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Abstract
Magnetic Particle Imaging (MPI) relies on time-varying magnetic fields to generate an image of the spatial distribu-
tion of superparamagnetic iron oxide nanoparticles. However, these oscillating magnetic fields form electric field
patterns within the body, which in turn can cause peripheral nerve stimulations (PNS), also known as magnetostim-
ulation. To prevent potential safety hazards and to optimize the scanning parameters such as field-of-view (FOV)
and scanning speed in MPI, the factors that affect drive field magnetostimulation limits need to be determined
accurately. In this work, we investigate the effects of the duty cycle on magnetostimulation thresholds in MPI. We
performed human subject experiments by using a highly homogenous solenoidal coil on the upper arm of six
subjects. Six different duty cycles ranging between 5 % and 100 % were applied at 25 kHz. Accordingly, magne-
tostimulation limits first decrease and then increase with increasing duty cycle, reaching a maximum at 100 % duty
cycle. Since high duty cycles would be the preferred operating mode for rapid imaging with MPI, these results have
promising implications for future human-sized MPI systems.

I. Introduction

Magnetic Particle Imaging (MPI) utilizes magnetic fields
to image the distribution of superparamagnetic iron ox-
ide nanoparticles with high spatial resolution and con-
trast [1–3]. The current applications of MPI include an-
giographic imaging [4, 5], cancer imaging [6], stem cell
tracking [7, 8], temperature mapping [9], and combined
imaging and hyperthermia [10, 11]. These imaging ap-
plications are made possible by time-varying magnetic
fields that shift the position of the field-free point (FFP)
in space, together with a strong static selection field (e.g.,
3 T/m) that creates the FFP. Time-varying magnetic fields
are subject to human safety limits on magnetostimula-
tion (also called peripheral nerve stimulation) and spe-
cific absorption rate (SAR) [12–14]. Of these two fac-

tors, SAR limits were widely investigated for the radiofre-
quency (RF) fields in MRI (e.g., at 64 MHz or 128 MHz)
[14]. Likewise, the magnetostimulation limits of MRI
gradient fields operating at lower frequencies of around
1 kHz were also investigated, with the goal of achieving
high resolution and rapid imaging capabilities [15, 16].
Similarly, the safety limits of the time-varying fields in
MPI will also impact the imaging quality and speed.

Previous studies have shown that magnetostimula-
tion is the main safety concern for drive field frequen-
cies of up to 150 kHz [17–19]. One important result of
these MPI human subject experiments was that the stim-
ulation thresholds decrease with increasing frequency
[17], and that the thresholds depend on the direction of
the drive field [18–20]. Another result was that, indepen-
dent of frequency, the magnetostimulation thresholds

10.18416/ijmpi.2017.1703010 c© 2017 Infinite Science Publishing

http://dx.doi.org/10.18416/ijmpi.2017.1703010
http://dx.doi.org/10.18416/ijmpi.2017.1703010


International Journal on Magnetic Particle Imaging 2

decreased with increasing pulse duration, and stabilized
for pulse durations longer than approximately 20 ms [21].

In this work, we investigate the effects of duty cycle on
magnetostimulation thresholds for the drive field in MPI.
We perform human subject experiments on six healthy
subjects at six different duty cycles, ranging from 5 %
to 100 % duty cycle at 25 kHz. We show that the mag-
netostimulation thresholds first decrease and then in-
crease with increasing duty cycle, and that the stimu-
lation thresholds at 100 % duty cycle are significantly
higher than the ones at lower duty cycles. This result has
promising implications, as operating at full-duty-cycle
drive field would be desirable for rapid imaging purposes.

II. Methods

We designed and conducted human subject experiments,
approved by Bilkent University Ethics Committee. Our
aim was to determine the relationship between duty cy-
cle and magnetostimulation thresholds. All experiments
were performed at a single frequency of 25 kHz, to deter-
mine the magnetic field amplitudes where the PNS sen-
sations first become discernable. A total of six subjects
were tested on the upper arm. The subjects described
the magnetostimulation sensation as a twitching or tin-
gling sensation at different intensities and at different
locations on their arms. The subjects did not report any
pain or discomfort during the study.

