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Abstract

Magnetic field modulation in CW electron paramagnetic resonance (EPR) is used for signal detection. However, it can also distort
signal lineshape. In experiments where the linewidth information is of particular importance, small modulation amplitude is usually used
to limit the lineshape distortion. The use of small modulation amplitude, however, results in low signal-to-noise ratio and therefore
affects the precision of linewidth measurements. Recently, a new spectral simulation model has been developed enabling accurate fitting
of modulation-broadened EPR spectra in liquids. Since the use of large modulation amplitude (over-modulation) can significantly
enhance the EPR signal, the precision of linewidth measurements is therefore greatly improved. We investigated the over-modulation
technique in EPR oximetry experiments using the oxygen-sensing probe lithium octa-n-butoxy-substitued naphthalocyanine (LiNc-
BuO). Modulation amplitudes 2–18 times the intrinsic linewidth of the probe were applied to increase the spectral signal-to-noise ratio.
The intrinsic linewidth of the probe at different oxygen concentrations was accurately extracted through curve fitting from the enhanced
spectra. Thus, we demonstrated that the over-modulation model is also applicable to particulate oxygen-sensing probes such as LiNc-
BuO and that the lineshape broadening induced by oxygen is separable from that induced by over-modulation. Therefore, the over-mod-
ulation technique can be used to enhance sensitivity and improve linewidth measurements for EPR oximetry with particulate oxygen-
sensing probes with Lorentzian lineshape. It should be particularly useful for in vivo oxygen measurements, in which direct linewidth
measurements may not be feasible due to inadequate signal-to-noise ratio.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Oxygen measurement has been found to be extremely
important in the diagnosis and therapy of a variety of dis-
eases such as cancer, peripheral vascular disease, wound
healing and stroke [1–6]. For example, tumor oxygenation
is a critical parameter in planning tumor treatments and
assessing their outcomes [7]. As a non-invasive approach,
electron paramagnetic resonance (EPR) oximetry offers
accurate and continuous oxygen measurements over a long
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period of time from the same site [2,3,7,8]. In EPR oxime-
try [2,3,5,8–10], an oxygen sensitive paramagnetic EPR
probe is placed in the site of interest. Due to the interac-
tions between the probe and molecular oxygen, the line-
width of the EPR spectrum is increased. The oxygen
concentration is calculated from the linewidth-broadening
information using a standard sensitivity curve of that
probe.

In standard commercial EPR spectrometers, magnetic
field modulation followed by phase-sensitive detection
has been universally used [11]. This technique amplifies
the EPR signal and increases the signal-to-noise ratio but
also can broaden the lineshape of the EPR spectrum.
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Therefore, if accurate linewidth information is desired,
small modulation amplitude (<30% of the intrinsic line-
width) needs to be used to limit the lineshape distortion.
The restriction of using low modulation amplitude conse-
quently limits the improvement of signal-to-noise ratio of
the spectra and makes direct linewidth measurements diffi-
cult when the EPR signal is too weak.

In order to improve the linewidth measurement, a Voigt
function, which is mathematically defined as the convolu-
tion of a Gaussian function with a Lorentzian function,
has been used to fit the EPR spectra. Halpern et al. [12]
used a sum of a Gaussian function and a Lorentzian func-
tion to approximate a Voigt EPR spectrum. They found
that the Lorentzian component of the Voigt lineshape cor-
responded to the oxygen-induced homogenous broadening,
while the Gaussian component accounted for all other
inhomogeneous broadening. This model worked accurately
when the modulation amplitude was less than 0.1 G (intrin-
sic peak–peak linewidth of the probe varied from 0.28 to
0.5 G). Peric and Halpern [13] therefore extended this study
to allow large modulation amplitude, up to the intrinsic
peak-to-peak linewidth of the probe. Bales et al. [14] devel-
oped Peric and Halpern’s work by deriving a simple analyt-
ic expression to calculate the linewidth of the Gaussian
component in a Voigt spectrum broadened by magnetic
field modulation. Similar to Peric and Halpern’s method,
the approach by Bales et al. also required the modulation
amplitude to be less than the intrinsic linewidth of the
probe. Instead of using the sum function, Smirnov and Bel-
ford [15] proposed a direct convolution method to separate
the Lorentzian and Gaussian components from the Voigt
lineshape. They successfully observed the Lorentzian
broadening of the central nitrogen hyperfine component
of aqueous solution EPR spectra changing linearly with
the molecular oxygen concentration. As in the previous
models, a very small modulation amplitude (<30% of the
intrinsic linewidth) was used to avoid the inhomogeneous
linewidth broadening in their experiments.

