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Purpose: Magnetostimulation, also known as peripheral nerve stimulation (PNS), is the dominant
safety constraint in magnetic resonance imaging (MRI) for the gradient magnetic fields that operate
around 0.1–1 kHz, and for the homogeneous drive field in magnetic particle imaging (MPI) that
operates around 10–150 kHz. Previous studies did not report correlations between anatomical mea-
sures and magnetostimulation thresholds for the gradient magnetic fields in MRI. In contrast, a
strong linear correlation was shown between the thresholds and the inverse of body part size in MPI.
Yet, the effects of other anatomical measures on the thresholds for the drive field remain unexplored.
Here, we investigate the effects of fat percentage on magnetostimulation thresholds for kHz-range
homogeneous magnetic fields such as the drive field in MPI, with the ultimate goal of predicting sub-
ject-specific thresholds based on simple anatomical measures.
Methods: Human subject experiments were performed on the upper arms of 10 healthy male sub-
jects (age: 26 � 2 yr) to determine magnetostimulation thresholds. Experiments were repeated three
times for each subject, with brief resting periods between repetitions. Using a solenoidal magne-
tostimulation coil, a homogeneous magnetic field at 25 kHz with 100 ms pulse duration was applied
at 4-s intervals, while the subject reported stimulation via a mouse click. To determine the thresholds,
individual subject responses were fitted to a cumulative distribution function modeled by a sigmoid
curve. Next, anatomical images of the upper arms of the subjects were acquired on a 3 T MRI scan-
ner. A two-point Dixon method was used to obtain separate images of water and fat tissues, from
which several anatomical measures were derived: the effective outer radius of the upper arm, the
effective inner radius (i.e., the muscle radius), and fat percentage. Pearson’s correlation coefficient
was used to assess the relationship between the threshold and anatomical measures. This statistical
analysis was repeated after factoring out the expected effects of body part size. An updated model for
threshold prediction is provided, where in addition to scaling in proportion with the inverse of the
outer radius, the threshold has an affine dependence on fat percentage.
Results: A strong linear correlation (r = 0.783, P < 0.008) was found between magnetostimulation
threshold and fat percentage, and the correlation became stronger after factoring out the effects of
outer radius (r = 0.839, P < 0.003). While considering body part size alone did not explain any sig-
nificant variance in measured thresholds (P > 0.398), the updated model that also incorporates fat
percentage yielded substantially improved threshold predictions with R2 = 0.654 (P < 0.001).
Conclusions: This work shows for the first time that fat percentage strongly correlates with magne-
tostimulation thresholds for kHz-range homogenous magnetic fields such as the drive field in MPI,
and that the correlations get even stronger after factoring out the effects of body part size. These
results have important practical implications for predicting subject-specific thresholds, which in turn
can increase the performance of the drive field and improve image quality while remaining within
the safety limits. © 2020 American Association of Physicists in Medicine [https://doi.org/10.1002/
mp.14032]
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1. INTRODUCTION

Imaging modalities that utilize time-varying magnetic fields
are subject to two fundamental safety constraints: peripheral
nerve stimulation (PNS), also known as magnetostimulation,
and specific absorption rate (SAR), also known as tissue
heating. Numerous studies have been conducted to date to
determine the safety limits in magnetic resonance imaging
(MRI) for both gradient magnetic fields (operating around
100 Hz to 1 kHz) and radiofrequency (RF) magnetic fields
(operating around 10 to 400 MHz).1–3 It has been shown that
PNS is the dominant safety constraint for gradient magnetic
fields in MRI, with a typical dB/dt limit of 20 T/s,4 whereas
SAR is considered to be the main safety constraint for RF
fields,2 with a typical limit of 4 W/kg for whole body MRI.4

The drive field in magnetic particle imaging (MPI), on the
other hand, operates at a different frequency range. In-house
MPI scanners built in lab settings have drive field frequencies
ranging between 10 and 150 kHz,5–8 whereas the commer-
cially available preclinical scanners operate at 25 and
45 kHz.9,10 In this frequency range, the effects of the time-
varying magnetic fields remain underinvestigated. Recent
studies indicate that magnetostimulation is the main safety
constraint on the drive field in MPI.11–13 Magnetostimulation
thresholds have been shown to decrease in a hyperbolic fash-
ion as a function of frequency,11 to decrease with increasing
pulse duration and stabilize for pulses longer than 20 ms,14

and to first decrease then increase with increasing duty cycle,
reaching a peak value at 100% duty cycle.15 Beyond MPI
sequence parameters, thresholds have also been reported to
strongly correlate with the inverse of the body part size that is
exposed to the magnetic field.11 This correlation also helps
explain why transverse fields that create a bigger effective
flux loop can have up to three times lower thresholds than
axial fields.12,16