II.I. Magnetostimulation Setup

Magnetostimulation thresholds were tested with a
solenoidal coil on the upper arm of the subjects (see
Fig. 1). This solenoid had a bore size of 11 cm in diameter
and 17 cm in length with greater than 95 % field homo-
geneity in a 7 cm long region, as previously described
[17, 21]. The measured magnetic field amplitude was
410µT/A at the center of the coil.

The amplitudes and duty cycles of the magnetic
pulses were controlled via MATLAB, using a data acquisi-
tion module (NI USB-6363, National Instruments, Austin,
TX) that sent the pulse shapes to the power amplifier (AE
Techron 7224, AE Techron, Elkhart, IN). At the power lim-
its of the amplifier, the maximum magnetic fields that
could be generated varied from 72 mT-pp at 5 % duty
cycle to 62 mT-pp at 100 % duty cycle. A Rogowski AC
current probe (PEM, LFR 06/6/300, Nottingham, UK)
was used to measure the current on the solenoid dur-
ing each active interval. These measured current values
were multiplied by the 410µT/A sensitivity of the coil to
record the magnetic field amplitudes. This procedure
provided a real-time measurement of the magnetic field
in the solenoid.

Figure 1: A solenodial coil was used to test magnetostimula-
tion limits in the human upper arm with field homogeneity
greater than 95 % in the axial direction in a 7 cm long region
(magnetic field direction shown with an arrow).

II.II. Adjusting Duty Cycle
For testing duty cycle dependence, the experiments re-
quired the following conditions: (1) the subject must
have enough time to report a magnetostimulation sen-
sation, (2) the sensations must be sufficiently isolated in
time to avoid interference between neighboring repeti-
tion times, (3) the experiment must allow testing a wide
range of duty cycles, and (4) the entire experiment must
fit within 20–30 minutes to keep the subject engaged.
The first two conditions necessitated the use of an idle
period to give the subjects time to report stimulation sen-
sations and to enable them to distinguish each repetition
period. The third condition required the active interval
for applying magnetic pulses to be as long as possible,
while the fourth condition required the overall repetition
time to be as short as possible.

An initial test on a single subject was performed to
determine the overall repetition time. During this test,
we applied 100 ms duration pulses at 2 s, 3 s, and 4 s rep-
etition times. Subject responses showed less than 1 %
variation among these three repetition times (results not
shown). Hence, considering all four conditions listed
above, an overall repetition time of 4 s was chosen, where
the magnetic pulses were applied during the first 2 s (ac-
tive interval, Tactive), followed by an idle 2 s resting inter-
val to allow the subject to report stimulation and for the
nerves to rest. For determining the duty cycle, we have
taken Tactive as reference. Hence, a continuous magnetic
pulse applied throughout Tactive corresponded to a 100 %
duty cycle case.

Next, since earlier experiments on the duration de-
pendence of magnetostimulation limits revealed that the
thresholds stabilize for pulses longer than 20 ms [21], a
pulse duration of Tpulse = 100 ms was chosen in this work
(see Fig. 2(a)). The experiment was designed to include
six different duty cycles (5 %, 10 %, 25 %, 50 %, 75 %, and
100 %) at 25 kHz. Duty cycle, D , was defined as follows:

D =
Npulse×Tpulse

Tactive
×100 (1)
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Figure 2: Six different duty cycles were tested at 25 kHz. (a) Due to inductive/capacitive effects of the experimental setup, each
measured pulse of 100 ms duration displayed non-zero ramp up/down times. (b) The measured fields for the duty cycles used in
this work: 5 %, 10 %, 25 %, 50 %, 75 %, and 100 % duty cycles. The duration of the active interval was 2 s.

where Npulse is the number of equidistant, equal-
amplitude 100 ms pulses applied during an active inter-
val (see Fig. 2(b)). In the 100 % duty cycle case, a contin-
uous pulse was applied during the entire active interval.

