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Magnetoencephalography (MEG) based on superconducting quantum interference devices enables
the measurement of very weak magnetic fields (10–1000 fT) generated from the human or animal
brain. In this article, we introduce a small MEG system that we developed specifically for use with
rats. Our system has the following characteristics: (1) variable distance between the pick-up coil and
outer Dewar bottom (∼5 mm), (2)
√ small pick-up coil (4 mm) for high spatial resolution, (3) good
field sensitivity (45 ∼ 80 fT/cm/ Hz), (4) the sensor interval satisfies the Nyquist spatial sampling
theorem, and (5) small source localization error for the region to be investigated. To reduce source
localization error, it is necessary to establish an optimal sensor layout. To this end, we simulated
confidence volumes at each point on a grid on the surface of a virtual rat head. In this simulation,
we used locally fitted spheres as model rat heads. This enabled us to consider more realistic volume
currents. We constrained the model such that the dipoles could have only four possible orientations: the
x- and y-axes from the original coordinates, and two tangentially layered dipoles (local x- and y-axes)
in the locally fitted spheres. We considered the confidence volumes according to the sensor layout and
dipole orientation and positions. We then conducted a preliminary test with a 4-channel MEG system
prior to manufacturing the multi-channel system. Using the 4-channel MEG system, we measured
rat magnetocardiograms. We obtained well defined P-, QRS-, and T-waves in rats with a maximum
value of 15 pT/cm. Finally, we measured auditory evoked fields and steady state auditory evoked
fields with maximum values 400 fT/cm and 250 fT/cm, respectively. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979071]

I. INTRODUCTION

Studies of the human brain have employed a variety of
techniques. One common technique is electroencephalography (EEG), which measures voltage fluctuations resulting
from ionic currents within the neurons of the brain.1 Unfortunately, EEG signals are subject to distortion when they
pass through tissues with different volume conduction properties (i.e., scalp, brain, and skull). Generally, EEG signals
from small animals are recorded invasively, i.e., electrodes
are inserted into the brain or attached to the skull. In contrast, magnetoencephalography (MEG) is a technique based
on superconducting quantum interference devices (SQUIDs)
in which the magnetic fields generated by primary currents
within underlying neurons are measured. MEG can be measured non-invasively without creating distortion because the
magnetic fields are able to pass through the brain, scalp, and
skull. Because it is possible to measure such signals without
distortion or measurement-based interference, MEG is considered to be a more direct measure of neural activity,2 as well
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as a useful non-invasive diagnostic tool. Indeed, MEG has a
high temporal (the order of milliseconds) and spatial resolution
(2-3 mm).3
Over the last several decades, a large number of animal
studies have used EEG techniques to investigate topics in
cognitive and clinical neuroscience. For instance, Bae et al.
(2015) found a correlation between the location of interictal epileptiform discharges and the actual regions underlying
seizure initiation in a rat model of focal epilepsy.4 Additionally, Devonshire et al. (2015) found developmental changes
in noxious-stimulant-evoked EEG activity in the somatosensory region of adult and juvenile rats.5 To measure such brain
activity in a non-invasive way, several research and development groups established MEG techniques for use with small
animals. For instance, Iramina et al. (1998) developed a 12channel DC-SQUID gradiometer with a 5-mm diameter pickup coil, 15-mm baseline, and 7.5-mm
interval between the
√
coils.6 Field sensitivity was 100 fT/ Hz in the frequency of the
white-noise region. The researchers obtained magnetocardiograms (MCGs) and measured the auditory and visual evoked
fields in rats.
The micro-SQUID system was developed to measure
bio-signals with a very high spatial resolution. The pick-up
coil diameter and the sensor-to-Dewar bottom distance ranges
from a few hundred µm to a few mm.7–9 However, these
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systems suffer
√ from a relatively high amount of field noise
(about 3 pT/ Hz) due to the very small size of the pick-up
coil.
Nowak et al. (1999) developed a 16-channel MEG system
for use with small animals.10 In their paper, they enumerated
some design criteria for measuring brain signals in small animals, as follows: 1. high spatial resolution, 2. short distance
between pick-up coils and rat head, 3. short baseline, 4. high
sensitivity, and 5. multichannel device.
Our MEG system satisfied two additional conditions,
which we propose be included in the criteria mentioned by
Nowak et al. (1999). First, the sensor interval should satisfy the Nyquist spatial sampling theorem. Second, the device
should produce minimal localization error. According to the
spatial Nyquist sampling theorem, to avoid aliasing in the
high frequency range, the sensor interval must be equal to or
smaller than the distance between the pick-up coil and the brain
source.11 In our system, the distance between the outer Dewar
bottom and the pick-up coil is 5 mm. Because the thickness of
the rat skull is greater than 1 mm, the total distance between
the pick-up coil and the rat brain is more than 6 mm. Thus, the
sensor interval range must be equal to or smaller than 6 mm.
We chose a sensor interval of 5 mm for our system.
When searching for an optimum MCG sensor layout for
use with humans, Kim et al. (2004) introduced a confidence
limit.12 According to Fuchs et al. (2004), the confidence limit,
which is a localization error boundary, can arise when the sensors have a low signal-to-noise ratio (SNR) or in the case
of measurement noise for localized sources.13 Localization
error volumes can be obtained for the entire region containing
the source. The size of the error volumes can be determined
according to the specific sensor layout and noise level. As
per Ref. 12, we used the concept of the confidence limit to
determine the optimum sensor layout for our rat MEG system.
We calculated the confidence volumes for all of the regions
on the virtual rat head surface according to the number of
sensors. In this study, we used locally fitted spheres instead
of simple single sphere for the rat head model, as these represent more realistic volume currents.14 We also constrained
the model such that the orientation of the dipoles could have
only four possible directions: x- and y-axes from the original
coordinates, and two tangentially layered dipoles (local x- and
y-axes) in the locally fitted spheres.
We designed the Dewar bottom such that it had a sliding
cap shape.15 This structure solves the problem of an increased
vacuum gap between the inner and outer Dewar due to the
thermal contraction of the inner tube. We placed thin spacers
(0.58 mm thickness) inside the cap so that we could adjust the
distance between the sensors and the Dewar bottom. Further
details about this issue are in the liquid helium Dewar part of
structure of the MEG system.
Prior to manufacturing a multi-channel system, we constructed a 4-channel MEG system for a preliminary test.
We used this 4-channel system to measure rat MCG. We
obtained well defined P-, QRS-, and T-waves in rats with a
maximum value of 15 pT/cm. Finally, we measured auditory
evoked fields (AEFs) and steady state auditory evoked fields
(SSAEFs) with maximum values of 400 fT/cm and 250 fT/cm,
respectively.
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II. STRUCTURE OF THE MEG SYSTEM
A. First-order SQUID gradiometer

