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As a demonstration of the application of rapid-scan EPR to imaging at low frequency and magnetic field, a
multi-compartment phantom containing six different samples was imaged. The samples were nitroxide
radicals, trityl (substituted triarylmethyl) radicals, and the oxygen-sensitive solid lithium phthalocyanine
(LiPc), all of which are useful for in vivo imaging. The 2D spectral-spatial image demonstration was per-
formed at 250 MHz, with samples in sealed tubes of various sizes arranged in a 3D-printed plastic holder.
Maximum gradients of 10 G/cm gave a spatial resolution of about 0.1 mm for the narrow trityl and LiPc
signals and about 1 mm for the nitroxide. The importance of proper selection of resonator bandwidth and
scan rate for obtaining accurate linewidth information is demonstrated for a case in which the phantom
is composed of species with signal linewidths and relaxation times that differ by more than a factor of 10.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Many physiologic parameters, such as O, concentration, pH,
and tissue redox status have been monitored by imaging of nitrox-
ide radicals, trityl (substituted triarylmethyl) radicals, LiPc (lithium
phthalocyanine) and related O,-responsive solids [1-4] and new
probes are under development. Future experiments may develop
bio-orthogonal labeling methods to measure multiple properties
of cellular environments including O,, pH, and redox status. It is
important to determine how many of these parameters could be
measured simultaneously or serially with spectroscopically distin-
guishable probes. Most oximetric imaging using trityl radicals has
been performed using pulsed EPR [5]. Imaging of nitroxide radicals
and LiPc and its analogs has been performed using continuous
wave (CW) EPR until recently [1]. Prior work in this lab and in
the Halpern lab has demonstrated the utility of rapid-scan EPR
for imaging nitroxide radicals [6-8]. The NCI group has demon-
strated direct-detected EPR with rotating gradients with 0.33 kHz
sinusoidal scans [9]. In the present study we image a composite
phantom containing all three types of radicals that have been used
for in vivo imaging. From prior work it is known that trityls have
longer relaxation times than nitroxides or LiPc. Approximate val-
ues for deoxygenated samples at about 20°C at 250 MHz are
Ty =12 ps and T, = 11.5 ps for trityl-CD3 in aqueous solution [10],
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Ty =3.5ps and T, = 2.5 ps for solid LiPc [11], and T; ~ T, ~ 0.5 ps
for nitroxides in aqueous solution [12]. Linewidths for trityls and
LiPc are about an order or magnitude smaller than for nitroxides.
Thus, the rapid-scan response will be significantly different for
these three types of samples.

2. Methods

The previously described home-built 250 MHz spectrometer
[13-15], rapid-scan cross-loop resonator (CLR) for 25 mm diameter
samples [16], and rapid-scan driver systems [17] were used. The
resonator has a saddle coil for the excitation resonator and a fine
wire, loop gap resonator for the receiver (detection) resonator.
There is good separation of E (electric) and B (magnetic) fields
and high isolation between the two resonators, permitting a wide
range of sample types to be measured [16]. Resonator Q, measured
with a HP network analyzer (HP 8719D), was 53 + 1 for the excita-
tion resonator, and 69 + 2 for the signal detection resonator.

The sample holder (Fig. 1) was created using a 3D printer. The
samples were in sealed tubes so the role of the holder was to sup-
port the tubes and it did not need to be liquid impermeable. For
solvent impermeable applications we have found that HIPS (high
impact polystyrene) is preferable to PLA (polylactic acid). The sam-
ple holder was designed using Sketchup software (Trimble Inc.,
https://www.sketchup.com). It was purposefully created with six
compartments of three different sizes to hold samples of different
sizes and shapes. The sample holder has an o.d. of 25 mm and is
75 mm long.
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(a)

(b)

Fig. 1. Sample holder for 25 mm CLR. (a) Cross section of the sample holder. The red numbers (mm) are dimensions of the compartments; the black numbers (mm) are the
divider or wall thickness; the green numbers are the cross-section area (mm?) of each compartment, calculated from the Sketchup model. (b) Photograph of 3D printed
sample holder constructed with HIPS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The samples are listed in Table 1 and the structures are shown

below.
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2.1. Parameter selection

With the sample holder and samples in the resonator, the reso-
nant frequency was 262 MHz, so the magnetic center field for the
image that encompassed all signals was 94 G. To include all three
lines of the natural abundance nitroxide spectra, a 50 G rapid scan
was used. Sinusoidal scans were selected because this permits
wider scans for the same power to the scan coils [17] than for tri-
angular scans. Scan frequencies in the range of 2.2-2.5 kHz were
selected because these are in a range with relatively quiet mechan-
ical resonator background [16] and a scan width of 50 G can be
achieved at these frequencies. The inductance of the coils, L, was
about 3.43 mH, but varied slightly with temperature. The reso-
nance frequency of the coils was adjusted for each experiment.