Due to the inductive/capacitive effects in the experi-
mental setup, we observed non-zero ramp up and ramp
down times (see Fig. 2(a)). Here, we did not aim to re-
duce these ramp up/down times, as they were less than
15 ms in duration. The remaining 70 ms of the pulse had
a flat envelope, safely overcoming any pulse duration ef-
fect that may stem from utilizing short pulses [21]. Here,
we calculated the resulting duty cycles directly from the
measured magnetic fields [22]:

Dmeas =

�

Pmeas

P100%

�

×100 (2)

=

�

BRMS

Bpeak/
p

2

�2

×100 (3)

=

�

1

Tactive

∫ Tactive

0

B 2
meas(t )d t

�

2

max2(Bmeas)
×100 .

(4)

These calculations are valid for the case of a flat-
envelope sinusoidal drive field, as utilized in this work.
Here, RMS refers to the root-mean-squared value of the
measured magnetic field, calculated via integrating over
the entire Tactive period. Accordingly, we found 5.1 %,
10.2 %, 25.4 %, 50.8 %, 76.4 %, and 99.8 % for the duty
cycles, indicating a close match to the targeted values.

II.III. Human Subject Experiments
A total of six healthy male subjects were recruited, af-
ter screening for safety considerations (i.e., metallic im-
plants, metal objects, pacemakers, etc.). The mean and

standard deviations for the age, weight, and height of
the subjects were 26± 3 years, 86± 12 kg, and 181± 5 cm.
Each subject was tested 3 times on different days, with a
total of 18 experiments conducted. Each experiment
lasted approximately 25–30 minutes. Subjects were
in a seating position with their upper arms inside the
solenoidal coil, wearing an over-the-head earmuff to
help them concentrate on the experiment. They were
instructed to click a mouse button whenever they felt a
stimulation sensation.

The order in which the duty cycles were tested was
randomized at the beginning of each experiment. The
first part of the test for each duty cycle started from a low
magnetic field amplitude. Then, the field amplitude was
slowly increased to determine an approximate thresh-
old level, Bcenter, from the subject’s responses. Next, a
secondary test was performed to more accurately deter-
mine the threshold level. The field amplitudes in this
secondary test were chosen in random order to avoid
any biasing and hysteresis effect [17]. Here, the field am-
plitudes were randomized in the ±15 % range of Bcenter

with a step size of 1 % of Bcenter. For each repetition time,
the response of the subject was recorded together with
the measured field amplitude. A numeric value of "1"
was assigned to stimulation response (as reported by the
subject via a mouse click), and a numeric value of "0"
was assigned if the subject remained unresponsive (see
Fig. 3). This two-step procedure was repeated at each
duty cycle. At the end of the experiment, the subject was
asked to describe the stimulation sensation and report
the approximate stimulation location on their arm.

II.IV. Data Analysis

Similar to our previous studies [17, 21], we modeled the
magnetostimulation threshold as a probabilistic param-
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Figure 3: Stimulation response data for Subject #1 for 25 % and
75 % duty cycles at 25 kHz. Blue diamonds represents the sub-
ject’s responses: "1" denotes that the subject felt a stimulation
sensation and "0" denotes that the subject did not experience
stimulation. The green curves represent fitted sigmoid func-
tions, and red circles denote the estimated threshold levels.
(a) Soft transition (W = 0.23 mT-pp) with Bth = 40.6 mT-pp at
25 % duty cycle. (b) Sharp transition (W = 0.0023 mT-pp) with
Bth = 44.7 mT-pp at 75 % duty cycle. In these example data sets,
subject’s threshold level increased from 40.6 mT-pp at 25 % duty
cycle to 44.7 mT-pp at 75 % duty cycle.

eter to allow for inconsistencies in subject responses.
Accordingly, we used a cumulative distribution function
(CDF) given by a sigmoid curve:

F (B ) =
�

1+ e
−(B−Bth )

W

�−1

. (5)

