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� Neural activity in the brachial plexus can be visualized by magnetoneurography.
� Conductions in response to median and ulnar nerve stimulations can be differentiated.
� Currents flowing into the depolarization site can be computationally reconstructed.

a b s t r a c t

Objective: To visualize neural activity in the brachial plexus using magnetoneurography (MNG).
Methods: Using a 124- or 132-channel biomagnetometer system with a superconducting quantum inter-
ference device, neuromagnetic fields above the clavicle and neck region were recorded in response to
electrical stimulation of the median and ulnar nerves in five asymptomatic volunteers (four men and
one woman; age, 27–45 years old). Equivalent currents were computationally reconstructed from neuro-
magnetic fields and visualized as pseudocolor maps. Reconstructed currents at the depolarization site
and compound nerve action potentials (CNAPs) at Erb’s point were compared.
Results: Neuromagnetic fields were recorded in all subjects. The reconstructed equivalent currents prop-
agated into the vertebral foramina, and the main inflow levels differed between the median nerve (C5/
C6–C7/T1 vertebral foramen) and the ulnar nerve (C7/T1–T1/T2). The inward current peaks at the depo-
larization site and CNAPs showed high linear correlation.
Conclusions: MNG visualizes neural activity in the brachial plexus and can differentiate the conduction
pathways after median and ulnar nerve stimulations. In addition, it can visualize not only the leading
and trailing components of intra-axonal currents, but also inward currents at the depolarization site.
Significance: MNG is a novel and promising functional imaging modality for the brachial plexus.
� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Imaging and functional studies, as well as physical examination
including various provocation tests, are essential for evaluating
brachial plexus disorders due to trauma, entrapment, tumors,
and other causes. The brachial plexus is highly susceptible to
trauma and other diseases because of its superficial location and
its position between highly mobile structures, the neck and the
arm (Ferrante, 2012). Nevertheless, assessment of brachial plexus
pathology has been challenging due to its anatomical features:
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its position running though the muscles and bones of the shoulder
and neck and the variety of its neural components.

In brachial plexus injury, imaging and electrophysiological
studies are used for the localization and characterization of the
lesion, for diagnosis, and for determination of surgical options
(Ferrante, 2012; Giuffre et al., 2010; O’Shea et al., 2011). They also
help to assess the nerve components involved. The location of the
lesion, such as pre- or postganglionic, affects the neurophysiologi-
cal study results and the treatment options.

As for electrophysiological examination of the brachial plexus,
the modalities that can be used include sensory nerve action
potential (SNAP), somatosensory evoked potential (SEP), needle
electromyography, and compoundmuscle action potential (CMAP).
Although these are helpful modalities for diagnosis and pre- and
post-operative studies, they have some limitations. For example,
the SNAP and CMAPmay be normal soon after acute postganglionic
nerve injury unless Wallerian degeneration occurs. In pre-
ganglionic injury of the sensory nerve, the SNAP remains intact
without combined distal lesions. Similarly, a concurrent pre-
ganglionic lesion cannot be denied even in the case of postgan-
glionic injury.

Imaging techniques such as X-ray imaging, ultrasonography, CT
myelography, and magnetic resonance imaging are useful to detect
the nerve lesion location and any concurrent bony and soft tissue
injuries (Caranci et al., 2013; Marquez Neto et al., 2017; Rehman
et al., 2014). Differentiation of the complete discontinuation of
an axon (axonotmesis or neurotmesis) from neurapraxia is clini-
cally important when considering the indication for surgical treat-
ment. Although most traditional imaging techniques are unable to
detect axon loss, diffusion tensor imaging has the potential to
reveal axonal discontinuation or regeneration (Marquez Neto
et al., 2017; Simon et al., 2016).