As these studies attempted to improve the linewidth
measurement by fitting the spectra based on the Voigt
model, all the above approaches required the use of a small
amount of modulation amplitude (up to the intrinsic line-
width of the probe) to limit the inhomogeneous line-broad-
ening to obtain accurate linewidth information. However,
as is known, increase of modulation amplitude is desirable
to enhance the EPR signal. So the question is, instead of
using small modulation amplitude to minimize the inhomo-
geneous lineshape distortion, whether we can use large
modulation amplitude (over-modulation) to increase the
signal-to-noise ratio of the spectra for better EPR linewidth
measurements.

The effects of magnetic field modulation on the reso-
nance lineshape have been studied back in early 1960’s.
Wahlquist [11] examined the effects of modulation broad-
ening on a Lorentzian resonance line and derived a closed
analytic expression. Wahlquist pointed out that when the
modulation amplitude equals 4 times the intrinsic linewidth
(HWHM), the EPR signal reaches the maximum. Howev-
er, the importance of Wahlquist’s work has not been well
recognized and for decades small amount of modulation
amplitude has been preferred in EPR spectroscopy experi-
ments. Hyde et al. [16] proposed a filtering algorithm
(pseudomodulation) to simulate the effect of sinusoidal
magnetic field modulation. The pseudomodulation tech-
nique was successfully applied for spectral resolution-en-
hancement [17] and was recently justified by Nielsen and
co-workers by solving the Bloch equation [18]. Robinson
et al. [19,20] published an universal model to simulate the
experimental EPR spectra in liquids by incorporating both
the modulation amplitude and frequency. They have dem-
onstrated that with precisely known modulation amplitude,
the intrinsic linewidth could be accurately extracted
through curve fitting of the over-modulated (up to 20 times
its intrinsic linewidth) spectra. Based on Robinson’s model,
Mailer et al. [21] recently reported a remarkable precision
improvement in the linewidth measurement of the deoxy-
genated OX031 spin probe using EPR spectral-spatial
imaging.

In this work, we evaluated the over-modulation tech-
nique for application to EPR oximetry experiments. A
recently developed particulate lithium octa-n-butoxy-sub-
stitued naphthalocyanine (LiNc-BuO) [9,22] was used for
linewidth measurements. Modulation amplitude up to 18
times the intrinsic linewidth (HWHM) was applied to
increase the signal-to-noise ratio of spectra. The Robinson
model was then used to fit the enhanced spectra and the
intrinsic linewidth information of LiNc-BuO at different
oxygen concentrations was accurately extracted.

2. Theory

2.1. Modeling of over-modulation broadening

Robinson et al. [19,20] proposed a universal model to
simulate the modulation broadening effect on a Lorentz-
ian lineshape by incorporating modulation amplitude,
frequency and microwave (H1) phase simultaneously. In
the following, we briefly summarize Robinson’s model.
The details of this model can be found in the references
[19–21].

A complex Lorentzian line is defined as

Signal0 ¼
�1

pa0

¼ �1

pðH � H 0Þ þ ipR2e
ð1Þ

where a0 = (H � H0) + iR2e, H and H0 are the magnetic
field and the resonance magnetic field, respectively, and
R2e is the half-width at half-maximum (HWHM) of the
Lorentzian absorption signal, all in Gauss. The real part
of Signal0 in Eq. (1) represents the EPR dispersion signal
and the imaginary part of Signal0 is the EPR absorption
signal. When a field modulation H mod ¼ 1

2
H m sinð2pfmtÞ

is applied, the modulation amplitude Hm, in Gauss, and
the frequency fm, in Hz, are involved in the lineshape
broadening as,
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where c is the electron gyromagnetic ratio, c = 2.8 ·
106 Hz/G. The in-phase, first-harmonic EPR signal is then
expressed as

Signal1 ¼ A � H m �
1

g0gþ1
þ 1

g0g�1

� �
ð5Þ

where the coefficient A accounts for all the constant terms
that contribute to the signal intensity. Taking the micro-
wave phase information into account, the EPR signal has
the final form,

EPR Signal ¼ imagðSignal1Þ cosðhÞ þ realðSignal1Þ
� sinðhÞ ð6Þ

By convolving the above model with appropriate hyperfine
splitting, any EPR spectra of spin labels in liquids can be
simulated. In this work, since the probe, LiNc-BuO, has
a single-peak spectrum [9], the above mode, Eq. (6), is
directly used to simulate or fit the spectra.

