni-
troxyl radicals have a proton T1-shortening effect, which
has been known since the early 1980s [2,3]. Nitroxyl free
radicals are relatively stable radical species in an aqueous
solution, while they are readily reduced to the correspond-
ing diamagnetic hydroxylamine forms in biological sys-
tems; therefore, in vivo T1-weighted MR contrasts were
decreased depending on the reduction of nitroxyl radicals.

Nitroxyl radicals have been utilized as redox probes in
the field of electron paramagnetic resonance (EPR) spec-
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troscopy and imaging [4–11]. EPR can directly detect the
absorbance of a microwave/radio frequency by electron
spin on nitroxyl radical species. The in vivo time course
of EPR signal intensity of a nitroxyl radical can be varied
by reductive or oxidative environments in living tissues.
Variation of the in vivo decay rate of EPR signal intensity
of the nitroxyl radical reflects the modification of the
in vivo redox status. Several nitroxyl radicals reported were
blood–brain barrier permeable and can be functional con-
trast agents for the brain [12–15]. Although many reports
have described the in vivo reduction and pharmacokinetics
of nitroxyl radicals, the low anatomical resolution of EPR
images could not ensure the tissue depending on the redox
environments.

EPR spectral information must be removed with a con-
ventional spatial EPR imaging technique to obtain pure
spatial information. Theoretically, hyper-fine splitting
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Fig. 1. A schematic drawing of a phantom assembled with seven tubes
containing concentration series solutions of a nitroxyl contrast agent. (a)
3D display of the phantom. Seven tubes were assembled as a hexagonal
lattice. (b) 2D display of x–y plane of the phantom. Numbers indicated in
tubes are the concentrations of the contrast agent (mM). The center tube
(indicated as 0 mM) contains buffer only. Six phantoms are prepared for
six preparations of three nitroxyl contrast agents, i.e. carbamoyl-
PROXYL, carboxy-PTIO, 5-DSA solved in PBS containing 1% BSA
and those solved in PBS containing 1% SDS. All phantoms have identical
geometry.
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(hfs) and the broad EPR linewidth of nitroxy radical can be
removed using the deconvolution technique [16–18], while
the low signal to noise ratio (S/N) of in vivo EPR imaging
data is not suitable for the deconvolution process. In addi-
tion, the complicated hfs and broad linewidth make the S/
N lower. Using the lower field gradient, EPR images can
sometimes be obtained without the deconvolution process
when one of the hfs peaks is chosen. In such cases, the
EPR spectral linewidth directly contributes to the image,
and lowers the image resolution. In addition, multiple spec-
tral components coexisting in a sample make the conven-
tional spatial EPR imaging invalid. Such cases have been
seen with amphiphilic species (TEMPO, OXANO, MC-
PROXYL, etc.), even though a single nitroxyl contrast
agent was used in the experiment. The spectral-spatial
EPR imaging technique can be employed to map multiple
spectral distributions [19,20], while this technique requires
more acquisition time. Spectral information and spatial
information are alternatives in those EPR imaging tech-
niques. To achieve higher S/N and higher image resolution
for EPR imaging, a suitable paramagnetic contrast agent
required a single-line EPR signal with quite a narrow line-
width; therefore, the application of EPR imaging has been
limited to a complicated hfs, anisotropic spectrum, very
broad linewidth, and/or mixture of such multiple
conditions.

T1-weighted MR contrasts can achieve a distribution
mapping of a nitroxyl radical in tissue with detailed
anatomical information [1]. There are no EPR spectral
contributions in the mapping of nitroxyl contrast agent
obtained by T1-weighted MRI; therefore, technical limi-
tations due to complications of the EPR spectral com-
ponents are eliminated. For example, this is a marked
advantage to design a new organ/tissue-specific redox-
sensitive nitroxyl contrast agent. The other advantage
of nitroxyl contrast agents is that their in vivo molecu-
lar modification can be easily checked with X-band or
L-band EPR spectroscopic techniques. In this paper,
several nitroxyl radical solutions with different EPR
spectral characteristics were tested. EPR imaging and
proton T1-weighted MRI were compared. The feasibility
of the MR detection of nitroxyl contrast agents was
discussed.