While the combination of physical examination and imaging
and electrophysiological studies is helpful and reliable in most
cases, the interpretation of these results is sometimes difficult for
non-specialists. To create true benefit for patients, a functional
imaging method that is easily comprehensible for physicians from
diverse backgrounds is desired. Magnetoneurography (MNG) has
the potential to be one such functional imaging method.

MNG is a functional imaging modality that detects magnetic
fields generated by electric activity in nerves. Magnetoencephalog-
raphy and magnetocardiography obtain biomagnetic recordings
and are already available for clinical use. MNG for the spinal cord
and peripheral nerves is now being developed for clinical applica-
tion, and pioneering studies have been reported (Curio et al., 1991;
Hashimoto et al., 1991; Hoshiyama et al., 1999; Klein et al., 2006;
Mackert, 2004; Mackert et al., 2001a, 2000, 2001b, 1997, 1998;
Trahms et al., 1989; Wijesinghe, 2010, 2014; Wijesinghe and
Roth, 2009; Wikswo et al., 1980).

Our group has developed the system for MNG and magne-
tospinography and reported the visualization of neural activities
in peripheral nerves and the spinal cord in both animals and
humans (Fukuoka et al., 2004, 2002; Hoshino et al., 2005; Ishii
et al., 2012; Kawabata et al., 2002; Ohkubo et al., 2003; Sumiya
et al., 2017; Tomizawa et al., 2008; Tomori et al., 2010; Ushio
et al., 2019). One notable advantage of MNG is that it can compu-
tationally reconstruct equivalent currents and visualize electrical
activity. Although even normal electrical neural activity attenuates
along conduction, MNG may be able to detect nerve lesions in the
conduction pathway from the peripheral nerve to the spinal cord,
including the brachial plexus. We previously reported that MNG
is clinically useful for examining electrical activity in the spinal
cord and the corda equina (Ishii et al., 2012; Ushio et al., 2019).
However, the validity of MNG for assessing the brachial plexus
remained unclear.
In this study, we present a visualization of electrical activity
along the brachial plexus using our MNG system, including recon-
structed currents flowing into the depolarization site. In addition,
we consider the clinical application of MNG as a functional imaging
method for the brachial plexus.
2. Methods

2.1. MNG system

Biomagnetic recordings were performed in a magnetically
shielded room with a 124- or 132-channel SQUID biomagnetome-
ter system developed by Kanazawa Institute of Technology and
RICOH Company, Ltd. (Adachi et al., 2017, 2009, 2007, 2011,
2013). The system has 44 vector-type SQUID magnetic sensors
arranged in a 180-mm � 130-mm area along the cylindrical sur-
face with a radius of 200 mm (Fig. 1). In the 124-channel system,
the sensors at the four corners recorded magnetic fields only in
the Z direction owing to the restrictions of the electronic circuit.
Positive in the X direction was set to be from the left to the right
of the body, in the Y direction from caudal to cranial, and in the
Z direction from the dorsal to the ventral side of the body.
2.2. Positional information

Two X-ray irradiation devices were installed above and beside
the sensor array to take an X-ray image of the subjects in the mea-
surement position (Fig. 1a). Marker coils were placed under the
subjects and the relative position to the person was acquired in
the anteroposterior view of the X-ray image. Magnetic fields gen-
erated by the marker coils were recorded before measurement of
the subjects, and the relative position of the marker coils to the
sensor array was estimated (Erne et al., 1987). The position of
the subject on the measurement area was obtained from the infor-
mation described above.
2.3. Subjects and recording of neuromagnetic fields and compound
nerve action potentials

The subjects were five asymptomatic volunteers (four men and
one woman; age, 27–45 years old; height, 164–175 cm). Neuro-
magnetic fields and compound nerve action potentials (CNAPs)
were recorded in response to electrical stimulation of the median
and ulnar nerves, respectively. In a magnetically shielded room,
the subjects were prone on a table with the right arm pronated.
The measurement area was arranged so as to cover the region from
the anterior neck to the coracoid process (Fig. 2). The nerve was
electrically stimulated at the wrist (square wave pulse, 5 Hz;
0.3 ms in duration) with supramaximal intensity that evoked max-
imal CNAP at Erb’s point (6–12 mA in intensity). Evoked magnetic
fields were recorded by the MNG system using a 40-kHz sampling
rate and 100–5000-Hz bandpass filter, and 2000 responses were
averaged (Fig. 3).