2.2. Fitting the over-modulated spectra

The spectrum fitting using the above model is straight-
forward. When the modulation amplitude Hm and frequen-
cy fm are known, the intrinsic linewidth R2e, as well as other
parameters such as the coefficient A, spectrum position H0,
and the microwave phase h can be solved by fitting the
experimentally measured EPR spectrum using Eq. (6).
However, it should be pointed out that, in this model, accu-
rate extraction of linewidth information relies on the pre-
cise value of the modulation amplitude used at the
sample, and this may not be available in some applications.
For example, on some Bruker signal channel (www.bru-
ker.de) based EPR spectrometers, the modulation ampli-
tude can only be calibrated in a finite discrete steps. As a
result, the modulation amplitude set by the instrument
may be different from its true value measured at the sam-
ple. As will be seen in the next section, the error in modu-
lation amplitude calibration will induce a systematical
error in linewidth measurements. To overcome this prob-
lem, in our experiments, instead of using an inaccurate val-
ue, the modulation amplitude in Eq. (6) is kept as a
parameter during curve fitting. To avoid the possible
increase in optimization time and decrease in performance
due to the introduction of an extra variable, a good start
value for modulation amplitude is provided by calibrating
the modulation amplitude carefully (see next section). The
fitting process is then carried out iteratively by 2–4 times
such that the fitting results from the previous iteration
are used as the start values for the next iteration. In this
way, the intrinsic linewidth is accurately extracted from
the over-modulated spectra.

2.3. Modulation amplitude calibration

The modulation amplitude is calibrated according to the
following equation [11],

DH ppðobsÞ ¼DHpp

Hm

DH pp

� �2

þ 5� 2 4þ Hm

DH pp

� �2
" #1=2

8<
:

9=
;

1=2

ð7Þ

Here DHpp and DHpp(obs) represent the intrinsic peak-to-
peak linewidth (without modulation broadening) and the
measured peak-to-peak linewidth of the broadened spec-
trum, respectively. During the calibration process, the
modulation amplitude Hm is set. The modulation calibra-
tion coefficient (a parameter indicating the efficiency of a
modulation coil in generating the modulation magnetic
field) is set and a spectrum is acquired. The peak-to-peak
linewidth of the acquired spectrum is then measured and
compared with the value calculated according to Eq. (7).
The modulation calibration coefficient is adjusted until
the measured peak-to-peak linewidth from the acquired
spectrum matches the calculated peak-to-peak linewidth
using the above Eq. (7).
3. Results

3.1. Simulation results

The Robinson model was implemented in Matlab to
illustrate the modulation effects on EPR spectra. A Gauss-
ian lineshape (derivative) spectrum (sG) was added to rep-
resent other non-modulation inhomogeneous lineshape
broadening [12–15]. The peak-to-peak signal amplitude of
the Gaussian spectrum was 0.01 (1% of the peak-to-peak
signal amplitude of the Lorentzian spectrum) and its
peak-to-peak linewidth was 0.05 G. A white noise (nw) with
zero-mean and variance 0.02 was also generated to repre-
sent the system noise. Fig. 1 shows examples of the
over-modulated spectra and their peak-to-peak signal
amplitudes. The intrinsic linewidth (peak-to-peak) in the
simulation was 0.566 G, which is equal to the intrinsic line-
width of LiNc-BuO measured at 5% oxygen concentration.
Fig. 1B shows that the simulated spectrum reaches its max-
imal value at the modulation amplitude around 2 G, i.e., 4
times of the intrinsic linewidth (HWHM). Based on Eq. (6),
the intrinsic linewidth was extracted from the over-modu-
lated spectra, shown in Fig. 2. In Fig. 2, curve A is the true
linewidth and curves B–E are the extraction results of the
intrinsic linewidth from different curve fitting trials. For
comparison, the extracted intrinsic linewidth from the
experimental spectra (LiNc-Buo at 5% oxygen) was also
plotted as curve F. Fig. 2 shows that in the presence of