We developed a 4-channel first order axial gradiometer
SQUID system. Instead of the conventional DC-SQUID sensor, we used a double relaxation oscillation SQUID (DROS)
sensor that uses a single reference junction instead of the
SQUID reference to enable a direct readout by a roomtemperature dc preamplifier.16 Consequently, this sensor type
uses simple flux-lock loop electronics. Our system had three
turns in the pick-up coil to increase the pick-up loop area and
amplify the signals.
To determine the conversion factor (magnetic fields/
voltage, i.e., B/V), we measured B/∅0 (∅0 is a flux quantum,
∅0 ≡ h/2e  2.07 × 10−15 Wb) using Maxwell pair coils (radius
20 cm, height 34.6 cm). First, we confirmed the uniformity of
the magnetic fields in the center of the two coils using a commercial flux gate. Next, we placed the SQUID sensors in the
center of the Maxwell coils and applied a 17 Hz sine wave
using a function generator (FG), as shown in Fig. 1. The voltage of the FG increased until the SQUID output (oscilloscope,
OS) become 1∅0 . We obtained the current value using Ohm’s
law (I = Vp.p /R) with a resistance of 100 Ω.
We calculated the magnetic field gradient between any
two sensor pick-up coils (1st order gradiometer) using
Equation (1). Here, N is 1 (the number of turns in the Maxwell
coil), I is current, a is the radius of the Maxwell coils, d is the
distance between the two Maxwell coils, and z is the height
from the bottom of the Maxwell coil,
3

Bz = µ0 NIa2 /2[1/( (d − z)2 + a2 ) 2 − 1/(z2 + a2 )3/2 ]. (1)
We calculated B/∅0 to be 8.54 nT/∅0 . We also measured Vp.p /∅0 , which is the SQUID output voltage per 1∅0 ,

FIG. 1. Maxwell pair coil equipment for conversion factor (B/V). The SQUID
sensors (1st order gradiometer) are arranged in the center between the two
Maxwell coils. FG: function generator, OS: oscilloscope.
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FIG. 2. Noise spectrum of a Superconducting Quantum Interference Device
(SQUID) sensor inside a magnetically shielded
√ room. The field noise of four
SQUID sensors was about 45 ∼ 80 fT/cm/ Hz.

