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Abstract

Purpose: As gradient performance increases, peripheral nerve stimulation (PNS) is
becoming a significant constraint for fast MRI. Despite its impact, PNS is not di-
rectly included in the coil design process. Instead, the PNS characteristics of a gradi-
ent are assessed on healthy subjects after prototype construction. We attempt to
develop a tool to inform coil design by predicting the PNS thresholds and activation
locations in the human body using electromagnetic field simulations coupled to a
neurodynamic model. We validate the approach by comparing simulated and experi-
mentally determined thresholds for 3 gradient coils.

Methods: We first compute the electric field induced by the switching fields within
a detailed electromagnetic body model, which includes a detailed atlas of peripheral
nerves. We then calculate potential changes along the nerves and evaluate their re-
sponse using a neurodynamic model. Both a male and female body model are used to
study 2 body gradients and 1 head gradient.

Results: There was good agreement between the average simulated thresholds of the
male and female models with the experimental average (normalized root-mean-
square error: <10% and <5% in most cases). The simulation could also interrogate
thresholds above those accessible by the experimental setup and allowed identifica-
tion of the site of stimulation.

Conclusions: Our simulation framework allows accurate prediction of gradient coil
PNS thresholds and provides detailed information on location and “next nerve” thresh-
olds that are not available experimentally. As such, we hope that PNS simulations can

have a potential role in the design phase of high performance MRI gradient coils.
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1 | INTRODUCTION
With recent improvements in the hardware performance of
MRI gradient coils, peripheral nerve stimulation (PNS) 1-6
has become a significant limitation to the full use of these sys-
tems for fast imaging. The PNS limitation is especially acute
for imaging sequences such as EPI and balanced steady-state
free precession (bSSFP) during encoding with whole-body
gradients.7’8 Despite its impact on how gradient coils can be
used in humans, the PNS metric is not constrained explicitly
during the coil design phase. Instead, gradient coils are char-
acterized by experimental PNS thresholds that are obtained
using constructed coil prototypes and healthy human subjects.
The experimental thresholds are determined for varying gra-
dient ramp durations, yielding characteristic PNS threshold
curves.” " This data allows a compact analysis of the thresh-
old for a given applied waveform'* but does not allow a gradi-
ent design to be evaluated before construction. Additionally,
design rules have been developed through comparisons of
gradient designs and PNS threshold experiments to guide the
design process.15 An example of this is the inverse scaling
relationship between the size of the imaging volume and the
PNS threshold (i.e., increasing the FOV usually reduces the
PNS threshold). Although informing the design for this par-
ticular variable within the range of gradient designs for which
it was developed, it is difficult to span the space of gradient
design parameters with similar experimental models.

In contrast, a framework for the prediction of PNS thresh-
olds from an arbitrary wire geometry could potentially enable
the evaluation of a large number of hypothetical strategies,
identifying “PNS critical” coil features and iterative optimiza-
tion. Additionally, new approaches such as composite gradient
systems,16 multiple-region gradient arrays,17 and PatLoc gra-
dient arrayslg’19 provide multiple degrees of freedom for creat-
ing encoding fields and would require extensive experimental
characterization to explore the PNS ramifications of this space.
Finally, PNS mitigation ideas such as the use of additional
coils for reducing PNS'? are likely difficult to explore without
full simulation of the PNS threshold changes they produce.

The induction of nerve stimulation (action potentials
within the nerves) by the switching gradient fields can be
viewed as a 2-part process: induction of an electric field pat-
tern in the body shaped by the conductive tissue geometry
and the effect of these fields on the nerve membrane poten-
tials, possibly triggering action potential generfsltion.n’23 The
first part (electric field determination) has been approached
by electromagnetic simulations in realistic body models.”*
Although electric field hotspots are informative, they are not
the complete story behind PNS. The development of an action
potential, of course, requires the presence of a nerve. Although
present in a fine web on the surface, peripheral nerves are
sparser deep in the body. Additionally, it is known from ex-
perimental observations*>?® and theoretical prediction527'29
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that larger diameter nerves have lower stimulation thresholds,
suggesting that electric field hotspots coinciding with large
nerves are important to identify. Additionally, the relative
nerve/field geometry is crucial, because it is the tangential
component of the electric field that initiates action potentials.
Additionally, analysis of nerve models shows that the second
spatial derivative of the potentials along the nerve is the im-
portant metric,?"*° suggesting the significance of the spatial
characteristics of the hotspot as well as the local curvature of
the nerve. Together, these considerations point to the impor-
tance of considering a full model of the complex field distri-
bution and nerve geometry inside the human body.

In work toward a more predictive model of the field/body/
nerve interactions, simulations have been recently carried out
to assess the interaction between the electric field and the nerve
to inform nerve r(asp0n563.28’31_37 These investigations were
begun as simplified straight nerve segments placed in small
body models (~10cm) to evaluate the effect of the electric
field on the neurodynamics and extended by Neufeld etal. %
to study segments of the ulnar and sciatic nerves within a de-
tailed body model. Although this work gives insight into sev-
eral important parameters such the temperature dependence of
the neurodynamics, comparisons to experimental thresholds
were not possible because the nerve atlas was limited. We re-
cently developed a more complete nerve atlas within a detailed
electromagnetic body model and demonstrated that coupling
electrodynamic and neurodynamic simulations could predict
the thresholds from simple solenoid coils.**#!