The aforementioned results are particularly important con-
sidering that the amplitude and frequency of the drive field
directly affect signal-to-noise ratio, resolution, and scan time
in MPI.17 Therefore, to improve image quality while avoiding
potential nerve stimulation, all factors that affect PNS must
be well characterized. Considering the relatively large inter-
subject variations in magnetostimulation thresholds, a poten-
tial question of interest is whether one can predict a subject-
specific threshold given simple anatomical measurements. As
mentioned above, the inverse of body part size is a primary
factor that is strongly correlated with magnetostimulation
thresholds in MPI.11 In contrast, previous work on magne-
tostimulation in MRI did not show any correlation between
body part size and thresholds. Furthermore, no significant
correlation was reported between fat percentage or fat layer
thickness and thresholds either.18 This lack of correlations
with anatomical measures can be due to the competing
dependencies caused by the linear variation in the gradient
magnetic field of MRI.18 Hence, considering the differences
in the types and frequencies of the applied fields, the effects
of fat percentage on MPI magnetostimulation thresholds need
to be examined independently. Quantifying these effects has

the potential to help explain the large inter-subject variations
in thresholds.

In this work, we systematically investigate the effects of
fat percentage on magnetostimulation thresholds for kHz-
range homogeneous magnetic fields, such as the drive field
in MPI. We perform magnetostimulation experiments on the
upper arms of 10 human subjects at 25 kHz, with additional
fat percentage measurements of the same region using a 3 T
MRI scanner. The results show for the first time that there is
a strong linear correlation between fat percentage and magne-
tostimulation thresholds, and that this correlation gets stron-
ger when the effect of the arm size is factored out. For
threshold prediction, we provide an updated model that incor-
porates the effect of both the body part size and fat percent-
age. These results imply that simple anatomical measures can
be utilized to predict subject-specific thresholds, which can
in turn allow tuning of scanning parameters to improve scan
efficiency in MPI.

2. MATERIALS AND METHODS

This study was approved by Bilkent University Ethics
Committee. We designed and conducted human subject
experiments with the goal of demonstrating the effects of fat/
muscle content on magnetostimulation thresholds. A total of
10 healthy male subjects were recruited after being screened
for safety considerations (e.g., presence of metallic implants,
aneurysm clips, pacemakers, etc. in their body). The mean
and standard deviations (SD) for the age, weight, and height
of the subjects were 26 � 2 yr, 82 � 13 kg, and 181 � 5 cm.
Magnetostimulation thresholds were measured on the upper
arms of the subjects. The effective radii of the mid-upper
arms were 5.07 � 0.44 cm (mean � SD). Only one of the
subjects was left-handed, and 50% of the subjects chose to
place their dominant arms inside the magnetostimulation
setup. The magnetostimulation experiments were repeated
three times for each subject, with brief resting periods
between repetitions. The subjects did not report any pain or
discomfort. They described the sensations as a mild twitching
or tingling at different locations on their upper arms, some-
times extending to their fingers. Next, MRI scans of the
upper arms of the subjects were performed on a 3 T Siemens
Magnetom Trio MRI scanner to quantitatively determine fat
and muscle tissue contents.

2.A. Magnetostimulation experiments

Magnetostimulation thresholds were measured on the
upper arms of the subjects using a solenoidal coil, as shown
in Fig. 1. This coil generated an axial magnetic field, and had
a free bore size of 11 cm in diameter and 17 cm in length.
The magnetic field at the center of the bore had greater than
95% homogeneity in a 7 cm-long region. All experiments
were conducted at a single frequency of 25 kHz. This fre-
quency was chosen for three reasons: (a) 25 kHz is the most
widely used frequency for the drive field in MPI. (b) Our pre-
vious work has shown that magnetostimulation thresholds
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decrease with increasing frequency, nearly reaching an
asymptotic value for frequencies higher than 20 kHz.11 (c)
Since 25 kHz is beyond the human hearing range, working at
this frequency avoids audio feedback from the solenoidal coil
that could otherwise cause false reporting of stimulation.18,19

A pulse duration of 100 ms was chosen, based on our earlier
results on pulse duration dependence of magnetostimulation
limits, which showed that the thresholds stabilize for pulses
longer than 20 ms.14