Table 1
Properties of samples in the imaging phantom.

For example, a capacitance of 1.5 PF resonated the coils at
2.2 kHz as calculated using Eq. (1).

1
- - 1
! 2nVILC M
The resonator bandwidth is related to the Q by Eq. (2):
BW s — — @)
res — 2Q

where v is the RF frequency, Q is the quality factor of the resonator
with sample. The factor of 2 is required because half of the band-
width is used for the up-field scans and the other half is used for
the down-field scans [18,19]. For the 25 mm rapid-scan cross loop
sample resonator with Q = 69, BW,es = 1.9 MHz.

To avoid broadening the EPR spectrum in a rapid-scan experi-
ment, it is necessary to choose data acquisition parameters such
that the signal bandwidth is less than the resonator bandwidth
[19,20]. The maximum scan rate (Eq. (3)) of a 50 G sinusoidal scan
at 2.2 kHz is:

scan rate =1 x w x f = 0.35 MG/s (3)

where w is the scan width in gauss, f is the rapid-scan frequency.
Signal bandwidth is calculated as:

N x scan rate
T omxILW “)

where LW is the full linewidth at half height (FWHH) of the rapid-
scan absorption signal. The FWHH linewidths (Table 1) were

BWg,

# Sample? Scan width (G) FWHH® (mG) BW,i," (MHz)
(a) 0.53 mM CTPO in H,0, 5 mm OD 50 1300 0.42
(b) 0.2 mM CTPO in H,0, 5 mm OD 50 1200 0.46
(c) 0.2 mM >N CTPO-d,5 in ethanol, 4 mm OD 50 400 1.38
(d) 0.2 mM trityl-CD5 in H,0, 4 mm OD 5 40 1.38
(e) 0.5 mM ®N mHCTPO-d;, in H,0, 5 mm OD 50 900 0.61
() particles of LiPc, 4 mm OD tube 5 70 0.79

2 0D is the outside diameter of the tube that contains the sample.

b The full-width at half height (FWHH) linewidth was measured in 2.2 kHz scans.

¢ Signal bandwidth for scan width listed.
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obtained from scans of the individual tubes that comprised the
phantom at rates that were slow enough to provide unbroadened
lines. The larger the factor N, the more conservative the result.
We commonly set N to 5, which was the value used for the calcula-
tions discussed here. The narrower the signal, and the higher the
scan rate, the higher the signal bandwidth. The signal bandwidths
for the samples in the phantom are summarized in Table 1.

Based on power saturation curves the incident RF power was
selected (0.103 mW which is 2.54 mG B;) such that all signals were
in the linear response regime. This low power was limited by the
long relaxation times of the trityl sample. Spectra were digitized
in a Bruker SpecJet-II digitizer. A 20 ns time base and 65,536 points
were used so that at about 2.2 kHz, one scan contains 3 full sinu-
soidal cycles, which is preferred for the deconvolution software
[18,21]. The gradient coils and CAEN power supply (FAST-PS-
2040-600) provided a maximum gradient of 10 G/cm. Projections
were acquired at equally spaced increments in gradient and con-
stant magnetic field scan width. The projections were deconvolved
as described in [21]. The 2D spectral-spatial images were recon-
structed as previously reported [22] and displayed without ampli-
tude thresholding. The images are constructed on grids with 4000
points along the spectral axis and 180 points along the spatial axis.