In this work, we use this combined electromagnetic and neu-
rodynamic modelling approach to simulate the PNS thresholds
of 3 MRI gradient coils (2 body gradients and 1 head gradient)
for sinusoidal and trapezoidal waveforms with varying gradi-
ent rise times.* The simulation uses a 2-step approach. First,
we compute the electromagnetic fields in realistic body models
using a validated FEM solver. Second, we simulate the nerve re-
sponse within the labeled nerve atlas using an established neu-
rodynamic model. We also extend our simulations to both male
and female body/nerve models. We show that the male—female
average of our framework provides accurate prediction (within
10%) of the PNS thresholds of these widely different gradient
coils and correctly ranks the coils and the gradient axes in terms
of PNS. The simulations also identify the site of activation and
can assess areas that are next most likely to be stimulated.

2 | METHODS

Our framework for simulating magnetostimulation thresholds
of the peripheral nervous system has been previously described
in detail * First, we use a realistic body model and the detailed
winding pattern of the gradient coil to compute the electromag-
netic (EM) fields induced by the time-varying current applied
to the coil. The model contains the location of the peripheral
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nerves allowing the evaluation of the field at the location of
each nerve segment. Second, we simulate the dynamic re-
sponse of the nerve membrane potentials to the electric field
induced by the gradient. The generation of an action poten-
tial (AP) traveling along the nerve fiber is identified as PNS.
Therefore, a fundamental ingredient to our approach is the re-
alistic surface-based body model with a co-registered labeled
nerve atlas and careful attention to the tissue geometry in the
immediate vicinity of the nerves. The electric field map is con-
verted to a more relevant neurodynamic metric by projecting
the electric fields onto the nerve fibers of the atlas and integrat-
ing the result to obtain the electric potential changes along the
nerves. This physical entity is the driving function of typical
neurodynamic models and can then be used to assess whether
or not an AP is generated for a given gradient waveform.

2.1 | Gradient coils

We simulated PNS thresholds for the three commercial gra-
dient coils shown in Figure 1. All gradient coils are actively

X-axis
Wire pattern

BG1

Body gradient

Gmax: 40 mT/m
Smax. 200 T/m/s
Efficiency at 1A: 0.092 mT/m/A
Linear volume: 400 mm

BG2 ‘

Body gradient

Gmax: 40 mT/m
Smax: 140 T/m/s
Efficiency at 1A:  0.092 mT/m/A
Linear volume: 500 mm

HG1

Head gradient

Gmax: 100 mT/m
Smax. 350 T/m/s
Efficiency at 1A: 0.175 mT/m/A
Linear volume: 400 mm

FIGURE 1

shielded. The first coil was the Siemens “Sonata” body gra-
dient (Siemens Healthcare, Erlangen, Germany), a short
gradient coil developed for high slew rate, which we refer
to as “BG1.” We also simulate a higher inductance (lower
slew rate) and higher linearity body gradient coil, distrib-
uted as the Siemens “Quantum” gradient. We refer to this as
“BG2.” Finally, we simulate the Siemens AC84 asymmetric
head-only gradient, a fast, strong 400 mm diameter clear-bore
head gradient coil with shoulder cut-outs. We refer to this
coil as “HG1.” We compare the predicted PNS thresholds in
our body models to experimental PNS thresholds previously
obtained by the manufacturer in studies of 65 (27.7+6.5 y
old, 31 female, 34 male), 79 (30.5+8.9 y old, 33 female, 46
male) and 32 healthy subjects (29.7+10.6 y old, 12 female,
20 male) for BG1, BG2, and HG1, respectively. The head was
placed at gradient iso-center for all simulations and experi-
ments. It was not always experimentally possible to create
PNS for each gradient axis, because of limitations of the driv-
ing amplifiers. For the BG1 gradient, stimulation could only
be experimentally induced in the Y single-axis mode and

Z-axis
Wire pattern

Y-axis
Wire pattern

Wire patterns for 3 actively shielded gradient coils investigated in this work (2 body coils [BG1 and BG2] and 1 head gradient

system [HG1]). The primary winding patterns in blue are mainly designed for generation of the linear gradient fields, whereas the secondary windings

in red are primarily designed for achieving zero field outside the gradient volume (active shielding). For reference, we show a 20-cm diameter sphere

at the iso-center. Modeling of multiple coils in this work allows us not only to validate the accuracy of our PNS simulations framework but also to

verify that we correctly rank different coil designs with respect to PNS
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in the X+Y and X+ Y +Z combined-axes modes. For the
BG2 gradient, stimulation was experimentally achieved for
Y, X+Y,Y+Z, and X+ Y +Z combinations. Similarly, HG1
produced stimulation in the X, X+Y, X+7Z, and X+Y+Z
operation modes. In contrast, simulations allow the study of
arbitrarily high gradient fields and provide thresholds for all
gradient axes, but their comparison to measured thresholds
is limited to the experimentally accessible parameter space.