Figure 1 outlines the flow of the magnetostimulation
experiments. The shapes and amplitudes of the magnetic
pulses were controlled on a PC in MATLAB, and sent to a
power amplifier via a data acquisition (DAQ) module. The
solenoidal coil was impedance matched to the power ampli-
fier at 25 kHz using a capacitive L-section circuit. During
the experiments, the current through the coil was measured in
real time using a Rogowski AC current probe via the DAQ
module. Using the pre-measured solenoidal coil sensitivity of
410 µT/A, the corresponding magnetic field waveform and
the peak-to-peak (pp) value of the applied field were com-
puted. The maximum magnetic field that could be generated
with this setup at 25 kHz was 72 mT-pp. Due to this hard-
ware limitation, stimulation could only be induced on sub-
jects with relatively large arms.

The subjects placed their arm inside the solenoidal coil
and were instructed to click a mouse button when they feel
a nerve stimulation sensation. During the experiments, the
magnetic pulses were applied at 4-s intervals to wait for a
potential “mouse click” feedback and to avoid numbing the
nerves. Each experiment consisted of 3 stages. In the first
stage, an initial rough estimate of the magnetostimulation
threshold, Bth;1, was obtained by increasing the pulse ampli-
tude gradually until the subject reported a stimulation. In
the second stage, the pulse amplitudes were randomly

varied within �15% of Bth;1 with a step size of 5% of Bth;1

to obtain a more accurate estimate of the threshold, Bth;2.
In the last stage, the pulse amplitudes were randomly varied
within �15% of Bth;2 with a finer step size of 1% of Bth;2

to arrive at a final high accuracy estimate of the threshold
value, Bth. Note that the second and third parts of the
experiment utilized random ordering of the pulse ampli-
tudes to avoid ordering-induced bias and psychophysical
hysteresis effects.11 Each experiment lasted around 3 min.
At the end of the experiment, the subject was asked to
remove their arm from the solenoidal coil. Following a few
minutes of resting period, the entire experiment was
repeated with the same arm of the subject placed in approx-
imately the same position in the coil. In total, the experi-
ments were repeated three times for each subject to
determine intra-subject variations.

2.B. Magnetostimulation data analysis

Subject responses from the second and third stages of a
given experiment (i.e., the stages with randomized pulse
amplitudes) were merged for analysis. Example stimulation
response data are plotted in Fig. 2, where “1” and “0” denote
that the subject reported a stimulation or remained unrespon-
sive, respectively. Next, the magnetostimulation threshold
was modeled as a probabilistic event, with a cumulative dis-
tribution function (CDF) given by a sigmoid curve11,14,15:

F Bð Þ ¼ 1þ e
� B�Bthð Þ

W

� ��1

(1)

Here, B (mT-pp) is the measured magnetic field strength, Bth

(mT-pp) is the magnetostimulation threshold (i.e., the 50%
crossing of the sigmoid curve), and W (mT-pp) is the transi-
tion width. In this model, a non-zero W allows for inconsis-
tencies in stimulation response data [see Fig. 2(b)]. To
determine Bth and W , subject responses were fitted to Eq. (1)
using least-squares regression. This fitting procedure was per-
formed separately for each experiment of each subject.

2.C. MRI experiments

Magnetic resonance imaging experiments were performed
on a 3T Siemens Magnetom Trio MRI scanner using an 8-
channel spine matrix coil. Subjects were placed in the scan-
ner in head-first prone position, with one arm (the one that
was placed in the solenoidal coil) extended over their heads.
Majority of the subjects had reported feeling the stimulation
sensation on their mid-upper arms. To help localize this
region during imaging, a fiducial marker (a vitamin E
capsule) was placed a few cm away from the mid-upper
arm area. A two-point Dixon method was used to obtain
separate images of water and fat tissues from axial slices in
the mid-upper arm region.20,21 The imaging parameters
were: TR = 5.27 ms, TE1 = 2.45 ms, TE2 = 3.675 ms, flip
angle = 9°, FOV = 380 9 285 mm2, matrix size = 320 9

240, with 32 s total scan time.