The CNAPs at Erb’s point were measured in the same position
using a MEB-2312 system (Nihon Kohden Corporation, Japan) with
a 10-kHz sampling rate, 20–2000-Hz bandpass filter, and the aver-
age of 1000 responses.

All procedures in this study were approved by the Ethics Com-
mittee of Tokyo Medical and Dental University and carried out in
accordance with the Declaration of Helsinki. We obtained written
informed consent and releases for images and photographs from
all subjects.



Fig. 1. Appearance and structure of the MNG system. (a) Appearance of the 124- or 132-channel SQUID biomagnetometer system in a magnetically shielded room. The
cryostat has a protrusion on the side surface of the cylindrical main body contained in the housing indicated by the black dotted square. The protrusion holds the SQUID
sensor array in the sensor area indicated by the black dotted square. Two X-ray irradiation devices (black arrows) were installed to take posteroanterior and lateral X-ray
images of the subject and the sensors in the measurement position. (b) Inner structure and dimensions of the cryostat. The cylindrical part was placed in the housing
indicated by the black dotted square. The right side of the red dotted line is the protrusion holding the SQUID sensors. (c) An array of 44 SQUID vector gradiometers with a
matrix-like arrangement. In a 124-channel SQUID biomagnetometer system, the four sensors placed at the four corners are axial-type SQUID gradiometers for recording
magnetic fields only in the Z direction. The other 40 sensors are vector-type SQUID gradiometers, which are equipped with two planar-type gradiometric pickup coils and an
axial type for recording signals. (d) Structure of the vector-type SQUID gradiometers. Each sensor is equipped with two planar-type gradiometric pickup coils and an axial-
type gradiometric pickup coil combined into one bobbin. Each pickup coil is oriented perpendicularly to each other and connected to an individual SQUID to simultaneously
detect the three independent components of magnetic fields. The baseline length of each gradiometric pickup coil is 68 mm and the noise level was less than 4 fT/Hz0.5 in the
white region. This figure was reproduced with permission from Adachi et al. � 2017 IEEE. Reprinted with permission from DOI: https://doi.org/10.1109/TASC.2016.2631422.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.4. Visualization of current distribution

Unit gain constraint recursively applied null-steering spatial fil-
tering (UGRENS) (Kumihashi and Sekihara, 2010; Sekihara and
Nagarajan, 2015) was adapted to the acquired magnetic field data
to reconstruct the temporal and spatial distribution of the equiva-
lent currents after median and ulnar nerve stimulation in the
region of interest (ROI). The ROI was defined as a flat area
50 mm above the top of the sensor array (area of the X-ray image
in Fig. 2a; the black line in Fig. 2b). This distance was chosen
because the distance between the sensor surface and the anterior
margin of the C7 vertebra was almost 50 mm in most cases. The
reconstructed currents at each acquisition time were superim-
posed on the X-ray image to visualize their distribution and inten-
sity (Fig. 4). In this method, the current waveforms at arbitrary
points in the ROI can be calculated as if virtual electrodes were
placed there.

2.5. Comparison of current expansions

The current flowing into the cervical intervertebral foramen
was calculated on the line connecting the midpoints of the right
intervertebral joints of C4 and T2 (Line A, the black line in
Fig. 5a). The conduction pathways of reconstructed currents near
the clavicle were estimated from the spatial transition of the max-
imum intensity of the leading component of the reconstructed cur-
rent (the dotted black line in Fig. 5a). The cross point of the
conduction pathway and the clavicle was assumed to be the origin,
and a line passing through the origin and perpendicular to the con-
duction pathway was set as Line B (the white line in Fig. 5a). The
currents on Line B directing toward the spinal canal along the con-
duction pathway (the dotted black line in Fig. 5a) were calculated.
The reconstructed currents after the median and ulnar nerve stim-
ulations were compared to evaluate their expansion on either Line
A or Line B. Lines A and B have the same length.