22 |

We derived detailed surface-based body models, including
the nerve locations, from anatomical surface data provided
by Zygote Media Group (American Fork, UT). The sur-
face model from Zygote was not suitable for EM simula-
tions because it lacked watertight structures and included

Body model and nerve atlas

Female body model

Surface model for
EM field simulation

Nerve atlas for
Neurodynamic model

EM field simulation
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self-intersections. Therefore, it was processed as previously
described.*** n short, we discretize and resegment the
surface model to eliminate intersecting faces and generate
a solid body model. In a second step, we remove non-mani-
fold and low-quality features to ensure that the body models
can be used in tetrahedral and hexahedral FEM simulations.
We prepared both the Zygote adult male (height: 176 cm,
weight: 81.6kg, body mass index: 26.3) and adult female
(height: 162.6cm, weight: 52.6 kg, body mass index: 19.9)
body model with 21 tissue classes: connective tissue, lungs,
blood vessels, brain, large and small intestine, trachea,
spleen, heart, bone, liver, bladder, skin, dura, body fluid,
gland tissues, stomach, nervous tissue, reproductive system,
fatty tissue, and muscle (Figure 2). Tissue electrical param-
eters were taken from the Gabriel database™ for a frequency
of 1 kHz.

Male body model

Nerve atlas for
Neurodynamic model

Surface model for

FIGURE 2 Female (left) and male (right) body models used in this work for prediction of PNS thresholds. The models were derived from the
Zygote surface models and were modified to be suitable for simulation. Each body model contains topology corrected surfaces modeling 21 tissue

classes as well as a co-registered atlas of the largest peripheral nerves (~1900 nerve tracks per model)
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The Zygote models include a detailed description of the
major nerve tracks in the body; ~1900 individual nerve tracks
are provided per model. We extracted 1D labeled representa-
tions of the nerves using the previously described methodol-
ogy.40 This reduced each nerve track to a centerline curve. We
defined parent/children nerves (i.e., the connectivity between
the individual nerve tracks) and labeled each segment with
the fiber diameter (which, in turn, determines the chosen pa-
rameters for the neurodynamic model). The process retains
the nerve's registration to the volume from which the electric
fields are calculated. In contrast to earlier investigations,40 we
ensure that all fiber paths of the nerve atlas are embedded in
the nervous tissue class in the body model.

23 |

The EM fields produced by the gradient inside the body were
simulated using Sim4Life (Zurich MedTech, Switzerland)
electromagnetic simulation software. EM fields were solved
using an FEM magneto quasi-static solver on a hexahedral
mesh. In the field simulation, we used an isotropic spatial res-
olution (i.e., hexahedral mesh size) of 1 mm, yielding ~190 M
mesh cells for the male body model. The 3 gradient axes were
simulated individually. The resulting fields were then com-
bined to model simultaneous operation of multiple gradient
axes (such as X+Y or X+ Y +Z). The EM fields were simu-
lated using a 1 A coil current modulated at 1 kHz. We then
determined the unit electric field per unit slew rate (i.e., the
electric field generated when the gradient is switched at a
slew rate of 1.0T/m/s), which determines the electric field's
time course for specific sinusoidal and trapezoidal gradient
waveforms.

EM field simulations

24 |

After the EM field simulation, we projected the electric fields
onto the 3D tracks of the nerve atlas and integrated the result
along the nerves to obtain the electric potential changes along
the nerves. Note that the electric potentials vary both spa-
tially along the nerves and temporally, as they are modulated
by the coil's driving waveform.

The electric potentials computed along all nerve fi-
bers were input into our implementation of the Mclntyre-
Richardson-Grill (MRG) neurodynamic model®*® o
compute the response of the nerve fibers to the imposed
electric fields, including possible action potential genera-
tion. The MRG model is an electrical circuit representation
of myelinated nerve fibers designed for mammalian nerves
with explicit modeling of the nodes of Ranvier, the axon, and
the myelin insulation sheath. The model is characterized by
a set of coupled differential equations describing the dynam-
ics of ion concentrations (mainly sodium and potassium) and
membrane potentials that determine the nerve excitation and

Neurodynamic simulation

inhibition. The differential equations are solved for every
nerve track independently using backward-Euler numerical
integration, as previously described in detail .’

Although the spacing between the nodes of Ranvier is dic-
tated by the MRG model parameters, the exact position of
the neurodynamic model along the nerve path with respect
to the external field potential is a free parameter not spec-
ified by the nerve atlas or the MRG model. We found that
this shift parameter can have an effect on the PNS thresh-
old of up to 10%. In a fiber bundle, there are thousands of
nerves; therefore, one or several of them are likely to be at the
“worst-case” location with respect to the external potential
in term of PNS. Therefore, we always attempt to simulate
the shift parameter value yielding the most conservative PNS
thresholds. To do so, we translate the MRG model compart-
ments for each nerve segment from 0 to R, where R is the
inter-Ranvier distance, in 10 steps, and chose the shift value
yielding the lowest PNS threshold.