PC

Signal Generation

Signal Processing

DAQ
(NI-USB 6363) (AE Techron 7224) 

Impedance Matching

Current Probe
(PEM, LFR 06/6/300)

Solenoidal Coil

B

Subject
Response

FIG. 1. Flowchart of the magnetostimulation experiments conducted in the
upper arm at 25 kHz. A solenoidal coil with 11 cm diameter and greater than
95% homogeneity in a 7cm-long region was utilized, generating an axial
magnetic field (direction shown with a black arrow in the photo). Pulse
shapes and amplitudes were controlled using a PC and a data acquisition
(DAQ) module. The subjects reported stimulation response via a mouse
click, which was then used to determine the subsequent pulse amplitudes. A
current probe was used for real-time measurement of the magnetic field in
the coil. [Color figure can be viewed at wileyonlinelibrary.com]
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2.D. MRI Image analysis

As visually outlined in Fig. 3, fat tissue and water tissue
images were processed in MATLAB to obtain four different
anatomical measures. First, matching regions of interest
(ROI) were manually selected on both the water and fat
images for a given subject. This ROI selection removed the
fiducial marker and any other unrelated anatomical parts
from consideration. Next, the water and fat images were
individually normalized by their respective maximum pixel
intensities. A Canny edge detection algorithm was applied
to the fat image to determine the inner and outer edges of
the subcutaneous fat region (labeled as “inner ring” and
“outer ring” in Fig. 3). The interior regions of the rings
were filled via a flood-fill operation to create two binary
masks, labeled as “filled inner ring” and “filled outer ring”
in Fig. 3.

Next, the effective radii of the two rings, rin and rout, were
calculated. For the smooth outer ring, rout was computed as
the circumference of the filled ring divided by 2p. Due to the
folded nature of the inner ring, rin was computed as the mean
distance between the points on the ring and the center of mass
of the filled ring. Note that rout is the actual effective radius
of the mid-upper arm of a subject, which could easily be cal-
culated by measuring the circumference via a measuring tape,
without necessitating an MRI scan. On the other hand, rin
can be considered as the effective radius for the muscle
tissue, and measuring this parameter requires imaging of
the anatomy.

In addition, the fat percentage was calculated from the
MRI images using two different approaches. In the first
approach, the fat percentage was calculated directly from the
fat and water images, that is,

Fat%direct ¼
PM

m¼1

PN
n¼1 IF m; nð ÞPM

m¼1

PN
n¼1 IF m; nð Þ þ IW m; nð Þð Þ � 100

(2)

where IF and IW are the normalized fat image and the normal-
ized water image, respectively, and the images are of size
M � N. Here, the initial individual normalization of the
images ensures that the pixel intensities are not biased by T1,
T2, or proton density contrast differences between the two tis-
sue types. However, each MRI image still experiences a shad-
ing effect due to spatial variations in receive coil sensitivities.
Therefore, in the second approach, binary masks of the fat
and water tissues were first extracted to remove any shading.
The filled inner ring was considered as the binary mask of
the water tissue. A binary mask of the fat tissue was then
computed as the difference of the filled outer ring and the
filled inner ring images (see Fig. 3). The resulting fat percent-
age, Fat%binary, was then calculated using the binary masks
of fat and water as IF and IW in Eq. (2), respectively.

2.E. Proposed model for predicting
magnetostimulation thresholds

One of the goals of this work is to determine whether the
considered anatomical measures would allow for accurate
prediction of subject-specific magnetostimulation thresholds.
Our previous work had shown a strong linear relation
between r�1

out and Bth, leading to the following original model:

Bth ¼ kfit
rout

(3)

Here, kfit = 285 mT-pp � cm was fitted using the combined
magnetostimulation results from the lower arm and lower
leg.11 In this work, we suggest that incorporating the effects
of fat percentage can improve threshold predictions. Accord-
ingly, we propose the following model, featuring an affine
adjustment to Eq. (3):

Bth ¼ kfit
rout

1þ mfit
Fat%� Ffit

100

� �
(4)

In this updated model, rout and Fat% denote the anatomi-
cal measurements from the subject, and kfit , mfit , and Ffit are
model parameters to be determined via regression. Note that
when Ffit ¼ Fat%, this model simplifies to that in Eq. (3).