to be 2.15 V/∅0 . Finally, we obtained the B/V (∼4 nT/V), by
multiplying the two components B/∅0 and ∅0 /V.
As shown in Fig. 2, the field
√ noise of the four SQUID sensors was about 45 ∼ 80 fT/cm/ Hz in a magnetically shielded
room (MSR). The diameter of the pick-up coil was 4 mm and
the distance between two coils, i.e., baseline, was 10 mm, as
shown in Fig. 3(b). We positioned four first-order gradiometers in a square configuration with a 5-mm distance from the
center of each coil. This configuration satisfies the Nyquist
spatial sampling theorem mentioned in the Introduction.
The SQUID sensors, pick-up coils, and electric wiring
were immersed in liquid helium. The pick-up coils and electric wiring were composed of Nb and Nb-Ti, respectively,
which have low heat conductivity. As shown in Fig. 3(b),
four sensors were fixed to the cuboid holder and connected
to four gradiometer pick-up coils on the bottom. The sensor
holder, pick-up coil bobbin, and wiring fixtures were made of
fiber reinforced plastic (FRP), which has a low rate of thermal
contraction.
B. Liquid helium Dewar

We developed a liquid helium cryostat with a long tail
structure and a small size; it had a capacity of 2.8 l. Fig. 4(a)
shows the developed liquid helium Dewar, which consisted
of a FRP tube with an inner and an outer tube. We used
90 layers of multilayer insulation (MLI) material with copper foil thermal conduction shields between every 30 layers
of MLI. The thermal conduction shields (made of 10 mm
copper tape) transferred a cooling effect from the Dewar

FIG. 3. (a) Rat MEG Dewar. (b) Insert body of rat MEG. The pick-up coil
was 4 mm in size and the distance between the pick-up coils was 5 mm. The
baseline was 10 mm.

neck piece to the inter-insulation layers, which enhanced the
insulation effect of the entire Dewar system. We also used
12 layers of MLI and one thermal conduction shield on the
Dewar bottom. O-rings were inserted between the outer tube
and bottom cap, as shown in Fig. 4(a). For optimal detection of neural signals in rats, the most important consideration is minimizing the distance between the pick-up coils
and the Dewar bottom. The inner and outer sections of the
Dewar bottom were sealed with thin (0.5-mm-thick) sapphire
disks. We used sapphire disks because this material remains
rigid under high pressure (such as that caused by the vacuum) and had a low degree of contractility in the liquid
helium.
It is possible for the vacuum gap between the inner and
outer Dewar bottoms to increase because the inner tube could
contract by approximately 2 mm due to the liquid helium. To
address this, we designed a Dewar bottom with a sliding cap
shape. In this sliding structure, a mechanical contact between
the helium and room-temperature material could occur as the
outer Dewar bottom slid up to the super-insulation layers on
the inner Dewar via vacuum pressure. We inserted several thin
spacers (made of epoxy) into the Dewar bottom, as shown
in Fig. 4(a). Fig. 4(b) shows the dimensions of the spacers.
Once the distance between the sensor and Dewar bottom had
been established, we placed spacers inside the cap before cooling. The number of spacers was determined according to the
contraction (2 mm) of the inner tube after cooling, with the

FIG. 4. (a) Configuration of the Dewar bottom. (b)
Dimensions of the spacers.
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III. SIMULATION OF A CONFIDENCE VOLUME
A. Background

FIG. 5. Comparison of the boil-off-rate when the gap distance between the
inner and outer Dewar bottom was 7 mm and 5 mm. The variation between the
two conditions was only 0.02 l/h. We adopted a vacuum gap distance of 5 mm
from the minimum distance, without violating the Nyquist spatial sampling
theorem.

final goal of creating a minimum distance between the sensor
and Dewar bottom.
Here, we used gap distances between the sensor and
Dewar bottom of 7 mm and 5 mm. When the gap distance was
reduced, we removed some of the MLI on the Dewar bottom
because the mechanical contact between the thick MLI layers
and the outer Dewar bottom can be arisen. We evaluated the
variation in total heat flux elicited by the reduction in MLI
layers by measuring boil-off-rates (BORs) in two conditions.
We measured BOR when the distance between the sensor and
the Dewar bottom was 7 mm (16 MLI) and 5 mm (12 MLI).
As shown in Fig. 5, we found BOR of 0.11 l/h and 0.13 l/h
when the gap distance between the sensor and the Dewar bottom was 7 mm and 5 mm, respectively. The BOR of 0.13 l/h in
the 5 mm gap condition was appropriate for a rat experiment
because we were able to maintain the experiment for about
19 h after filling the device with liquid helium.
When the residual volume was 0.5 l, the liquid helium travelled to the SQUID sensors, which caused the sensor quality to
deteriorate or the superconductivity to break down. Nineteen
hours (corresponding to a marginal helium level, i.e., 0.5 l)
was the maximum amount of time required for the system to
refill.