The stimulation threshold is identified by increasing the
coil-driving waveform amplitude until an action potential is
created (titration process), marking the PNS threshold for that
waveform. This process is repeated for different rise times of
trapezoidal/sinusoidal waveforms to obtain the PNS thresh-
old as a function of the applied waveform's rise time.*’ These
curves are typically used in MRI to characterize a gradient
coil's PNS thresholds.” "

25 |

The experimental and simulation studies used gradient wave-
forms with ramp times between 100us and 1000us and a
500pus constant flat top duration between the ramps. Both
linear ramps (i.e., trapezoidal waveforms) and sine-shaped
ramp waveforms were assessed. In the experimental PNS
measurements, the gradient waveforms consisted of 128 bipo-
lar pulses, resulting in overall train lengths between 89.6 ms
(0.2 ms pulse duration) and 217.6 ms (1.2 ms pulse duration).
Because of computational limitations, we simulated the PNS
thresholds using only 16 bipolar pulses and scaled the PNS
thresholds to 128 bipolar pulses. We derived the scaling fac-
tor from the experimental data previously measured in human
experiments by Hebrank etal.'**® in the context of the devel-
opment of the “SAFE” model. In this work, the authors inves-
tigated the relation between the number of gradient pulses and
the stimulation threshold and found that increasing the num-
ber of pulses from 16 to 128 reduces the threshold by ~ 7%.

Gradient waveform parameters

3 | RESULTS

31 |

Based on the simulated magnetic fields, we determined the
gradient efficiency to define the unit electric field induced

Magnetic fields
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per unit gradient switching rate. For the BG1 coil, the nomi-
nal gradient efficiency determined by the manufacturer was
~0.092 mT/m/A for all gradient axes. The gradient efficien-
cies of the simulated coils agreed well with the experimental
values (<3.1% error). For the BG2 coil, the nominal gradi-
ent efficiency was ~0.094 mT/m/A, which was reproduced
in the EM simulations by <1.8% error. For the HG1 coil, the
nominal gradient efficiency of ~0.175 mT/m/A was achieved
in the simulation with <1.0% error. Magnetic field maps of
the three gradient coils are shown in Supporting Information
Figure S1.

3.2 | Electric fields

In Figures 3 and 4, we show the electric field magnitude pro-
duced by the BG1 and HGI coils, when the gradient fields
are switched at a slew rate of 100T/m/s (a similar plot for
BG2 is provided in Supporting Information Figure S2). The
maps are maximum intensity projections in the coronal and
sagittal planes. The 3 gradient axes (left to right) and both the
female and male body models are shown.

X-axis, Electric field

Corona Sagittal Coronal

0.1
02
T 03
No4

0.5

Female model
[

06
0.7
-0.2 0 +0.2 -01 0 +041 -0.2 0

Male model

-0.2 0 +0.2 -0.1 0 +0.41 -0.2 0

x [m] y [m] x [m]

Y-axis, Electric field

+0.2 -0.1 0 +041 -0.2 0 +0.2 -01 0 +041

+0.2 0.1 0 +0.1 -0.2 0 +0.2 -01 0 +0.1
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The electric fields are heavily shaped by the conductive
body tissues, creating a highly heterogeneous field pattern.
This is in contrast to the magnetic fields for which the body
is mostly transparent. For the body gradients, the abdom-
inal/chest region experiences the highest electric fields,
with the largest fields induced by the Y-axis, followed by
the Z-axis and the X-axis. The Y-axis caused high electric
field magnitudes in the shoulder regions, at the left/right
regions of the ribs, as well as close to the hipbones. The
electric fields imposed by the Z-axis are predominantly lo-
cated close to the spine and to the sternum. The X-axis
produces electric fields at the dorsal and ventral parts of
the rib bones and close to the hips. Note, that for all 3 gra-
dient axes, the fields induced in the male body model are
significantly higher (up to 30%), than those induced in the
female model. Although the 2 body gradients have very
similar gradient efficiencies, the electric fields imposed by
the more linear BG2 coil (Figure 4) are substantially higher
than those induced by the BGI. Beyond this scaling, the
induced electric field patterns of the 2 body gradients are
rather similar.

Z-axis, Electric field

Sagittal Coronal Sagittal

x [m] y [m]

Electric field [V/Im] (at slew rate of 100 T/m/s)

y [m] x [m] y [m]

FIGURE 3 Electric field maps (maximum intensity projection) induced by the BG1 coil in the female (top) and the male body models

(bottom). The coil driving waveform is scaled so as to achieve a slew rate of 100 T/m/s (note that the electric field varies with dB/dt and not with

B). For better visibility, the electric field in bone is set to 0 (the electric field in the bones is usually very high and would dominate the color scale

otherwise)
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X-axis, Electric field

Coronal Sagittal Coronal

Female model
z[m

02 01 0 +01 +02 0.1
x [m] y [m] x[m]

Male model

-0.2 -01 0 +01 +0.2 -0.1
x [m] y [m] x [m]

0 +0.1

Y-axis, Electric field

02 -01 0 +0.1 +0.2

-02 01 0 +01 +0.2

Z-axis, Electric field

Sagittal Coronal Sagittal

01 0 +01

04 0 +0.41 +02 0.1
y [m] x[m] y [m]

0 +04

Electric field [VIm] (at slew rate of 100 T/m/s)

04 0 +01  -02 01 0 +04 +02 01 0 +0.4
y [m] x [m] y [m]