2.6. Evaluation of current waveforms

Virtual electrodes were set along the conduction pathway (the
black lines in Fig. 6a and d) at 15-mm intervals (black-rimmed
white circles in Fig. 6a and d). Waveforms of currents at each vir-
tual electrode were respectively calculated by UGRENS (Fig. 6b
and e). The conduction velocity was calculated from the peak
latencies of the current waveforms from two virtual electrodes,

https://doi.org/10.1109/TASC.2016.2631422


Fig. 2. (a) The subject was in the prone position on a table in a magnetically
shielded room. The sensor area was arranged so as to cover the anterior neck to the
coracoid process. An X-ray image is superimposed on that of the subject. The small
circles in the X-ray image represent marker coils (white arrows). The relative
position of the marker coils to the sensor array was obtained by recording the
magnetic fields generated by the marker coils. A stimulator is on the ulnar nerve at
the wrist in this figure. (b) Lateral view of the X-ray image in the measurement
position. Two X-ray markers are indicated by white circles. The relative positions of
the X-ray markers to the sensor array were measured in advance, and then the
relative position of the subject to the sensor array in the X-ray image was obtained.
Because the distance between the center of the sensor array and the anterior
margin of the C7 vertebra was almost 50 mm in most cases, this was used as a
depth parameter for equivalent current reconstruction. This figure was reproduced
with permission from Adachi et al. � IOP Publishing. Reprinted with permission
from DOI: https://doi.org/10.1088/1361-6668/aa66b3.
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Nos. 3 and 5, set proximal to the clavicle (Fig. 6a and d). Similarly,
the gray-rimmed white circles in Fig. 6a and d are virtual elec-
trodes recording currents perpendicularly flowing toward the con-
duction pathway. These circles are 20 mm away from the
conduction pathway. Furthermore, the current waveforms at the
virtual electrode closest to Erb’s point (electrode No. 4) and CNAP
at Erb’s point (the black dotted circle) were compared to evaluate
the correspondence between the latencies of the reconstructed
currents and CNAPs (Fig. 7).
ig. 3. (a) Relative position of the subject to each sensor bobbin. The X-ray image
hows the cervical to shoulder region of the subject and the marker coils and
lectrodes. (b) and (c) Waveforms of magnetic fields measured in each sensor after
) the median nerve stimulation and (c) the ulnar nerve stimulation in a

epresentative case. Each waveform shows magnetic fields recorded from each
ensor (X, red; Y, green; Z, black). One of the Y sensors was not working.
3. Results

3.1. Recording of neuromagnetic fields and visualization of the
equivalent current distribution in response to electrical stimulation of
the median and ulnar nerves

Neuromagnetic fields above the clavicle and neck region were
successfully recorded in response to stimulation of the median
and ulnar nerves at the wrist in all subjects. Fig. 3 shows the
evoked magnetic fields of a representative recording from the X-,
Y-, and Z-directed coils (X, red; Y, green; Z, black; (b) median
nerve; (c) ulnar nerve). Similarly, the same subject is shown in
Figs. 3, 4, and 6. The peak-to-peak amplitudes of the magnetic
fields from all coils were 195–420 fT after the median nerve stim-
ulation and 100–180 fT after the ulnar nerve stimulation. The mag-
netic fields recorded from the coils of all directions showed two or
three phasic waveforms and conducted from distal to proximal.