Here, B (mT-pp) is the peak-to-peak magnetic field
strength, Bth (mT-pp) is the 50 % crossing of the sigmoid
curve (i.e., the determined stimulation threshold), and
W (mT-pp) is the transition width with smaller W rep-
resenting sharper transitions. At each duty cycle, the
subject’s responses were fitted to this sigmoid curve via
a Levenberg-Marquardt nonlinear least-squares regres-
sion, to yield Bth and W . Example stimulation-response
data are shown in Fig. 3 for Subject #1 at two different
duty cycles. Fig. 3(a) shows a soft transition case at 25 %
duty cycle with W = 0.23 mT-pp due to a few inconsistent
responses from the subject. On the other hand, Fig. 3(b)
shows a sharp transition case at 75 % duty cycle with
W = 0.0023 mT-pp, without any inconsistent responses.

For statistical analysis purposes, the data from each
experiment was first normalized by the mean threshold
within that experiment. Next, the normalized curves
from all 3 experiments for a subject were averaged. This
procedure was repeated for all subjects. Finally, a paired
Wilcoxon signed rank test was performed to test whether
the subjects’ responses were significantly different at dif-
ferent duty cycles.

III. Results

Fig. 4(a) shows the magnestostimulation thresholds as
a function of duty cycle for a single subject (Subject #1),
for three repetition experiments performed on different
days. While the overall trend remains the same, the mag-
netostimulation thresholds show slight variations among
the three repetitions, potentially due to differences in the
positioning of the subject’s arm within the coil. To bet-
ter observe the overall trend, we normalized the data
from each experiment by the mean magnetostimulation
threshold within the corresponding experiment. The nor-
malized curves plotted in Fig. 4(b) show that the magne-
tostimulation thresholds first decrease and then increase
with increasing duty cycle. In all three experiments, the
100 % duty-cycle cases display the highest stimulation
thresholds.
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Figure 4: (a) Magnetostimulation threshold as a function
of duty cycle for three different experiments on Subject #1.
(b) Magnetostimulation thresholds normalized by the mean
threshold value for each experiment. In all three experiments,
the highest threshold levels were reached at 100 % duty cycle.

Fig. 5 displays the normalized magnetostimulation
thresholds for all subjects (N = 6) using all 18 experi-
ments. The plotted curve shows the mean thresholds
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of all 6 subjects and the error bars denote the standard
errors to reflect intersubject variations. Accordingly, the
magnetostimulation thresholds first decrease and then
increase with increasing duty cycle, reaching a peak value
at 100 % duty cycle. The thresholds at 100 % duty cycle
are approximately 6 % higher than those at 5 % duty cy-
cle, and approximately 8 % higher than those at the 10 %
to 75 % duty cycles. Our statistical analysis also showed
that the thresholds at 100 % duty cycle were significantly
higher than those at lower duty cycles (p < 0.031, paired
Wilcoxon signed rank test). In addition, the thresholds
at 5 % duty cycle were significantly higher than those at
10 % duty cycle (p < 0.031, paired Wilcoxon signed rank
test). There were no statistically significant differences
among other duty cycles.
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Figure 5: Normalized magnetostimulation thresholds as a
function of duty cycle for all subjects (N = 6), using all 18 exper-
iments. The curve gives the mean thresholds and the error bars
denote the standard errors to reflect intersubject variations.
Magnetostimulation limits first decrease with increasing duty
cycle, and then increase to reach a peak value at 100 % duty
cycle.

IV. Discussion

This work investigated the effects of duty cycle on mag-
netostimulation thresholds for the drive field in MPI at
25 kHz. The human-subject experiments revealed that
threshold levels first decrease with increasing duty cycle,
then increase again and reach a maximum at 100 % duty
cycle. Accordingly, this full-duty-cycle case yielded up to
8 % higher thresholds than at lower duty cycles. These
results suggest that the effect of duty cycle on magne-
tostimulation thresholds is relatively small when com-
pared to the effects of frequency [17] or pulse duration
[21]. Having only a small variation in thresholds at dif-
ferent duty cycles is a promising result in itself, since
different imaging applications may require the usage of
different duty cycles. Having higher thresholds for the
full duty cycle case is a further encouraging result, as it

is desirable to operate at 100 % duty cycle to minimize
the total scan time, e.g., by using a continuous drive field
together with a focus field that covers a wide imaging
FOV [23].