FIGURE 4 Electric field maps (maximum intensity projection) induced by the HG1 coil in the female (top) and the male body models

(bottom). The coil driving waveform is scaled so as to achieve a slew rate of 100 T/m/s (note that the electric field varies with dB/dt and not with

B). For better visibility, the electric field in bone is set to O (the electric field in the bones is usually very high and would dominate the color scale

otherwise)

As is expected, the electric field patterns of the head gradi-
ent differ substantially from those of the body gradients both
in terms of overall field strength (~80% reduction) and field
distribution. More specifically, the X-axis predominantly cre-
ates electric fields in the facial area (front and back) and close
to the collarbone, and the Y-axis induces electric fields at
the left and right side of the head as well as in the shoulder
region. The Z-axis produces electric fields at the lower part
of the head (jaw region) and significant electric fields in the
shoulders and upper chest.

33 |

Figure 5 shows the neural activation function of the BGI1
scaled to a slew rate of 100 T/m/s in both the female and male
body model (a similar plot for BG2 is shown in the Supporting
Information Figure S3). The activation function is obtained

by projecting the electric field onto the nerve fibers and tak-
27,30

Neural activation function

ing the spatial derivative of this entity along the nerves.
More precisely, the derivative is computed based on the elec-
tric field at the node of Ranvier locations where the largest
transmembrane currents are allowed to flow. The spacing of
the nodes of Ranvier is chosen according to the axon diameter
(e.g., ~1.3mm for a 12-um nerve fiber as reported in the lit-
erature).*46 Unfortunately, precise locations of the nodes of

Ranvier are not specified in our model. Therefore we used a
“worst case” approximation of the node locations by shifting
the model to achieve the lowest threshold. Note that the ac-
tivation function does not incorporate any information of the
nerve's myelination or membrane dynamics (i.e., the nerves
with the largest activation function do not necessarily coin-
cide with the nerves having the lowest PNS threshold). The
combination of high activation function and sensitive (large
diameter) nerve creates a likely low-threshold situation.

The Y-axis of the BGI creates significant neural activa-
tion of the shoulder nerves and the upper intercostal nerves
close to the vertebrae, whereas the Z-axis stimulates the lower
intercostal nerves. The X-axis causes only minor stimulation
of the upper intercostal nerves and nerves of the upper arm.

Figure 6 shows the neural activation function of the HG1
coil. Focusing on the head nerves, the X-axis creates signif-
icant stimulation of nerves in the forehead and close to the
nasal wings, the Y-axis mainly causes stimulations in the left/
right side of the head, and the Z-axis generates neural activa-
tion of the lower facial nerves in the jaw region. In the chest
and abdomen, the electric fields generated by the head gra-
dient create neural activation in similar places to that of the
BG1 coil (shoulder nerves and upper intercostal nerves for
the Y-axis, lower intercostal nerves for the Z-axis, but almost
no interaction for the X-axis).
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FIGURE 5 Maxima of the neural activation function (i.e., second derivative of the electric field projected onto the nerve tracks) induced by
the BG1 in the female (top) and male (bottom) body models at slew rate of 100 T/m/s. Only the 10% greatest activation function values are shown

for clarity

3.4 | PNS threshold curves

Figures 7, 8, and 9 show experimental and simulated PNS
thresholds as a function of the pulse duration of the ap-
plied current waveform (rise time) for the 3 gradients stud-
ied. In all figures, the blue curve shows the experimental
thresholds determined from the healthy subjects and the
measurement SD over the population (shaded blue re-
gion). The red curves show the simulated results for the
male and female anatomical model as well as the average
of the 2 models. The shaded grey region is the experimen-
tally accessible region for each gradient. PNS thresholds
are given as the largest sub-threshold gradient modula-
tion strength (AG,;,) for a given pulse duration, T. Results
from both trapezoidal and sinusoidal ramps are shown.

The thresholds are shown for each single gradient axis and
combinations of axes for which experimental stimulation
was observed. For the body gradients BG1 and BG2, this
was Y, X+Y, and X+ Y +Z. For the HG1, these were X,
X+Yand X+Y+Z.

The female body model produced higher thresholds than
the male model with the exception of the head gradient X-
axis, where both genders had essentially the same threshold.
The experimental results (from a mixture of sexes) were
in good agreement with the average thresholds of the male
and female models. The normalized root-mean-square error
(NRMSE) differences were below 5% in most cases and a
maximum of 10.0% (HG1, X +Z axes). For the BG1 coil the
NRMSE between average experimental and simulated PNS
thresholds is 4.4% and 2.5% for the Y-axis (trapezoidal and
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FIGURE 6 Maxima of the neural activation function (i.e., second derivative of the electric field projected onto the nerve tracks) induced by

the HG1 coil in the female (top) and male (bottom) body models at slew rate of 100 T/m/s. Only the 10% greatest activation function values are

shown for clarity
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sinusoidal waveform, respectively), 3.8% for the X+ Y axes
and 5.6% for the X +Y +Z axes (both for trapezoidal wave-
forms). Unfortunately, the experimental thresholds were not
identified by gender.