The equivalent currents after the median/ulnar nerve stimula-
tion reconstructed by UGRENS were illustrated in a pseudocolor
map and superimposed on the X-ray image (Fig. 4). First, the lead-
ing component of the equivalent current (represented by the large
red arrow) appeared frommedial and distal to the coracoid process
and propagated toward the intervertebral foramina crossing the
coracoid process (Fig. 4a: median nerve, 8.200–10.000 ms;
F
s
e
(b
r
s
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Fig. 4. Time course of the spatial distribution of equivalent currents in a representative case. The equivalent current densities are illustrated as a pseudocolor map
superimposed on the X-ray image. Small black arrows indicate the direction of current at each position. (a) Equivalent currents in response to the median nerve stimulation.
From 8.200 ms to 10.000 ms, the leading components appeared from the medial and distal directions to the coracoid process (large red arrow) and propagated toward the
intervertebral foramina crossing the clavicles. From 10.000 ms to 11.200 ms, the trailing components appeared and similarly propagated (large pink arrow). From 9.400 ms to
10.600 ms, currents flowing toward the conduction pathway (white arrow) appeared from the medial side. (b) Equivalent currents in response to the ulnar nerve stimulation.
The leading components (large red arrow) appeared and propagated cranially (from 8.700 ms to 10.675 ms). The trailing components (pink arrow) and currents flowing
toward the conduction pathway (white arrow) appeared and similarly propagated (from 10.675 to 11.975 ms).
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Fig. 5. Expansion of equivalent currents around the vertebral foramina and the clavicle. (a) Line A was defined as a line connecting the midpoints of the right intervertebral
joint of C4 and that of T2. The cross point of the conduction pathway (the black dotted line) and the clavicle was set as the origin (O), and Line B (the white line) passes through
the origin and perpendicular to the conduction pathway. The length of Line B is the same as that of Line A. (b) The current intensity on Lines A and B in response to electrical
stimulation of the median and ulnar nerves in five subjects. The black solid and dotted lines are the current intensity on Line A after the median and ulnar nerve stimulations,
respectively. The left-hand axis shows the position of themidpoint of the vertebral facet. The gray solid and dotted lines show the current intensity on Line B and the right-hand
axis is the distance from the origin on the clavicle. The current intensity is on the axis of the abscissa. Solid lines, the median nerve stimulation; dotted lines, the ulnar nerve
stimulation. The chart in the bottom right corner shows the averaged data of the five subjects as the peak latencies of the respective cases were normalized to 1.0.
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Fig. 4b: ulnar nerve, 8.700–10.675 ms). Similarly, the trailing com-
ponents of the equivalent currents (the large pink arrow) appeared
and propagated toward the spinal canal (Fig. 4a: median nerve,
10.000–11.200 ms; Fig. 4b: ulnar nerve, 10.675–11.975 ms).
Between the leading and trailing components, inward currents
flowing into the conduction pathway (the large white arrow)
appeared and propagated proximally (Fig. 4a: median nerve,
9.400–11.200 ms; Fig. 4b: ulnar nerve, 10.675–11.975 ms). The
equivalent currents after the median nerve stimulation mainly flo-
wed into C6/7–C7/T1, whereas the currents evoked by the ulnar
nerve stimulation flowed into about C7/T1–T1/2.

3.2. Evaluation of the equivalent current distribution

The current intensities and expansion on Line A and Line B were
compared among the five subjects (Fig. 5). The solid lines (for the
median nerve stimulation) and interrupted lines (for the ulnar
nerve stimulation) in Fig. 5b represent the distributions of the
equivalent current intensities propagating across Line A and Line
B in Fig. 5a. The left-hand vertical axis in Fig. 5b shows the level
of the midpoint of the intervertebral body for evaluating the cur-
rent expansion on Line A. The right-hand vertical axis shows the
distance from the origin on the clavicle for gray plots. The chart
in the bottom right corner represents the normalized data of the
five subjects when the peak current intensity in each case was con-
verted to 1.0.