2.F. Statistical analysis

As a primary analysis, Pearson correlation coefficient was
measured to identify linear relationships between magne-
tostimulation threshold and anatomical measures. Specifi-
cally, correlation coefficients were measured for the inverses

22 26 30 34 38 42

B (mT-pp)

No Stim. (0)

0.5

Stim. (1)

48 56 64 72 80

B (mT-pp)

Subject #2 Responses Subject #8 Responses

x x

Bth Bpp-Tm0.23= th = 64.6 mT-pp

(a) (b)

FIG. 2. Example stimulation response data. Blue diamonds represent the sub-
ject responses, with “1” denoting that the subject reported a stimulation sen-
sation and “0” denoting that the subject remained unresponsive. The green
curves represent fitted sigmoid functions, and red circles denote the esti-
mated magnetostimulation thresholds (i.e., 50% crossing levels). (a) Example
of a sharp transition (W = 0.011 mT-pp) with Bth = 32.0 mT-pp from Sub-
ject #2, and (b) example of a wider transition (W = 0.308 mT-pp) with
Bth = 64.6 mT-pp from Subject #8. Although these two subjects had similar
arm sizes (rout = 5.14 cm for Subject #2 vs rout = 5.55 cm for Subject #8),
their magnetostimulation thresholds are very different. [Color figure can be
viewed at wileyonlinelibrary.com]
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of the radii (i.e., r�1
in and r�1

out) and Bth, Fat%direct and Bth, and
Fat%binary and Bth.

Next, a secondary analysis was performed to investigate
the trends in the deviations from the expected value of mag-
netostimulation threshold given body part size. Using Eq.
(3), we calculated the expected threshold, Bexp;, for a given
rout . To factor out the effect of radius from Bth, the ratio of
measured threshold to expected threshold was calculated as
Bth=Bexp. Finally, Pearson correlation coefficient was utilized
to evaluate the linear relationships between the four anatomi-
cal measures and Bth=Bexp.

Finally, to test whether the considered anatomical mea-
sures allow for a subject-specific prediction of magnetostimu-
lation thresholds, Bth measurements were predicted using
both the original model in Eq. (3) and the updated model in
Eq. (4). For these two models, the significance of the coeffi-
cient of determination, R2, was determined via an F test.

3. RESULTS

3.A. Magnetostimulation thresholds

Figure 4(a) shows the magnetostimulation thresholds for
all 3 repetitions from all 10 subjects, that is, a total of 30
experiments. As illustrated in Fig. 4(a), there is broad inter-
subject variation in threshold values. The mean threshold
across all experiments was 50.6 mT-pp, with a maximum
deviation of 44% from this mean value. The intra-subject
variation was relatively small, and ranged between a maxi-
mum deviation of 0.77% and 8.38% from the mean values.
This small variation indicates a high degree of consistency
and repeatability in subject responses. For the remainder of
the analysis, the average of three repetitions was taken as the
magnetostimulation threshold of each subject.

3.B. Correlations with anatomical measures

Figure 5 shows the scatter plots of the magnetostimulation
thresholds for all 10 subjects as functions of the four anatomi-
cal measures extracted from the MRI images: r�1

out , r�1
in ,

Fat%direct , and Fat%binary. Since our hardware limitations
restricted the range of distributions in upper arm sizes, rout
had a mere 15% maximum deviation around a mean value of
5.07 cm. Likewise, rin had a 17% maximum deviation around
a mean value of 4.07 cm. Note that this restriction did not

rin

rout

Water Image

Fat Image

Inner & Outer Rings

Edges of Fat Image

Inner Ring

Outer Ring Filled Outer Ring

Filled Inner Ring
(Water Region)

Fat Region

FIG. 3. Flowchart for obtaining 4 different anatomical measures from the MRI images. Example fat and water images from the mid-upper arm region of Subject
#1 are shown. A Canny edge detection algorithm was used to extract the edge information from the fat image, followed by the isolation of the inner and outer
rings of the subcutaneous fat region. The effective radius of the outer ring (rout) was calculated as the circumference of the filled outer ring divided by 2p. The
effective radius of the inner ring (rin) was calculated as the mean distance between the points on the ring and the center of mass of the filled ring (shown with red
dot). The filled inner ring was considered as the binary mask for water tissue (i.e., muscle), and the difference between the filled outer ring and the filled inner
ring was used as the binary mask for fat tissue. A direct fat percentage, Fat% direct, was computed from the summed normalized pixel intensities of the fat image
and the water image. In addition, Fat% binary was computed from the summed binary masks. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 4. Results of the magnetostimulation experiments in the upper arm at
25 kHz, showing magnetostimulation thresholds for all 3 repetitions from all
10 subjects. The mean threshold across all experiments was 50.6 mT-pp with
a maximum deviation of 44%, showing a broad inter-subject variation. The
intra-subject variation was relatively limited, ranging between a maximum
deviation of 0.77% (for Subject #1) and 8.38% (for Subject #2) from the
mean values. [Color figure can be viewed at wileyonlinelibrary.com]
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pose a limitation for the purposes of this work, as a wide dis-
tribution in fat percentage was still achieved: Fat%direct dis-
played 35% maximum deviation around a mean value of 32,
and Fat%binary displayed 41% maximum deviation around a
mean value of 32.