In Figure 8, the experimental and simulated PNS thresh-
olds are shown for the BG2 coil. Again, there is a good match
between simulated data average of the 2 models and experi-
mental PNS threshold curves. The NRMSE of the simulated
thresholds is 4.8% and 2.8% for the Y-axis (trapezoidal and
sinusoidal waveform, respectively), 4.0% for the X+Y axes
and 1.8% for the X +Y +Z axes (both for trapezoidal wave-
forms). The bottom panel of Figure 9 compares the PNS
threshold results (Y-axis, trapezoidal waveform) for the 2
body gradients on the same plot. The PNS thresholds of the
BG2 coil were found to be ~15% lower than the thresholds
of the BG1 coil as would be expected from the more linear
(large FOV) gradient.

The PNS thresholds for HG1 are substantially higher than
the thresholds of the body gradients. There is good agreement
between the experiments (blue) and the simulations (red): for
the different gradient axes combination modes, the NRMSE
was 1.4% (X-axis), 3.8% (X+Y axes), 10.0% (X+Z axes),
and 1.4% (X+Y +Z axes).

In addition to the thresholds for the gradient axis com-
binations shown in Figures 7-9 for which stimulation was
experimentally accessible, we are able to provide simulated
threshold curves for the other axes (although there is no ex-
perimental data to compare to). These thresholds are shown
as Supporting Information Figure S4.

3.5 | Sites of stimulation

Figure 10 illustrates the locations of the body predicted to
be stimulated by our PNS simulation framework. We mark
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the location of the most sensitive nerve in each case (from
which the PNS threshold is taken) and also identify the next
most sensitive nerves. These are labeled by their percentage
increase in drive current needed to stimulate these regions
relative to that of the most sensitive nerve.

For BG1, we found that the first stimulation occurred in
the scapula and was induced by the Y-axis. Other sensitive
nerves stimulated by the Y-axis were the axillary nerve (possi-
bly leading to muscle contractions in the shoulder/triceps) and
intercostal (IC) nerves (possibly leading to muscle contrac-
tions in the hip region). Following these, the Z-axis was found
to most likely cause PNS (threshold increase of 54% for IC 11
and 72% in the scapula nerve). Furthermore, we found that in
most cases, the thresholds in the male and female model scale
differently when comparing the most sensitive nerves (i.e., the
scapula in this case) to less sensitive nerve fibers.

The BG2 coil showed a similar distribution of sensitive
body parts. Again, the first stimulation occurred in the scap-
ula and was caused by switching of the Y-axis. Increasing
the gradient modulation strength beyond the initial PNS
threshold will then most likely stimulate the axillary (+10%
to+26%), upper intercostal nerves (+21% to+47%), the tri-
ceps (+26%), and lower intercostal nerves (28% to 53%).

In contrast to the 2 body gradients, HG1 showed substan-
tially different stimulation sites. In this case, the first stimu-
lation occurred in the forehead and was induced by switching
of the X-axis. Following the forehead, further increased cur-
rent waveforms will most likely stimulate upper intercostal

nerves (+26%), nerves in the temple area (+36% to+75%),
and in the nose area (+54% to 66%). When comparing the
increase in PNS thresholds for the different body parts be-
tween the male and female model, we found that for the facial
nerves PNS thresholds increased rather consistently for the
male/female model. However, for the shoulder/chest nerves,
the PNS thresholds changed very differently between male
and female (i.e., in a way similar to the 2 body gradients).

4 | DISCUSSION

We demonstrate a simulation framework capable of accurate
prediction of the peripheral nerve stimulation (PNS) thresh-
olds of MRI gradient coils. The approach uses electromag-
netic field simulations in realistic body models followed by
a simulation of action potential generation in myelinated pe-
ripheral nerves using a neurodynamic model. Our approach
was evaluated by comparing simulated and measured PNS
thresholds for 2 commercial body gradient coils and 1 head
gradient coil. Various modes of operations of these coils were
evaluated, namely single-axis (e.g., Y-only) and multi-axes
modes (e.g., “X+Y” and “X+Y+7Z”) as well as different
gradient waveform shapes (i.e., trapezoidal and sinusoidal
ramps) and a range gradient ramp times. For all simulations,
the NRMSE between simulation and measurements was
below 10%, showing that the simulation framework is capa-
ble of predicting the PNS limitation of gradient coils prior
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FIGURE 10 Visual depiction of the sites of stimulation of the female (top row) and male model (bottom row) for the 3 gradient coils (BG1,

BG2, HG1). Stimulations as a result of the X-axis, Y-axis, and Z-axis are shown in red, black, and blue, respectively. For each gradient/body

model combination, we indicate the most sensitive sites, e.g., by “X17, “X2”, “X3” (for the first, second, third site stimulated by the X-axis). The

stated percentage describes the PNS threshold increase relative to the nerve with the lowest stimulation threshold in each gradient/body model

combination. The shaded boxes are used to group equivalent stimulation sites

to coil construction. We believe that our framework can be
beneficial for a variety of applications, including assessment
of novel gradient designs, as well as strategies for PNS re-
duction, which might result from gradient waveform optimi-
zation,49 or the use of external field coils.?! Additionally, it
might be useful for optimization of non-MRI related hard-
ware such as devices for nerve conduction studies (NCS) 50
and nerve stimulators for diverse applications (from anesthe-
sia to sleep apnea). We hope that the framework might also
be extended to the central nervous system to inform transcra-
nial magnetic stimulation (TMS) studies.”!