3. Results

To characterize the spectral components in the absence of gra-
dient the linewidth of the signals from each sample was measured
individually using a slow scan frequency and appropriate scan
width (Table 1). These scans satisfied the criterion that the signal
bandwidths were less than the resonator bandwidth. The natural
abundance CTPO samples exhibit a 3-line spectrum due to splitting
by the N with I = 1. Due to Breit-Rabi effects [23], the three lines
have an asymmetric splitting pattern at 250 MHz. The splittings
between low-field and center-field, and center-field to high-field
lines were 14.8 and 17.6 G, respectively, for a total spacing of
32.4 G [24]. The CTPO samples have linewidths of about 1200
mG due to unresolved proton hyperfine couplings, which is consis-
tent with literature reports [12]. The linewidth is slightly narrower
for the 0.2 mM sample than for 0.53 mM. The >N CTPO-d;3 has a
2-line spectrum due to splitting by the >N with 1=0.5 and the
spacing between the two lines is 22.6 G [24]. The linewidth is nar-
rower for >N CTPO-d;5 than for CTPO because of the deuteration of
the methyl groups. The apparent linewidth for ">’N mHCTPO-d;, is
larger than for '>N CTPO-d;5 because of partially resolved splitting
by the 4-H on the ring [25]. The trityl-CD3 line has FWHH of 40 mG
which is good agreement with the reported value of FWHH = 34
mG and ABp, =24 mG [11]. The signal from the multiparticle LiPc
sample has FWHH of 70 mG. This value is somewhat larger than
the previously reported values at 250 MHz of FWHH =44 mG
and ABp, 34=mG [11]. The sample of LiPc that was used in the
current experiments was from a different batch than the literature
report. Linewidths for LiPc are very sensitive to preparation and
vary from batch to batch.

The signal bandwidth should be less than resonator bandwidth
to avoid line broadening. The signal bandwidths summarized in

Table 1 show that a 50 G scan at about 2.2 kHz will not broaden
the lines for the nitroxides. However, for the trityl and LiPc sam-
ples, the spectra are broadened by the 50 G scan width that was
selected for imaging the full nitroxide spectra. The effect of scan
width on linewidth at constant scan frequency was demonstrated
by comparing the deconvolved line widths for Trityl and LiPc at
three selected scan widths (Table 2).

The selection of imaging parameters is an example of the need
to optimize acquisition conditions for the desired information
about the sample. If the primary interest is the nitroxide linewidth,
and one needs merely the spatial location, not the precise line-
width, of the narrow trityl or LiPc sample, then the wider scan is
appropriate. If the width of the trityl or LiPc signal is also needed
to measure [O,] concentration, for example, then it is also neces-
sary to scan the central region of the spectrum more slowly, by
changing either the scan width or the scan frequency. Once the
coils are resonated with the capacitors, changing the scan width
is easier. The impact of scan width on linewidth is illustrated in
the following two images.

3.1. 2D spectral-spatial image with 50 G scan width

A 6-sample phantom was assembled with the geometry shown
in Fig. 2. Since this is a proof-of-principle application of rapid-scan
EPR to the diverse sample types, only a 2D spectral-spatial image
was obtained. The magnetic field axis is defined as the Z direction
and a gradient along the Z axis was used to acquire the projections
for a 2D spectral-spatial image (Fig. 2) in which the signals from all
six samples are resolved. The shadow of the image along the spec-
tral axis is in good agreement with the spectrum for the phantom
in the absence of gradient. In the spectral shadow the signals from
the two tubes containing CTPO are fully overlapped. The nitrogen
hyperfine splitting is slightly larger for >N mHCTPO-d;, in water
than for >N CTPO-d;; in ethanol so the doublet splitting for
mHCTPO is partially resolved from the single line for CTPO. The
very sharp lines for trityl-CD; and LiPc are fully overlapped. The
positions of the three pairs of tubes in the phantom are well
resolved in the spatial shadow. Spatial slices at the magnetic fields
that correspond to the low-field !°N nitroxide line, the overlapping
trityl and LiPc lines and the high-field line for *N-CTPO accurately
reflect the Z-axis positions of the tubes containing the respective
samples.