2. Results and discussion

Fig. 1 shows a schematic drawing of a phantom. The
phantom was assembled as a hexagonal lattice with 7 tubes
containing a concentration series of a nitroxyl contrast
agent. Fig. 2 shows L-band EPR spectra of the phantoms.
Carbamoyl-PROXYL dissolved in PBS containing 1%
BSA showed sharp triplet lines (Fig. 2a). Carboxy-PTIO
dissolved in PBS containing 1% BSA showed 5 sharp lines
with a ratio of 1:2:3:2:1 (Fig. 2b). Those nitroxyls can be
dissolved in PBS and moved freely independent of BSA.
On the other hand, the 5-DSA dissolved in PBS containing
1% BSA showed markedly low signal intensity with a
broad linewidth due to strong anisotropy (Fig. 2c). This
anisotropic spectrum did not show any recognizable triplet
in the L-band EPR spectrum even at high magnification,
although the X-band spectrum showed a trace (which
was about 0.25% of the total) of triplet lines. The 5-DSA
dissolved in PBS containing 1% SDS showed triplet lines
with fewer anisotropic features (Fig. 2d).

Fig. 3 shows EPR images of 3 phantoms obtained with a
higher field gradient (1 mT/cm). Sufficient long sweep
width (6.4 mT), which can cut a whole EPR spectrum
shape, was employed. The EPR spectrum shape was decon-
voluted from raw data to obtain spatial projection, which
was used to reconstruct an image. An EPR image of the
phantom consisting of carbamoyl-PROXYL showed rela-
tively good image resolution and background noises,
and/or artifacts were low (Fig. 3a). The EPR image of
the phantom of carboxy-PTIO showed a slightly higher
background, i.e. S/N became slightly lower, while image
resolution could still acceptably distinguish each tube.
The left panel of Fig. 3c shows an EPR image of the phan-
tom of 5-DSA solution containing 1% BSA. Nothing can
be distinguished in this image. The right panel of Fig. 3c
was reconstructed from the same data of the left image, ex-
cept that the deconvolution process was skipped. In the
right image, traces of tubes can be seen but almost at the
noise level. Fig. 3d is an EPR image of the phantom of
5-DSA solutions containing 1% SDS with the deconvolu-
tion process. Tubes can be seen in Fig. 3d, while
background noise is very high. The background noise of
Fig. 3c, left panel and d look similar. Deconvolution of a



Fig. 2. L-band EPR spectra of the phantoms. Phantoms were assembled
with a concentration series of 0–2 mM solutions of a nitroxide. (a)
Carbamoyl-PROXYL in PBS containing 1% BSA showed sharp triplet
lines. (b) Carboxy-PTIO in PBS containing 1% BSA showed five sharp lines.
(c) 5-DSA in PBS containing 1% BSA showed an anisotropic spectrum
typical of restricted motion, The peak height of which was markedly lower
than that of the carbamoyl-PROXYL and the carboxy-PTIO. (d) 5-DSA in
PBS containing 1% SDS showed anisotropic triplet lines. X-band EPR
parameters were as follows: frequency = 9.4 GHz, center magnetic
field = 336 mT, microwave power = 2.0 mW, field modulation
frequency = 100 kHz, field modulation amplitude = 0.063 mT, time
constant = 0.01 s, sweep width = 10 mT, scan time (sweep time) = 1 min.
L-band EPR parameters were the same as X-band measurement except
frequency = 1100 MHz, center magnetic field = 40 mT, and microwave
power = 0.1 mW. An identical receiver gain was used for all measurements.
Gray spectra indicated in (c) and (d) are magnifications of the correspond-
ing spectra. Magnification rates are indicated in the figure.

Fig. 3. EPR images obtained with field gradient and deconvolution
process. A stable 1.0 mT/cm field gradient was rotated with a 2� angle
step, then 90 projections were obtained. Images were reconstructed by
filtered back-projection method with a Shepp-Logan filter. Field sweep
width was 6.4 mT. Field of view was 6.4 · 6.4 cm. Dynamic ranges were 0
to the maximum value of each image. (a) Carbamoyl-PROXYL, (b)
carboxy-PTIO, and (c) 5-DSA solved in PBS containing 1% BSA. (d)
5-DSA solved in PBS containing 1% SDS. The right panel of (c) was
reconstructed using the same data as the left panel except that the
deconvolution process was skipped. EPR parameters were as follows:
microwave frequency was 1100 MHz, microwave power was 0.1 mW,
modulation frequency was 100 kHz, modulation amplitude was 0.063 mT,
time constant was <0.001 s, and sweep rate was 3.2 mT/s. Identical
receiver gain was used for all measurements.
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relatively broad linewidth, which is a low frequency com-
ponent, retains high frequency noises.