The PNS simulation approach provides more specific in-
formation about the interactions between a gradient coil and
the human body than a simple threshold measurement. First,
PNS thresholds can only be obtained for gradient axes for
which the gradient amplifiers can generate super-threshold
gradient pulses. The simulation can show more precisely,

where stimulation occurred and the site can be examined to
provide some insight into its magnetostimulation sensitiv-
ity. For example, electric field hotspots with a large diame-
ter (e.g., sensitive) nerve running through them are obvious
problems, but the relative orientation of the nerve to the field
is also a factor as is the curvature of the nerve. Finally, it is
not practical to experimentally determine PNS thresholds of
the second or third most-sensitive nerve. In contrast, simula-
tions allow for a complete characterization of different body
parts with respect to their stimulation threshold. Such a char-
acterization (like the one shown in Figure 10) might provide
important information for gradient coil designers to consider
modification of winding details to shift the site of the first
stimulation. For example, for unshielded head gradient coils,
the site of the first stimulation is often located in the shoul-
der region, because the magnetic fields leaving the coil at the
patient end fully penetrate the shoulders (causing PNS in this
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region). On the other hand, active shielding can protect the
switching fields from reaching the shoulder, shifting the site
of the first stimulation to the facial area.

Despite the broad agreement between electric field
hotspot locations and locations of onset nerve stimulation,
the electric field and neural activation maps are not the same.
Mismatches between these 2 metrics are because of the fact
that neural activation by the external electric field is heavily
dependent on (1) the presence of large axon-diameter nerves
in the vicinity of the electric field hotspot, and (2) the local
direction of the electric field relative to the nerve path. More
precisely, the nerve's excitability is heavily influenced by
changes in the value of the electric field component parallel
to the fiber. These changes may arise from variations in the
electric field direction in the case of a relatively straight fiber
or variations in fiber direction in the presence of a spatially
smooth electric field. In a sense, the nerve atlas “filters out”
components and locations of the electric fields that have little
impact on the nerves. This filter is the result of the operations
of projection of the electric field onto the nerve path and in-
tegration of the result along that path. For example, a nerve
passing through an electric field hotspot can be unaffected by
it as long as it is largely orthogonal to the local electric field.
We observe this in Figures 3 and 5, which show both electric
field and neural activation function maps for BG1. Although
the X-axis induces significant electric fields in the abdomen/
chest region, the nerves in this body part only interact mildly
with the electric fields. This is because the electric fields
predominantly run in the sagittal plane, whereas the relevant
nerve fibers (e.g., intercostal nerves) mostly run in the trans-
verse plane. The neural activation function or perhaps the
neural activation function weighted by the local axon diam-
eter might provide a more meaningful metric than the elec-
tric field alone. However, this requires the nerve geometry
because projections and spatial derivatives of the field along
the nerve path are needed.

An interesting observation is that most stimulations oc-
curred in sub-branches of the major nerve trunks. For ex-
ample, the X and Y axes of the body gradients BG1 and
BG?2 induced stimulations of a branch of the scapula nerve,
rather than stimulating the nearby much larger radial or ulnar
nerves. This may be because of the fact that nerve trunks
with large diameters follow a rather smooth path (with low
curvature kinks) whereas smaller nerves tend to take very
sharp turns. Because the neural activation function along the
nerves is computed from the spatial derivative of the electric
field component along the fiber, it is heavily modulated by
these sharp kinks. Therefore, the primary sub-branches of the
major nerve tracks are particularly sensitive to stimulation
because of their combination of relatively large axon-diame-
ter nerve fibers and sharp kinks in their nerve paths.

The use of both a male and female body model proved
necessary to match the population average experimental

thresholds, especially for the body gradient coils. The
threshold differences between our male model and our
female model largely account for the population variation
observed in the experimental data for the body gradients,
but they over-represent that variance. The experimental data
SD ranges from 15-20% for the body gradients whereas
the male—female difference in our simulation was ~30%.
Interestingly, for the head gradient coil, the simulation dif-
ference between the male and female body models was less
than the experimental SD. Some of the over-estimation of
the range of the body gradient experimental data could have
been driven by the nature of the body models: a heavy and
muscular male model and relatively small female model. The
simulations revealed lower thresholds for the male model,
especially for the body gradient coils. We attribute this to
the larger body cross-section of the male model, giving rise
to larger eddy current loops and higher electric fields. For
the head gradient, the anatomical size difference (in the head
region) is less pronounced and the electric field differences
are less significant. We also suspect that the higher body fat
content of the female model plays a role. Peripheral nerves
tend to run in the fat regions between muscles. The electric
field map details suggest that 2 conductive muscle regions
separated by a dielectric fat layer act as a capacitor with a
nerve potentially running between its plates. With a thicker
fat layer, the capacitance is reduced and similarly the elec-
tric field experienced by the nerve. The fact that the male—
female difference overestimated the experimental SD in the
body gradient and underestimated it for the head gradient
is harder to explain. It is clear that similar to SAR simula-
tions, access to a wide range of body models will ultimately
be useful. In addition, the role of subject position variations
needs to be explored.