Figure 5(a) clearly demonstrates that subjects with very
similar arm sizes can have considerably different threshold val-
ues. For example, Subject #2 has r�1

out = 0.19 cm�1 with
Bth = 30.8 mT-pp, whereas Subject #8 has r�1

out = 0.18 cm�1

with Bth = 63.0 mT-pp. A linear fit was performed on each
scatter plot, shown with red lines. Considering the theoretical
model for the magnetostimulation thresholds as well as our
earlier experimental results,11 the linear fits for inverse radius
vs Bth curves were forced to pass through the origin (i.e., Bth is
expected to converge to zero as the effective radius approaches
infinity). On the other hand, a non-zero y-intercept was
allowed for the linear fits for fat percentage vs Bth curves (i.e.,
even if a person has zero fat, the remaining tissues would cause
non-zero Bth). To assess the linear relationship between each
anatomical measure and the magnetostimulation thresholds,
Pearson correlation coefficient was computed. No significant
correlation was observed between r�1

out and Bth (r = 0.145,
P > 0.690). While this result may seem to contradict our ear-
lier work,11 it was expected considering the narrow distribution
in arm sizes imposed by hardware limitations. In contrast, a
strong correlation was found between r�1

in and Bth (r = 0.655,
P < 0.041) despite the narrow distribution in rin. Consistent
with the hypothesis that fat content influences stimulation
threshold, there were strong correlations between Fat%direct

and Bth (r = 0.783, P < 0.008), and between Fat%binary and
Bth (r = 0.747, P < 0.014).

3.C. Correlations after factoring out body part size

The previous analyses on correlation coefficients suggest
strong linear relationship between Bth and fat percentage. Yet,
variations in body part size may have confounded these anal-
yses. To increase sensitivity in correlation analyses, the
expected effects of the outer radius were factored out as

described in Section 2.E. First, the expected thresholds for
given rout values were computed according to the original
model in Eq. (3) with kfit = 285 mT-pp � cm.11 These
expected thresholds, Bexp, are shown with the black dashed
line in Fig. 5(a). Then, the ratio of the measured threshold to
expected threshold, Bth=Bexp, was computed for all subjects.
In Fig. 6, the resulting Bth=Bexp values are plotted as func-
tions of the four anatomical measures. For each subfigure,
the red line denotes the linear fit with non-zero y-intercept.
As seen in these plots, Bth=Bexp varies between 0.58 and 1.22,
demonstrating a considerable range of deviation from the
expected thresholds. Visually comparing Fig. 5(a) with
Fig. 6(c) [or Fig. 6(d)], one can see that fat percentage can
broadly account for these deviations.

Next, Pearson correlation coefficient was computed
between each anatomical measure and Bth=Bexp, to assess
how well each anatomical measure correlates with the
deviation from the expected threshold. As expected, there
was no significant correlation between r�1

out and Bth=Bexp

(r = �0.270, P > 0.449). Furthermore, there was no signifi-
cant correlation between r�1

in and Bth=Bexp (r = 0.328,
P > 0.355). In contrast, the linear correlation with fat per-
centage was stronger after factoring out the effects of the
outer radius. Accordingly, there were very strong correlations
between Fat%direct and Bth=Bexp (r = 0.839, P < 0.003), and
between Fat%binary and Bth=Bexp (r = 0.801, P < 0.006).
These results indicate that fat content can explain variability
in magnetostimulation thresholds even after accounting for
variability that can be attributed to body part size.

3.D. Threshold predictions

The results in Fig. 6 suggest that we can improve threshold
predictions by incorporating the effects of fat percentage via
an affine adjustment to Eq. (3), as presented with the updated
model in Eq. (4). For this updated model, keeping
kfit = 285 mT-pp � cm as before11 and using Fat%direct

during regression yields mfit = 2.27 and Ffit = 36.6. Using
Fat%binary instead yields mfit = 1.74 and Ffit = 38.0.