The linewidths of each sample in the spectral slices through the
image in Fig. 2 are summarized in Table 3. For the nitroxides, the
linewidths are in reasonable agreement with the values observed
for the samples individually, which confirms that the imaging pro-
cedure accurately captured the spectral information. However, for
the trityl and LiPc samples the linewidths were broadened as pre-
dicted by the calculations that showed signal bandwidths greater
than resonator bandwidth at these relatively rapid scan rates. In
addition, the use of 65,535 points/3 cycles for 50 G scans corre-
sponds to about 13 mG/point which limits the accuracy with which
narrow lines can be reconstructed in the image. The spatial lengths
of the features in the image that corresponding to samples a, b, e
(in 5 mm OD tubes) were 4.0 mm, for features ¢ and d (in 4 mm

Table 2
Impact of scan width at 2.4 kHz on apparent FWHH of narrow signals.
Scan width (G) BW:.s (MHz) Trityl-CD3 LiPc
BW;;; (MHz) Observed FWHH (mG) BW;;; (MHz) Observed FWHH (mG)
5 1.9 1.5 0.86 70
20 1.9 6 2.89 108
50 1.9 15 7.2 220

Parameters: rapid-scan frequency is 2.4 kHz, time base 20 ns, 65,536 points for three full cycles, 4096 averages.
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Fig. 2. Sample arrangement in phantom and 2D spectral-spatial image showing all six samples. The arrow marks the direction of B, and of the magnetic field gradient.
Parameters: 50 G scan width, 2.2 kHz rapid-scan frequency, time base 20 ns, 65,536 points for three full cycles, 8192 averages for each projection; Gmax = 10 G/cm with

0.05 G/cm step, 401 total projections.

Table 3
Linewidth of signals in spectral slices from image with 50 G spectral window (Fig. 2).
# Sample FWHH (mG)
(a) 0.53 mM CTPO in H,0 1250
(b) 0.2 mM CTPO in H,0 1200
(c) 0.2 mM "N CTPO in ethanol 530
(d) 0.2 mM trityl-CD3 in H,0 340°
(e) 0.5 mM >N mHCTPO in H,0 960
(f) particles of LiPc 320°

2 In 50 G scans at 2.2 kHz the signal bandwidth is greater than resonator band-
width for trityl-CD3 and LiPc, which broadens these signals.

OD tubes) were 3.3 mm, and for polycrystalline sample f (in 1 mm
ID capillary) was 1 mm. The spatial dimensions are in good agree-
ment with the dimensions of the tubes, which have wall thickness
of about 0.38-0.5 mm.

3.2. 2D spectral-spatial image with 5 G scan width

To avoid line broadening for the sharpest lines, we need a
slower scan rate, which can be achieved by acquiring projections

Phantom
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c .v/ d o? {0
Ymain field
field gradient

with a narrower scan width. Alternatively a lower scan frequency
could have been used, but that would not benefit from the advan-
tages of rapid scans. EPR imaging with a 5 G scan width and
2.2 kHz scan frequency was performed to capture only the trityl
and LiPc signals (Fig. 3). Although the middle line of the “nitroxide
spectrum is partially included in these 5 G scans, it is so broad rel-
ative to the signals from trityl and LiPc that it was deleted by the
background correction routine. At a Zeeman frequency of
262 MHz both trityl and LiPc have a resonant field of about 94 G,
but the two tubes are well separated along the spatial dimension.
The peak at about Z=7.2 mm comes from trityl and the peak at
about —9.1 mm is LiPc. From the spectral slices, the FWHH line-
widths are 67 mG for LiPc and 69 mG for trityl-CD5, which are sub-
stantially narrower than in the image with the 50 G spectral
window (Table 3). However, the linewidth for the trityl sample is
significantly broader than for the individual sample in spectra
about with 5 G scans, which is attributed to the limited number
of projections. The linewidth for the LiPc sample is close to what
was observed for the individual sample in a 5 G wide scan.

The spatial length in the image for the trityl sample is 3.3 mm,
which is consistent with the expected ID of the 4 mm OD tube. For
the LiPc sample the spatial length is about 1 mm, which is

d,f

Spectral shadow

f

d
Spatial shadow

91.5 92 925 93 935 94 945 95 955 96 96.5

Magnetic Field, G

Fig. 3. EPR image with 5 G spectral window. The arrow marks the direction of B, and of the magnetic field gradient. Parameters: 94 G center field, 5G scan width,
Gmax = 10 G/cm with 0.05 G/cm step, 401 projections, 8192 averages for each projection, 20 ns time base and 65,536 points for three cycles.
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Table 4
Linewidths in spectral slice of image with different numbers of projections.