In practice, all anatomical models omit some features
and represent simplifications. Clearly, our nerve model is
limited to only the larger of the peripheral nerves and many
nerve tracks are not included. Fortunately, small nerves are
more difficult to excite than larger diameter nerves, so accu-
rate PNS prediction only requires simulation of the biggest
nerves. Nonetheless, a missing smaller nerve in a high elec-
tric field region could cause the model to miss a stimulation
site. Until more is known, the nerve diameter cutoff for de-
ciding which nerves to include is not clear. Our nerve atlas
derived from the Zygote anatomical models contains more
than 1900 nerves. The general agreement with the experi-
ments suggests that this is adequate for making comparisons
between gradient coils.

Another limitation of our PNS framework is the uncer-
tainty of nerve axon diameters in different body regions. The
diameter of the entire nerve bundle does not have a particu-
lar impact on the nerves excitability (e.g., the sciatic nerve's
diameter can reach a few centimeters). It is the composition
of the nerve trunk by different types of nerve fibers and the
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individual nerve's diameter that largely determines the pa-
rameters of the neurodynamic model and therefore plays an
important role in determining the sensitivity of the nerve to
an applied electric field. For example, motor nerves have di-
ameters <20 um and sensory nerves <12 um. The stimulation
threshold of a motor nerve fiber with an axon diameter of
20um is ~50% lower than for sensory nerve fibers with an
axon diameter of 12um. Unfortunately, exact fiber diame-
ter distributions have only been investigated for a few major
nerve tracks (like the sciatic or radial nerves) using nerve
conduction studies>® or excisions. For all other nerve tracks,
we relied on knowledge of the type of innervation (i.e., motor,
sensory, or autonomous innervation) and assigned the largest
common diameters for these three types (20 um, 12 um, and
2 um, respectively).

Finally, the nature of the nerve locations, tucked next to
bone and between muscles and organs, suggests that a high
spatial resolution is needed for the electric field simulation.
Because we use an FEM solver on a hexahedral mesh, the
spatial resolution of the EM field simulation is limited to
~1mm. This resolution does not permit an explicit represen-
tation of the nerves on a microscopic level (like the myelin
sheath or individual nerve fibers) in the EM simulation. In
the latest version of the body models, we include the nervous
tissue to ensure that the fibers of the nerve atlas are embed-
ded in the correct tissue class. The diameter of each nerve
track in the electromagnetic simulation is, therefore, over-
represented because it cannot fall under 2mm (i.e., 2 vox-
els), precluding the representation of the smaller nerves with
their correct size. Another limitation of the EM simulation
step used is that it does not include detailed modeling of the
anisotropic conductivity of nerve fibers and muscle tissues.
It is possible that the anisotropic conductivity of nerve fibers
especially has an impact on computed PNS thresholds. Such
a hypothesis can only be tested using simulation of this effect,
which needs further work.

5 | CONCLUSION

In this work, we have demonstrated the ability to accurately
predict experimental PNS thresholds of specific MRI gra-
dient coils using electromagnetic and neurodynamic simu-
lations in female and male body models. Good agreement
between experimental and simulated PNS thresholds was
found for the 3 different MRI gradient coils studied, sug-
gesting that the PNS simulation framework can be used to
compare the PNS properties of different coil geometries
at the design stage. By providing a tool to inform gradient
design prior to construction, we hope to expand the range
of design features that can be characterized, with an ul-
timate goal of easing the restrictions caused by PNS in
human MRI.
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Additional Supporting Information may be found in the on-
line version of this article.

FIGURE S1 Magnetic fields produced by the 3 gradient
coils (top to bottom: BG1, BG2, HG1) in central coronal
and sagittal planes, scaled to a gradient strength of 10 mT/m.
The color bar for the body gradients BG1 and BG2 is scaled
differently (max: 4.0 mT), than for the head gradient, HG1
(max: 2.0 mT). Note that in this plot of the magnetic field,
the simple linear “gradient” is not visible because of the con-
comitant magnetic fields (the linear gradient is only visible in
a plot of the B, field component)

FIGURE S2 electric field maps (maximum intensity projec-
tion) induced by the BG2 coil in the female (top) and the
male body model (bottom), scaled to a slew rate of 100 T/m/s.
For better visibility, the electric fields in bone are set to zero
(the electric field in the bones is usually very high and would
dominate the color scale otherwise)

FIGURE S3 Maxima of the neural activation function (i.e.,
second derivative of the electric field projected onto the
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nerve tracks) induced by the BG2 coil in the female (top)
and male (bottom) body models at slew rate of 100 T/m/s.
Only the 10% greatest activation function values are shown
for clarity

FIGURE S4 Simulated PNS threshold curves for BG1 and
BG2 (X and Z axes) and for HG1 (Y and Z axes) in terms of
the minimum gradient magnitude as a function of the pulse
duration for trapezoidal current waveforms. For these gradi-
ent axes, the experimental setup did not achieve significant
stimulation (i.e., no experimental data is shown). The shaded
grey region is the experimentally accessible region
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