Fig. 4 shows EPR images of the same 3 phantoms ob-
tained with a lower field gradient (0.1875 mT/cm). The cor-
responding sweep width was 1.2 mT, which could cut only
the center peak of the EPR spectrum; therefore, the decon-
volution process was not employed and spectral data were
directly used as image projections. Images of carbamoyl-
PROXYL and carboxy-PTIO phantoms were blurred but
some of the tubes can still be seen (Fig. 4a and b); however,
no actual tube shape can be distinguished on the image of
the 5-DSA phantom (Fig. 4c). Fig. 4d, which is the phan-
tom of 5-DSA solutions containing 1% SDS, showed better
convergence of distribution compared with Fig. 4c, while
the resolution of the image was quite low.



Fig. 4. EPR images obtained with a lower field gradient. The identical
phantom used in Fig. 3 was sequentially scanned after the scan for Fig. 3
without any movement. Data were acquired under the following conditions.
A stable 0.1875 mT/cm field gradient was rotated with a 2� angle step, then
90 projections were obtained. Images were reconstructed by the FBP method
with a Shepp-Logan filter. Field sweep width was 1.2 mT. Field of view was
6.4 · 6.4 cm. Images were directly reconstructed using raw spectra as
projections without a deconvolution process. Images were reconstructed by
FBP with a Shepp-Logan filter. Dynamic ranges were 0 to the maximum
value of each image. (a) Carbamoyl-PROXYL, (b) carboxy-PTIO, (c)
5-DSA solved in PBS containing 1% BSA. (d) 5-DSA solved in PBS
containing 1% SDS. EPR parameters were the same as Fig. 2.

158 Communication / Journal of Magnetic Resonance 187 (2007) 155–162
The left column of Fig. 5 shows R1 mapping. The
center column shows T1-weighted images scanned by
a FLASH sequence. The right column shows mapping
of the signal enhancement level (DS%) defined as
follows;

DS % ¼ ðpixel signal intensityÞ=ðaveraged signal intensity

in center tubeÞ � 100� 100: ð1Þ

All images show quite high image resolution compared
with corresponding EPR images.

When solutions of nitroxyl contrast agents were pre-
pared by PBS buffer containing 1% BSA, all nitroxyl spe-
cies showed a similar r1 value (Fig. 6a) and signal
enhancement levels (Fig. 6b) depending on the concentra-
tion of nitroxyl contrast agents, but not on the microenvi-
ronments of nitroxyl free radicals. When solutions of
5-DSA were prepared by PBS buffer containing 1% SDS,
however, the r1 value and signal enhancement levels were
lower than those of the solution prepared by buffer con-
taining 1% BSA.

The deconvolution process can eliminate spectral con-
tribution and make the image resolution high, while
simultaneously the process can simultaneously give rela-
tively low frequency noise. Fig. 3a and b show an undu-
lating background. The background undulation looks
larger in Fig. 3b, i.e. PTIO. The left panel of Fig. 3c
shows only ghosting, with the frequency appearing lower
than the natural noise on the image of the right panel.
Partly lower S/N in the 5 lines of PTIO and totally
low S/N of broad 5-DSA spectrum may be a source of
low frequency noise mediated by the deconvolution pro-
cess. Hence, the complication of the hfs and a broaden-
ing of the linewidth may disturb the strict deconvolution
process.

The combination of nitroxyl contrast agents and
T1-weighted MRI can improve not only the image
quality (resolution and S/N) but also temporal resolu-
tion. A set of three slices was obtained by FLASH
sequence which takes only 26 s in this experiment.
Such rapid data acquisition has enabled pharmacoki-
netic imaging using TEMPOL [21]. In the case of
TEMPOL, the rapid in vivo reduction rate and its
broad EPR linewidth make in vivo EPR imaging of
TEMPOL quite difficult.

The high anisotropic EPR spectrum of 5-DSA solved
with BSA (Fig. 2c) suggests that 5-DSA molecules were
adsorbed on the surface of BSA and a trace of free mol-
ecules can remain in the solution. Free 5-DSA in the
solution was only 0.25% of the total, suggesting that
the accessibility of 5-DSA molecules on the surface of
BSA to water may be sufficiently fast, the same as free
5-DSA molecules; however, EPR spectra of 5-DSA
solved with SDS (Fig. 2d) suggest that 5-DSA molecules
were incorporated in SDS micelles. In this case, the per-
centage of MR signal enhancement and the T1-relaxivity
by 5-DSA were reduced, because the accessibility of 5-
DSA to water molecules may be restricted; therefore,
in vivo distribution of nitroxyl contrast agents to deep
lipophilic sites may give weaker MR signal enhancement