The equivalent currents after the median nerve stimulation
were mainly propagated into the C5/C6 to C7/T1 intervertebral
foramina in the five subjects and peaked at C7 in the averaged
chart (waveform depicted with a black solid line in Fig. 5b). In con-
trast, the reconstructed currents after the ulnar nerve stimulation
propagated into the C6/C7 to T1/T2 intervertebral foramina and
peaked at Th1 in the averaged chart (the black dotted line in
Fig. 5b). The maximal intensity of the reconstructed currents on
Line B (the currents directed toward the spinal canal) was almost
located at the origin (gray solid and dotted lines in Fig. 5b). In addi-
tion, the current distributions on Line A (black waveforms in
Fig. 5b) spread more widely than those on Line B (gray waveforms
in Fig. 5b).

A paired t-test showed a significant difference in the positions
of the peak current intensity on Line A between the median nerve
stimulation and the ulnar nerve stimulation (n = 5, p = 0.022).

3.3. Evaluation of current waveforms

As shown in Fig. 6, the peaks of the leading components of the
reconstructed currents (black upward waveforms in Fig. 6b and e)
and the currents flowing into the conduction pathway (gray
upward waveforms in Fig. 6b and e) propagated from distal to
proximal in both the median and ulnar nerve stimulations.

In all subjects, the conduction velocities could be calculated from
the upward peak latencies of the leading component of the recon-
structed current at virtual electrodes Nos. 3 and 5 (Fig. 6b and e).
The conduction velocities after median nerve stimulation and after
ulnar nerve stimulation were 71.74 ± 6.67 m/s (mean ± SD, n = 5)
and 71.82 ± 7.50 m/s (mean ± SD, n = 5), respectively.

Furthermore, currents perpendicularly flowing toward the con-
duction pathway at each virtual electrode could be reconstructed
(gray waveforms in Fig. 6b and e). These virtual electrodes were
set 20 mm medial from the conduction pathway (gray-rimmed
white circles in Fig. 6a and d). The gray waveforms obtained at
the virtual electrode closest to Erb’s point (virtual electrode No. 4
in Fig. 6a and d) corresponded to the waveforms of CNAPs at Erb’s
point (dotted waveforms in Fig. 6c and f). The peak latencies of
CNAPs at Erb’s point were 10.158 ± 0.185 ms after the median
nerve stimulation and 10.814 ± 0.337 ms after the ulnar nerve
stimulation (mean of the difference, 0.656 ms). The peak latencies
of the reconstructed equivalent currents were 10.115 ± 0.342 ms
and 10.640 ± 0.457 ms, respectively (mean of the difference,
0.525 ms). The correlation between the peak latencies of the gray
waveforms at the gray-rimmed electrode (No. 4) and CNAPs at
Erb’s point is shown in Fig. 7. The reconstructed currents flowing
toward the conduction pathway and CNAPs showed a high linear
correlation (cross, median nerve; circle, ulnar nerve; y = x;
R2 = 0.8387).

4. Discussion

MNG of the peripheral nerves and spinal cord is a new func-
tional imaging modality that is currently under development.
Our group has been working on the clinical application of MNG
and believes that it is now feasible.

Notably, MNG can computationally reconstruct equivalent cur-
rents and visualize electrical activity. It helps clinicians, including
non-specialists of neurology, understand spatiotemporal neurolog-
ical activity, especially for deep-seated nerves such as the brachial
plexus, spinal cord, and spinal nerves. In traditional neurophysio-
logical examinations, conduction block cannot be observed before
Wallerian degeneration when both stimulation and recording sites
are located distal to the lesion site, whereas SEP can detect pre-
ganglionic brachial plexus injury. MNG can detect the lesion site
before Wallerian degeneration because it can visualize neural
activity conducting proximally through the lesion site. In brachial
plexus injury, examination at an early stage may not be necessary
in most cases, but it could provide new neurophysiological insight
into the pathology of brachial plexus disorder.