http://www.bruker.de
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oxygen concentration. (A) Sample spectra calculated using different
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Fig. 2. Extraction of intrinsic linewidth. The spectra were simulated using
Eq. (6) with the intrinsic peak-to-peak linewidth 0.566 G. A Gaussian
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simulation. The Gaussian spectrum nG was used throughout the simula-
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linewidth with unknown modulation amplitude. See Section 3.1 for more
descriptions about the noise generation. (A) Intrinsic linewidth; (B)
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modulation amplitude (2% error) + sG; (F) experimental spectrum of
LiNc-BuO at 5% oxygen concentration (with unknown modulation
amplitude).
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other non-modulation inhomogeneous broadening, the
precision of fitting results is modulation amplitude depen-
dent. On one hand, small modulation amplitude, for exam-
ple, less than 1 G in this example, caused larger fitting
errors in the linewidth measurements than large modula-
tion amplitude. On the other hand, use of accurate modu-
lation amplitude information accelerated the convergence
of the fitting results to the true linewidth (curve D) while
use of inaccurate modulation caused an unacceptable sys-
tematic error in the linewidth measurements (curve E). In
this example, a 2% of modulation calibration error was
transferred to a systematic error of 15–20 mG, which is
2–3% of the intrinsic linewidth. These simulation results
strongly suggested that the modulation amplitude should
be large enough in order to obtain accurate linewidth infor-
mation in the presence of other non-modulation inhomoge-
neous broadening. Thus, in our EPR oximetry
experiments, we used modulation amplitude approximately
twice the intrinsic linewidth (HWHM) of the probe or
larger.

3.2. Experimental results

The above model was applied to the EPR oximetry
experiments. A newly synthesized particulate lithium
octa-n-butoxy-substitued naphthalocyanine (LiNc-BuO)
[9] was used as the oxygen-sensitive probe. The EPR oxim-
etry experiments were performed as follows. A small
amount (�10 lg) of the LiNc-BuO microcrystals was
encapsulated in a 0.8 mm diameter gas-permeable Teflon
tube (Zeus Industrial Products, Orangeburg, SC) and the
tube was sealed at both ends as described previously [23].
The sealed sample was inserted into a 3 mm quartz EPR
tube with both ends open. Desired compositions of 0%,
0.5%, 2.5%, 5%, and 20.9% (room air) of oxygen and
remaining nitrogen were obtained from Praxair (Los Ange-
les, CA). A pre-calibrated gas flow meter (Cole-Parmer,
Vernon Hills, IL) was used, and the mixture was sent
through gas-impermeable silicon tubes into the EPR tube.
The EPR tube was placed into the TM110 microwave cavity
(X-band) in such a way that the sample was at the center of
the active volume of the resonator. All the measurements
were carried out after equilibrating the sample with the
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gas mixture for at least 10 min. The flow rate of the gas
mixture was maintained at 2 L/min. The total pressure
inside the EPR tube was maintained at 760 mmHg (atmo-
spheric pressure), since the other end of the EPR tube was
open to the atmosphere. For each oxygen concentration,
the modulation amplitude was varied from 0.01 to 3.98 G
in 32 steps. Three different power levels, 5, 50, and
500 lW, were applied at each oxygen concentration to sim-
ulate applications with different signal-to-noise ratio.
Therefore, a total of 480 spectra were acquired but only
those spectra acquired at modulation amplitude not less
than twice the intrinsic linewidth (HWHM) were chosen
to extract the intrinsic linewidth through curve fitting.
Other experimental parameters were as the following: scan
width = 10 G, time constant = 5.1 ms, scan time = 10.5 s
and data points for each spectrum = 4096.

Fig. 3 shows the relationship between the modulation
amplitudes set in the instrument and their calculated values
from the sample site through fitting the spectra. It is clearly
seen that the calculated modulation amplitudes from the
sample site (the fitting results) were slightly different from
the values set by the instrument. This difference could be
due to imprecise modulation calibration and/or modula-
tion inhomogeneity in the resonator. Fig. 4 shows the fit-
ting result of an experimental spectrum. The experimental
and fitted spectra were consistent and no systematic error
could be seen from the 5-fold amplified residue curve.
Fig. 5A–E are the fitting results of the intrinsic linewidth
of the LiNc-BuO at different oxygen concentrations and
microwave power levels. At the same oxygen concentra-
tion, the variation of the fitting results is very small
(<10 mG, in all cases) as compared to the intrinsic line-
width, even though large modulation amplitudes up to
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4 G have been applied. The over-modulation model was
robust and not sensitive to noise. For example, although
a 10-fold difference in signal-to-noise ratio occurred to
the experimental spectra (corresponding to 100 times differ-
ence in microwave power), accurate linewidth information
has been still achieved through curve fitting. These line-
widths obtained at different concentrations are consistent
with the previously reported values [9,22,24].

Table 1 summarizes the linewidth information of LiNc-
BuO at different oxygen concentrations and different
microwave power levels. No power saturation was
observed at these power levels [9].