Fig. 5. R1 mappings and T1-weighted signal enhancement images. (a) Carbamoyl-PROXYL solved in PBS containing 1% BSA, (b) carboxy-PTIO solved
in PBS containing 1% BSA, (c) 5-DSA solved in PBS containing 1% BSA, and (d) 5-DSA solved in PBS containing 1% SDS. The left column shows R1

mappings. The middle column shows T1-weighted images scanned by FLASH sequence. The right column shows mappings of signal enhancement level
(DS%). DS% = (pixel signal intensity)/(averaged signal intensity in center tube) · 100 � 100. The phantoms were identical to those used in Figs. 3 and 4.
The color bar indicated on the right side of (a) is common to all.
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compared to hydrophilic sites. This suggests that in vivo
quantification of nitroxyl contrast agents, especially lipo-
philic agents, using MRI, is difficult.

Carbamoyl-PROXYL and PTIO showed almost no
(quite weak) anisotropy on X-band EPR spectra in either
solution containing SDS or BSA (data not shown). The
r1 values of carbamoyl-PROXYL and carboxy-PTIO dis-
solved in PBS containing SDS (0.141 and 0.159 mM�1 s�1,
respectively) were similar to those dissolved in the PBS
containing BSA (0.128 and 0.160 mM�1 s�1, respectively);



Fig. 6. The dependence of R1 (a) and T1-weighted signal enhancements
(b) on the concentration of nitroxyl contrast agents. (a) Averaged signal
intensity in each tube shown in left column of Fig. 5 and SD are indicated
by markers and error bars. Circles, squares, and diamonds indicate
carbamoyl-PROXYL, carboxy-PTIO, and 5-DSA solved in PBS contain-
ing 1% BSA, respectively. Triangles indicate 5-DSA solved in PBS
containing 1% SDS. (b) Averaged signal intensity in each tube shown in
right column of Fig. 5 and SD are indicated by markers and error bars.
Indications of makes are common to (a).
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therefore, these hydrophilic molecules mostly exist inde-
pendently of SDS or BSA.

Adsorbing and/or dissolving nitroxyl contrast agents to
large molecules and/or cell membranes can strongly be
considered for in vivo situations, even though carbamoyl-
PROXYL is employed. A previous paper [22] showed weak
but recognizable anisotropy of carbamoyl-PROXYL in
bile. Such a condition may make quantification of carbam-
oyl-PROXYL difficult and complicated, while MR redox
imaging may not be affected by such anisotropy of the con-
trast agent. When the reduction rate of nitroxides was ob-
tained from the slope of the semi-logarithmic plot of DS%
with time, the effect of the signal enhancement factor, i.e.
relaxivity r1, to the observed decay rate is sufficiently small
to be negligible, theoretically; therefore, the different relax-
ivity of a nitroxyl contrast agent in different tissues can not
be a disadvantage of in vivo MR redox imaging.

EPR spectral shapes do not have to be considered for a
nitroxyl redox probe used in MR redox imaging. This can
be a large advantage to modify nitroxyl contrast agents
chemically and develop a tissue-specific redox probe. The
detection of nitroxide by T1-weighted MRI is quick and
gives extremely good resolution compared with EPR imag-
ing; however, the careful EPR spectroscopic analysis is re-
quired simultaneously to ensure information from MRI.

3. Conclusion

EPR imaging and T1-weighted MRI to detect nitrox-
yl contrast agents were compared. The advantages and
disadvantages of T1-weighted MRI were revealed. S/N
of the EPR image decreased depending on the complica-
tion of hfs and the linewidth (anisotropy). T1-relaxivity
levels of the nitroxyl contrast agents used in this study
were similar in identical solvent. The T1-weighted signal
enhancement level (DS%) depended on nitroxyl spin
concentration in the sample. The restriction of molecu-
lar movement by simple adhesion to a large molecule
did not affect T1-relaxivity so much, while solving a ni-
troxyl contrast agent into hydrophobic sites of micelles
made T1-relaxivity smaller.

T1-weighted MRI can simplify the detection of nitroxyl
contrast agents with a complicated EPR spectrum. This
will be a great advantage to modify nitroxyl contrast agents
chemically and to design organ/tissue specificity for in vivo
use. Less quantification ability of T1-weighted MRI may
not be a severe problem for redox estimation; however,
the support by EPR spectroscopy is necessary to under-
stand MRI information correctly.

4. Materials and methods

4.1. Chemicals

Carbamoyl-PROXYL (3-carbamoyl-2,2,5,5-tetrameth-
ylpyrrolidine-N-oxyl) and 5-DSA (5-(N-oxyl-4 0,4 0-dimeth-
yloxazolidine)-stearic acid) were purchased from
Sigma–Aldrich Co. (St. Louis, MO, USA). Carboxy-PTIO
(2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-
1-oxyl) was purchased from Dojindo Laboratories (Kuma-
moto, Japan). Other chemicals used were of analytical
grade.