As shown in Fig. 3, evoked neuromagnetic fields were larger in
amplitude at the medial side of the scan area, especially near the
anatomical position of the brachial plexus. The peak-to-peak
amplitudes of the evoked magnetic fields were larger for median
nerve stimulation than for ulnar nerve stimulation. The CNAPs at
Erb’s point showed a similar tendency in amplitude (Fig. 6c and f).

In Fig. 4a and b, the leading and trailing components of the
equivalent currents conducted from distal to proximal, and the dis-
tance between the peaks of the two components exceeded 80 mm.
Although these currents are an integration of currents in different
conduction pathways, these two components represent expansion
of neural activity in the brachial plexus. In addition, the currents
flowing into the space between the two components appeared
from the left side (the white arrow in Fig. 4a and b). Considering
their direction, these components are supposed to be volume cur-
rents flowing into the depolarization site. Because the right side of
the pseudocolor map is outside the body, there are no obvious
inflow currents at the right side.

Although the results in the median nerve and the ulnar nerve
were generally similar, the equivalent currents after the median
nerve stimulation mainly flowed into C6/7–C7/T1 (Fig. 4a, 9.400–
11.200 ms), whereas the currents evoked by the ulnar nerve stim-
ulation flowed into about C7/T1–T1/2 (Fig. 4b, 10.675–11.975 ms).
These results indicate that MNG can visualize neural activity in the
brachial plexus, including the currents flowing into the depolariza-
tion site, and differentiate the conduction pathways of neural
activities evoked by the median and ulnar nerves.

To prove that MNG could detect the variation in the conduction
pathways of the brachial plexus, we evaluated the expansion of the
current distribution at the nearby vertebral foramina and clavicle
(Fig. 5). As in Fig. 4a and b, there was a spatial difference between
the median and ulnar nerve stimulations regarding the recon-
structed current distribution to the nearby vertebral foramina. In
the normalized chart, current distribution peaked at C7 after med-
ian nerve stimulation but at Th1 after ulnar nerve stimulation. In
addition, a significant difference was observed in the peak current



Fig. 6. (a) and (d) The black lines are the conduction pathways after (a) the median nerve and (d) the ulnar nerve stimulations, which are superimposed on the X-ray image.
The black-rimmed circles represent virtual electrodes on the conduction pathways, and electrode No. 4 is closest to the electrode placed at Erb’s point (black dotted circle).
The gray-rimmed circles are virtual electrodes recording currents perpendicularly flowing into the conduction pathway. (b) and (e) Waveforms of equivalent currents
conducting along the conduction pathway (black waveforms) and perpendicularly flowing into the conduction pathway (gray waveforms) after (b) the median nerve and (e)
the ulnar nerve stimulations. The direction toward the spinal canal is upward in the black waveforms, and the direction toward the conduction pathway is upward in the gray
waveforms. The conduction velocities were calculated from the peak latencies of the waveforms at virtual electrodes Nos. 3 and 5. (c) and (f) The dotted waveforms show
CNAPs recorded from the electrodes at Erb’s point (black dotted circles in Fig. 5a and d) referenced to the ear lobe. Upward in the dotted waveforms is negative in CNAPs. The
gray waveforms represent the equivalent currents perpendicularly flowing into the conduction pathway at virtual electrode No. 4. Both waveforms have similar latency in (c)
after the median nerve stimulation and (f) after the ulnar nerve stimulation.
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Fig. 7. Correlation between the peak latencies of CNAPs at Erb’s point and inward
currents flowing perpendicularly to the conduction pathway at the virtual
electrodes closest to Erb’s point (see the gray and black dotted waveforms in
Fig. 6c and f). They showed high linear correlation (y = x; R2 = 0.8387).
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intensity on Line A between the median nerve stimulation and the
ulnar nerve stimulation (n = 5, p = 0.022), though further research
with a larger number of subjects is required. This discrepancy is
consistent with the nerve root components of the median and
ulnar nerves.