0.18 0.20 0.22

30

40

50

60

70

0.22 0.24 0.26 0.28 20 25 30 35 40 20 25 30 35 40 45

(a) rout
-1 (cm-1 %taF) directrin

-1 (cm-1 %taF) binary(b) (c) (d)

B th
 (m

T-
pp

)

r  = 0.145
p > 0.690

r  = 0.655
p < 0.041

r  = 0.783
p < 0.008

r  = 0.747
p < 0.014

FIG. 5. Magnetostimulation thresholds from all 10 subjects, plotted as functions of the four anatomical measures extracted from the magnetic resonance images.
The red lines show the linear fits to data points. (a) No significant correlation was found between the inverse of the outer radius and Bth (r = 0.145, P > 0.690).
The black dashed line shows the expected thresholds based on Eq. (3). (b) A strong correlation was found between the inverse of the inner radius and Bth

(r = 0.655, P < 0.041). Similarly, there were strong correlations (c) between Fat% direct and Bth (r = 0.783, P < 0.008), and (d) between Fat% binary and Bth

(r = 0.747, P < 0.014). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 7 compares threshold prediction performances of
the models in Eqs. (3) and (4). The original model in Eq. (3)
that only considers body part size does not explain any signif-
icant variance in measured thresholds (P > 0.398). On the
other hand, the updated model yields substantially improved
predictions for Bth: Using Fat%direct yields a coefficient of
determination equal to R2 = 0.654 (P < 0.001), whereas
using Fat%binary yields R2 = 0.581 (P < 0.017). These results
clearly suggest that subject-specific variability in stimulation
thresholds can be predicted by using simple anatomical mea-
sures including body part size and fat percentage.

4. DISCUSSION

The human subject experiments in this work have shown
strong correlations between fat percentage and magnetostim-
ulation thresholds. The correlations with fat percentage
became stronger when the effects of body part size were fac-
tored out, leading to the updated magnetostimulation model
in Eq. (4). A previous study had also reported an anecdotal
observation that the subjects with below average body fat
tended to have lower thresholds in MRI.18 However, no

correlation between fat percentage or fat layer thickness and
thresholds was found across a pool of 17 subjects. Moreover,
that study did not find any correlation between body part size
and thresholds, either. Our updated model in Eq. (4) offers an
explanation to these seemingly contradicting results: fat per-
centage and body part size can have competing effects on
magnetostimulation thresholds. Therefore, depending on the
distribution of these two parameters for a group of subjects, it
may be difficult to observe a correlation with any single one
of the two parameters. In the current work, our hardware limi-
tations restricted the range of distributions in upper arm sizes,
whereas a relatively wide spread in fat percentage was still
achieved. These conditions facilitated the observation of the
correlation between fat percentage and thresholds, and
allowed for the construction of the updated model in Eq. (4).

Other reasons for the discrepancy between our results and
those of the aforementioned study18 could be the differences
in the types and frequencies of the applied magnetic fields. In
MRI, gradient magnetic fields are spatially linear fields that
operate around 100 Hz to 1 kHz. Particularly, the linear vari-
ation in the magnetic field can cause competing dependencies
with respect to body part size or other anatomical measures.18
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In contrast, our magnetostimulation experiments for the
drive field in MPI utilized spatially homogeneous magnetic
fields at 25 kHz. In addition, according to the fundamental
law of magnetostimulation,3 magnetostimulation thresholds
decrease with increasing frequency and reach an asymptote at
high frequencies. We have previously shown that, for the
drive field in MPI, Bth converges to its asymptotic value for
frequencies higher than 20 kHz.11 In the current study, oper-
ating in the asymptotic range may have also rendered it easier
to observe correlations with anatomical measures.

In the updated model in Eq. (4), Bth scales directly in pro-
portion with r�1

out and affinely with respect to Fat%. Thus, rout
is the primary factor in Bth, whereas Fat% has a secondary
adjustment effect. For this reason, when a group of subjects
has broadly distributed rout and Fat% values, one should still
be able to observe the linear correlation between r�1

out and Bth.
This is confirmed in our previous work that pooled threshold
measurements from lower arms and lower legs of human sub-
jects to achieve a broader distribution in effective radius11:
34% maximum deviation around a mean value of 4.87 cm.
The nature of this pooled dataset likely increased sensitivity
in detecting correlation with body part size despite the unac-
counted variations in fat percentage (which were not mea-
sured at the time).