4.2. Phantom

Each contrast agent, carbamoyl-PROXYL, carboxy-
PTIO, and 5-DSA, was dissolved in PBS containing 1%
bovine serum albumin (BSA) or in PBS containing 1%
sodium dodecyl sulfate (SDS) to prepare 2 mM standard
solution. These 2 mM solutions were diluted with the cor-
responding buffer to obtain a series of concentrations (0,
0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 mM). Each solution was
put into a glass tube (i.d. = 6.4 mm, o.d. = 8.0 mm) and
sealed air-tight without bubbles. Seven tubes containing a
concentration series of a nitroxyl contrast agent were put
together to make a hexagonal lattice (Fig. 1). Six phantoms
were prepared for each preparation, i.e. carbamoyl-PROX-
YL with BSA, carboxy-PTIO with BSA, 5-DSA with BSA,
carbamoyl-PROXYL with SDS, carboxy-PTIO with SDS,
and 5-DSA with SDS.
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4.3. X-band EPR measurement

The 1 mM solutions from each preparation were mea-
sured by X-band (9.4 GHz) EPR (JEOL, Akishima, To-
kyo, Japan) with a TE-mode cavity. An aliquot (60 lL)
of sample solution was transferred into capillary tube and
positioned in the center of the TE-mode cavity using spe-
cial sample holder. Measurements were made under the fol-
lowing conditions: microwave frequency = 9.4 GHz,
magnetic field strength = 336 mT, microwave power =
2.0 mW, field modulation frequency = 100 kHz, field mod-
ulation amplitude = 0.063 mT, time constant = 0.01 s,
sweep width = 10 mT, scan time (sweep time) = 1 min.

4.4. L-band EPR measurement and imaging

L-band EPR measurements and imaging were per-
formed at 1.2 GHz CW EPR (JEOL, Akishima, Tokyo, Ja-
pan) with a loop-gap resonator (i.d. 43 mm, length 28 mm).
The phantom was positioned in the center of the loop-gap
resonator, and measured under the following conditions:
microwave frequency = 1100 MHz, magnetic field
strength = 40 mT, microwave power = 0.1 mW, field mod-
ulation frequency = 100 kHz, field modulation ampli-
tude = 0.063 mT, time constant = 0.01 s, sweep
width = 10 mT, scan time (sweep time) = 1 min. For EPR
imaging, a set of 90 projections rotated over 180� with a
2� angle step was obtained. The magnitude of the field gra-
dient was 1.0 or 0.1875 mT/cm, and the sweep width was
6.4 or 1.2 mT, respectively. The scan time (sweep time)
was 2 s/projection. The total scan time for an EPR image
was 270 s. EPR images were reconstructed on a 512 · 512
matrix by filtered back-projection (FBP) using a Shepp-Lo-
gan filter. The FOV was 6.4 · 6.4 cm.

4.5. Proton T1 mapping and T1-weighted FLASH imaging

MRI measurements performed at 7.0 T were controlled
with ParaVision� 3.0.2 (Bruker BioSpin MRI GmbH,
Rheinstetten, Germany). The scanner was equipped with
a BS20 shim coil (Bruker) and BGA12 gradient coil (Bru-
ker). The maximum gradient of the system was 40 G/cm.
To obtain R1 values of samples, spin-echo images were ob-
tained using a multi-slice multi-echo (MSME) sequence
with TR = 6400, 3200, 1600, 800, 400 and 200 ms with
TE = 15 ms. Image resolution of the phase-encoding
dimension was 256 and the gradient encoding dimension
was 192, FOV was 6.4 · 6.4 cm, image was reconstructed
to 256 · 256 matrix, pixel resolution was 0.25 mm ·
0.25 mm, slice thickness was 2.0 mm. The fast low angle
shot (FLASH) (TR = 50 ms, TE = 3.1 ms, FA = 50�,
NEX = 4) was employed for the acquisition of T1-weighted
images. Image resolution of the phase-encoding dimension
was 128 and the gradient-encoding dimension was 128,
FOV was 6.4 · 6.4 cm, pixel resolution was 128 · 128,
and slice thickness was 2 mm. The scan time of FLASH
was 26 s.
4.6. Image handling

EPRI and MRI data were analyzed using the ImageJ
software package (a public domain Java image processing
program inspired by NIH Image that can be extended by
plug-ins, http://rsb.info.nih.gov/ij/).
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