Number of Projections Gradient step (G/cm)

Observed FWHH (mG)

Total data acquisition time (min)

Trityl-CD5 LiPc
201 0.1 93 83 93
401 0.05 69 67 186
2001 0.01 55 67 878

Parameters: 5 G scan width, 2.45 kHz scan frequency; 20 ns time base, 65,536 points for three cycles and 8192 averages; gradient strength Gmax = 10 G/cm. The number of

pixels along spectral axis is 4000, which is 800 pts/gauss.

consistent with the accidental distribution of two clumps of LiPc
particles. The blurring of the spatial distribution is due to the dis-
tribution of particles. The particles tend to cling to the walls of the
capillary which results in higher probability near the walls of the
capillary than in the center. The features in the image are separated
by about 16.5 mm, which is in good agreement with the positions
of the tubes containing the LiPc and trityl samples. For the peak
corresponding to trityl on the spatial shadow, the bottom of the
peak is 5.3 mm wide, the width at half height is 3.3 mm. The
broadening at the base may reflect contributions from imperfec-
tions in the image.

The resolution of the image can be estimated from the ratio of
the maximum gradient (10 G/cm) to the linewidths of the signals.
For the trityl and LiPc samples the linewidths are about 0.1 G so the
calculated resolution is about 0.1 mm. For the nitroxide samples
the linewidths are about 1 G so the calculated resolution is about
1 mm. For both types of samples the much resolution is better than
the separations between samples.

3.3. Impact of increasing the number of projections

For the spectral slice of an image, increasing the number of pro-
jections (Table 4) narrows the linewidth for signals with very sharp
lines. For our current CAEN power supplies and the minimum res-
olution for stepping the current, the gradient resolution is limited
to 0.01 G/cm. For a maximum gradient of 10 G/cm the maximum
number of steps in the gradient produces 2001 projections. The
impact on the linewidths of changing the number of projections
is shown in Table 4. For the LiPc signal there is no advantage of
increasing the number of projections beyond 401, but there is a
small improvement in linewidth accuracy for the trityl-CD5 of fur-
ther increasing the number of projections.

Increasing the number of projections, also increases the data
acquisition times. For the total data acquisition time listed in
Table 4, 53% of the time is used by the digitizer to acquire data,
and 47% of the time is used for exporting data from the digitizer
to the computer. For each projection it takes 14.52 s to acquire
data, while the theoretical time=20ns x 65536 points x 8192
averages = 10.74 s, so the digitizer efficiency is 10.74/14.52 = 74%.
The overhead is due to the way the digitizer is designed and built.
A digitizer with more efficient data transfer rates could decrease
the experimental overhead.

Because the samples are all in sealed thin tubes, the gap
between the tubes are large enough to allow them to be com-
pletely separated from each other on the spatial axis of the image,
whatever number of projections were used.

4. Summary

2D spectral spatial imaging was performed for a phantom con-
taining six samples with different hyperfine splitting, CW line
shapes, relaxation times, concentrations, and sizes. The experi-
ments demonstrate that the scan rates and numbers of projections
need to be selected to be appropriate for the properties of the spe-

cies imaged and the goal of the imaging experiment. The rapid-
scan deconvolution method and the EPR imaging method, which
was designed for multiline spectra at low field, produce reliable
results for this range of relaxation times provided that the scan
rates are chosen appropriately.

Rapid scan provides substantially improved signal-to-noise rel-
ative to continuous wave EPR for a wide range of samples
[19,26,27]. Pulsed experiments provide comparable signal-to-
noise per unit time for samples such as trityl with narrow-
enough lines that they can be fully excited by RF/microwave
pulses. However, for some pulse amplifiers, limitations of duty
cycle attenuate the expected advantages of pulsed EPR. The trityls
were used in the present measurements as convenient and well-
characterized narrow-line samples and demonstrate compatibility
with rapid scan. We judge that pulsed EPR is the method of choice
for in vivo oximetry using currently available trityl radicals. Nitrox-
ide relaxation times at frequencies appropriate for in vivo imaging
are so short, that pulse experiments are challenging. For nitroxides
rapid scan is likely to be the method of choice for in vivo imaging.
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