In contrast, the peak of the current intensity at the clavicle did
not show a difference in position but only amplitude. This result
corresponds with the anatomical characteristics of the brachial
plexus, which is that the conduction pathways after the median
and ulnar stimulations are located close to each other at the clav-
icle but are separate at the nearby vertebral foramina. Therefore,
MNG has the potential to differentiate the conduction pathways
in the brachial plexus.

In Fig. 6c and f, the peak of the reconstructed equivalent current
flowing into the depolarization site at virtual electrode No. 4 (gray
waveform) corresponded to the peak of the CNAP at Erb’s point
(black dotted waveform). Physiologically, the negative peak of
the CNAP represents the depolarization site. Therefore, these
results also indicate that the peak of the currents flowing toward
the conduction pathway represent the currents flowing into the
depolarization site. The results are not only consistent with phys-
iological knowledge, but also with our early studies that illustrated
the correspondence of action potentials, intra-axonal currents, and
evoked magnetic fields (Fukuoka et al., 2004, 2002). For confirma-
tion, we evaluated the peak latencies of the gray and black dotted
waveforms in Fig. 6c and f using correlation analysis (Fig. 7). The
results showed high linear correlation in both the median and
ulnar nerve stimulations (y = x; R2 = 0.8387).

In this study, the peak latencies of CNAPs and the reconstructed
currents at Erb’s point were 10–11 ms, and the differences
between the median and ulnar nerves were about 0.50–0.66 ms.
Ozaki et al. (1996) reported that the onset latency of the SEP at
Erb’s point (N9) was 8.1 ± 0.7 ms in the ulnar nerve and
7.7 ± 0.6 ms in the median nerve. In addition, the peak latencies
were 8.9 ± 0.7 ms in the ulnar nerve and 8.6 ± 0.6 ms in the median
nerve. Sonoo et al. (1996) noted that the mean onset latency of N9
by the median nerve was 7.96 ms and that the mean interval
between the onset and peak of N9 was about 1.5 ms. Moreover,
Tanosaki et al. (1999) reported that the mean onset latency of N9
was 7.41 ms and that the peak latency was 8.75 ms and that the
onset latency correlated with age and height. Although the peak
latencies of the CNAPs at Erb’s point in this study were longer, this
could be due to differences in the recording position and the posi-
tion of the upper extremity. Desmedt et al. (1983) reported that
SEPs change with shoulder position. In addition, the differences
between the latencies of the median and ulnar nerves can be
attributed to the difference in nerve lengths, as reported by
Ozaki et al. (1996).

Although this study successfully visualized the spatiotemporal
transition of neural activity in the brachial plexus, some limitations
still remain. One potential drawback is the recording position of
the subjects. In this study, the subjects were prone on the table
with the neck rotated and arm pronated. However, rotation of
the cervical spine for a long period is difficult and sometimes risky
in elderly patients or patients with cervical spine morbidity. We
need to improve the measurement position. The second limitation
is the MNG resolution. Although we have shown that the recon-
structed equivalent currents conducted and expanded consistently
with the anatomical features of the brachial plexus, greater preci-
sion is required for differentiation of the currents in the roots,
trunks, and cords. We will develop MNG further to boost its clinical
application.
5. Conclusions

This study demonstrated that MNG visualizes neural activity in
the brachial plexus and differentiates the conduction pathway of
the median and ulnar nerve components. The pseudocolor map
of the reconstructed equivalent currents showed that MNG could
reconstruct not only the leading and trailing components of cur-
rents, but also the inward currents at the depolarization site.
MNG could be a novel functional imaging modality for brachial
plexus pathologies that is easily comprehensible even for physi-
cians not specialized in neurology. This universally applicable diag-
nostic modality will be of great benefit for patients.
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