In the literature, there has been numerous studies on
finding the optimum duty cycle for electrical stimulation
used for the purposes of muscle rehabilitation and pain
control [24–26]. These studies looked at muscle torque
production by using alternating currents from 0.5 kHz to
20 kHz, and unanimously observed that the stimulation
efficiency was the highest at approximately 20 % duty
cycle. Interestingly, these studies were conducted under
very different conditions than ours. First, an electrical
stimulation was utilized instead of magnetic stimulation.
More importantly, the duration between bursts was set
to 50 Hz (i.e., 20 ms interval), and the burst duration was
varied. Despite these major differences, their findings
are consistent with the results of our work, as we ob-
served that 25 % duty cycle had the lowest magnetostim-
ulation thresholds (the closest to 20 % duty cycle among
the values that we tested). According to these electrical
stimulation studies, the threshold for nerve excitation de-
creases with multiple bursts of pulses or with prolonged
burst durations, which explains the initial decline in the
threshold vs. duty cycle curve. However, extended dura-
tions or bursts may eventually decrease the response of
the nerves due to synaptic fatigue from repetitive action
potentials [25]. In fact, during our human-subject ex-
periments, we visually observed that the muscles at the
location of magnetostimulation remained contracted
throughout the entire 2 s pulse duration for the 100 %
duty cycle case, which could cause tiredness or numb-
ness in the nerves.

In this work, the 5 % duty-cycle case corresponded to
a single pulse with 100 ms pulse duration, and the 100 %
duty-cycle case corresponded to a single pulse with 2 s
pulse duration (see Fig. 2(b)). Our previous work on the
relationship between pulse duration and magnetostimu-
lation thresholds showed that, independent of operating
frequency, the threshold levels were stabilized for pulses
longer than 20 ms [21]. Hence, one would expect the
5 % and 100 % duty cycle cases to yield the same magne-
tostimulation thresholds. Interestingly, this was not the
case in our results, as 100 % duty cycle showed approxi-
mately 6 % higher thresholds. One potential explanation
for this discrepancy is that our previous work investi-
gated pulse durations of up to 125 ms and not further.

During our preliminary experiments, we conducted
experiments on both the lower arms and upper arms of
the subjects. Except for a few subjects, the power am-
plifier used in this work did not have sufficient power
to induce magnetostimulation on the lower arm (results
not shown). On the other hand, the same subjects ex-
perienced magnetostimulation at the same magnetic
field levels when tested on their upper arms. This re-
sult is consistent with our previous work, which showed
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that magnetostimulation limits decrease with increasing
body part size [17]. While the upper arm proved to be
an easier location for inducing stimulation, the limits
of the power amplifier prohibited us from recruiting fe-
male subjects, whose upper arms are relatively smaller
in diameter. However, we do not expect there to be any
gender differences in the duty-cycle effects described in
this work, except for the global scaling of the absolute
magnetostimulation limits.

Current MPI scanners utilize drive field frequencies
in the range of 10 kHz to 150 kHz [27]. Here, we investi-
gated the effects of duty cycle on magnetostimulation
thresholds at 25 kHz only. Our previous work on pulse-
duration-dependence of nerve stimulations showed that
the trends remained the same, independent of operat-
ing frequency [21]. Accordingly, we expect the trends for
duty cycle dependence to also remain the same at differ-
ent operating frequencies, which remains to be shown
experimentally.

V. Conclusion

In this work, we showed with human-subject experi-
ments that the magnetostimulation thresholds first de-
crease and then increase with increasing duty cycle,
reaching a peak value at 100 % duty cycle. These results
have promising consequences for rapid imaging in MPI,
since operating at full duty cycle would be the preferred
mode for most imaging applications.
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