4. Discussion

Over-modulation is able to increase the signal-to-noise
ratio of spectra by up to an order of magnitude (see
Fig. 1B). Therefore, the accuracy of linewidth measure-
ment can be significantly improved. There have been two
over-modulation models reported in the literatures, i.e.,
the Wahlquist model [11] and the Robinson model
[19,20]. The former used a closed analytic expression to
describe the modulation effects on a Lorentzian lineshape
spectrum while the latter incorporated the effects of the
modulation amplitude and frequency on the complex
Lorentzian lineshape. The mathematical formulae of these
two models are very different. However, if we neglect the
effects of modulation frequency and microwave phase in
the Robinson model, both models, Eq. (6) in this paper
and Eq. (6) in [11] generate exactly the same numeric spec-
tra except a factor of 2 Æ R2e needs to be multiplied to the
spectrum obtained by the Wahlquist model. Therefore,
the conclusion drawn from the Wahlquist model that the
EPR signal reaches its maximum when the modulation
amplitude equals 4 times the intrinsic linewidth (HWHM)
holds true for the Robinson model if only modulation
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amplitude is involved. When modulation amplitude, mod-
ulation frequency and microwave phase are all considered,
the upper limit of modulation amplitude for over-modula-
tion EPR oximetry should be around 4 times the intrinsic
linewidth (HWHM) of the probe with Lorentzian lineshape
to achieve the best linewidth measurements (no closed solu-
tion is available if both modulation frequency and micro-
wave phase are considered in fitting).



Table 1
Extraction results of the intrinsic linewidth of LiNc-BuO at different
oxygen concentrations and microwave power levels

Oxygen
concentration (%)

Microwave
power (lw)

Mean (G) Std No. of spectrum
used in fitting

0 5 0.2626 0.00140 19
50 0.2625 0.00128 19

500 0.2632 0.00142 19

0.5 5 0.2929 0.00129 18
50 0.2923 0.00163 18

500 0.2926 0.00140 18

2.5% 5 0.4145 0.00109 15
50 0.4142 0.00163 15

500 0.4142 0.00139 15

5 5 0.5668 0.00238 12
50 0.5667 0.00112 12

500 0.5663 0.00109 12

20.9 5 1.5224 0.00235 3
50 1.5230 0.00229 3

500 1.5196 0.00217 3
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The fitting results from Robinson et al. [20] showed that
an approximate 10% measurement error occurred when a
small amount of modulation was applied. The same phe-
nomenon was observed in our experiments. This could be
explained by two reasons. First, besides the modulation
inhomogeneous broadening there is other non-modulation
inhomogeneous broadening co-existing in the experimental
spectra due to the microwave power saturation, unresolved
hyperfine structures and so on [12–15]. When the modula-
tion amplitude was small, the effects of the modulation and
non-modulation broadenings on the spectra were compara-
ble, therefore, not separable. In this case, the fitting pro-
gram could not distinguish the two inhomogeneous
broadenings from each other, and consequently generated
large fitting errors. When the modulation amplitude
increased, the modulation broadening gradually surpassed
the non-modulation broadening and the over-modulation
model started working better. Accordingly, the fitting error
decreased and the fitting results converged to the intrinsic
linewidth. The second reason is due to the signal-to-noise
ratio of the spectra. The larger the modulation amplitude,
the higher the signal-to-noise ratio of the spectra and the
better the fitting results. These explanations were well sup-
ported by the simulation results, as shown in Fig. 2. There-
fore, in our EPR oximetry experiments, the lower limit of
modulation amplitude was chosen as approximately 2
times the intrinsic linewidth of the probe (HWHM) or larg-
er, depending on the amount of other non-modulation
broadening.

5. Conclusion

We have applied the over-modulation technique to EPR
oximetry experiments using LiNc-BuO. The linewith infor-
mation of LiNc-BuO at different oxygen concentrations
has been accurately extracted from the signal-enhanced
but lineshape-distorted spectra by curve fitting using the
Robinson model. Therefore, we demonstrated that the line-
shape broadening induced by oxygen is separable from the
lineshape broadening induced by over-modulation and that
the over-modulation technique can be used in EPR oxime-
try with particulate oxygen-sensing probes with Lorentzian
lineshape for improved linewidth measurements. The over-
modulation technique should be particularly useful for
in vivo oxygen measurements, in which direct linewidth
measurements may not be feasible due to the low signal-
to-noise ratio of the spectra.
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