The updated model contains three free parameters,
whereas the original model contained a single parameter. A
more complex model naturally has improved potential to
account for variability in the data. Note, however, that the
proposed model is physiologically motivated: the mechanism
for the observed fat percentage dependence of magnetostimu-
lation thresholds could be the relative positioning of the con-
ductive muscle tissue with respect to the stimulated
peripheral nerves, which are mostly located within the skin
layer. Conductive materials that are subjected to time-varying
magnetic fields are known to cause a decrease in their inter-
nal electric field and a localized increase in the electric field
exterior to the material. Therefore, a lower fat percentage
(i.e., a thinner fat layer) may position the peripheral nerves
closer to the muscle tissue, causing them to experience a
higher electric field,18 which in turn would cause a reduction
in Bth. A recent electromagnetic simulation study on predict-
ing PNS limits has also shown that electric field hotspots cor-
responded to regions of low-conductivity fat tissue
positioned near a high-conductivity tissue such as muscle,22

providing support for the abovementioned hypothesis and for
the updated model in Eq. (4).

Similar to the case of rout values, rin values for the
subjects in this work also had a relatively narrow distribu-
tion. Still, a strong linear correlation was found between
r�1
in and Bth. This result implies that the effective radius of
the conductive muscle tissue has a dominant effect on Bth,
as well as the proximity of the peripheral nerves to the
muscle tissue as explained above. Nevertheless, measuring
rin requires imaging of the anatomy, which may not be
practical in general.

A potential practical measure for categorizing body fat is
the body mass index (BMI). For the recruited subjects in this

work, BMI varied between 25.0 � 2.9 kg/m2 (mean � SD).
There was no significant correlation between BMI and Bth

(r = 0.325, P > 0.361), whereas a relatively strong correla-
tion was found between BMI and Bth=Bexp (r = 0.638,
P < 0.048). However, for certain subjects, there were large
deviations (as large as 58%) from the linear fit between BMI
and Bth=Bexp (results not shown). Such large deviations are to
be expected, since BMI is known to be an unreliable measure
of body fat.23 Body mass index tends to overestimate body
fat for people with high muscle mass, and underestimate it
for older people with low muscle mass. Therefore, as practi-
cal as BMI is, it is not a suitable anatomical measure for
predicting Bth.

In this work, due to hardware limitation of the magne-
tostimulation setup, stimulation could only be induced on
subjects with relatively large arms, all of which were male.
Apart from this limitation and the initial screening for
safety considerations, the subjects were recruited without
any restrictions on age (as long as they were between ages
18–65 according to our ethics approval), height, or weight.
Although female subjects were not recruited due to their
relatively small arms, we do not expect any gender differ-
ences in the effects of anatomical measures described in
this work. It should be noted that some of the previous
clinical investigations of PNS in MRI were conducted on
a much larger cohort of subjects, with N > 150.24,25 In
addition to these large-scale studies, coil-specific PNS
experiments were conducted with N = 20–24 to investigate
the thresholds for various types and sizes of gradient
coils.26,27 Similar to our work, there has also been
PNS studies with a relatively small cohort of subjects
(N = 5–10) to investigate the PNS thresholds for custom
gradient systems in MRI, such as head-only or neck-insert
gradient systems.28,29 Further validation of the updated
model in Eq. (4) on a larger cohort of subjects (with a
balanced gender distribution and wider age range) would
be beneficial to improve the statistical power of the analy-
sis. Validating the model on different body parts (e.g., leg,
torso) remains a future work, as well.

The results of this work have important practical impli-
cations for determining subject-specific thresholds to
enable high efficiency scans. The twofold variation
between the minimum and maximum threshold values in
this work suggests at least a twofold variation in MPI
scan efficiency if one operates at individual magnetostim-
ulation thresholds. As a first step to determine these
thresholds, one can easily compute the effective outer
radius of a body part by measuring the circumference via
a measuring tape. While using an MRI scanner for fat
percentage measurements may be excessive in most cases,
this parameter could alternatively be measured via much
simpler devices such as a skinfold caliper or bioelectrical
impedance analysis. Considering the different values for
mfit and Ffit produced by Fat%direct and Fat%binary mea-
sures, it remains to be shown how the parameters in
Eq. 4 need to be adjusted when using a different device
to measure fat percentage.
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5. CONCLUSIONS

We have shown for the first time that fat percentage
strongly correlates with magnetostimulation thresholds for
kHz-range homogeneous magnetic fields such as the drive
field in MPI, and that the correlations get even stronger after
factoring out the effects of body part size. According to the
updated model that we present, the thresholds scale propor-
tionally with the inverse of body part size, and affinely with
fat percentage. These results have important practical impli-
cations for predicting subject-specific thresholds from simple
anatomical measures, which can enable MPI to operate at a
higher drive field performance while avoiding magnetostimu-
lation.
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