Among various methods of MEG source localization, the
equivalent dipole (ECD) method is most widely used because
it is simple to apply and accurate for most problems. Although
the ECD method has good accuracy when localizing the dipole
source, the inverse problem generates error bounds. This is due
to influences such as environmental noise and incorrect information about the sensor position. Kim et al. (2004) simulated
the localization error caused by these factors.12 In their report,
they introduced a confidence volume that was defined as the
localization error volume with less than 95% probability. To
estimate the confidence volume, the dipoles are moved slightly,
such that the field variation can be computed. Then, the field
variations are compared with respect to the noise level and
the confidence ranges of each dipole can be estimated. When
simulating the confidence volume, it is necessary to define the
sensor layout. However, it is possible to estimate the optimal
sensor layout or the optimum number of sensors by testing
situations in which the confidence volumes are lower than a
certain volume value. We simulated the confidence volume to
find an optimal sensor layout and sensor number for our rat
MEG system. Specifically, we calculated the confidence volume as having a 95% probability with three degrees of freedom
(x, y, z) at each dipole.17 We modeled the rat brain using a
local-sphere head model with a hemisphere head shape, and
the dimensions of each axis (x, y, z) of the head were set as
25 mm, 16 mm, and 10 mm, respectively. There were 106 grid
points on the head surface, which indicated the position of each
dipole source. The local-sphere head model was introduced by
Ilmoniemi et al. (1985).14 The volume currents generated by
the primary current were constrained in a locally fitted sphere
on each source grid. The center and radius of the spheres on
each source grid were modified, as shown in Fig. 6. With
this local sphere model, the volume currents are considered
to be more realistic than those generated using a single sphere.
Fig. 6 shows the local spheres fitted at three different positions (maximally curved point (a), vertex (b), and minimally
curved point (c)). The spheres were fitted with neighbor points

FIG. 6. Local-sphere head model of a
virtual rat brain. At each of the grid
points on the head surface, spheres were
fitted with neighbor points (blue dots)
of the target point (red dot). The figure
shows examples of three locally fitted
spheres with a maximally curved point
(a), vertex (b), and minimally curved
point (c).
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FIG. 7. (a) Dipoles are oriented along the local x-axis (red) and y-axis (blue)
on each local sphere. (b) Dipoles are oriented along the x-axis (red) and y-axis
(blue) for the original coordinates.

(blue dots) near the target point (red dot) using a sphere fit
algorithm (fitsphere in MATLAB R2015a).
The magnetic field (F), which is generated from the
dipole source (J), has a linear relationship with the dipole
source,
F = LJ.

(2)

Here, L is the leadfield matrix, which relates any source in
the brain to its measurement at the sensors. The coordinates
of the sensor positions are changed according to the center of
the local sphere on each source grid, as mentioned in Fig. 6.
When the position of a dipole is ~q (x, y, z), the magnetic field
is F. If we slightly change the position of the dipole (in this
simulation, dx = dy = dz = 0.1 mm), then the magnetic field is
changed to Fq .
Through the linear approximation, we can construct the
following equation:
.
δF ≈ dF = (Fq − F) = D.
(3)
δq
dq
dq
Here, D is a Jacobian matrix showing variations of the
lead field matrix according to the variation of each source
position. We calculated a Jacobian matrix for every grid point
on the head surface. The dipole intensity was assumed to be
2.5 nA m, as estimated by Uchida et al. (2000), who measured the auditory evoked field of a rat using a 12-channel
1st-order gradiometer. They estimated that the activated auditory current source was about 2.5 nA m.18 In our simulation,
the dipoles are oriented along the local positive x- and yaxes (tangentially layered on each local sphere), illustrated
as red and blue lines, respectively, in Fig. 7(a). We also
assumed that the dipoles were oriented along the x- (red)
and y-axes (blue) for the original coordinates, as shown in
Fig. 7(b).

FIG. 8. (a) Virtual sensor layout and rat brain model, with sensors arranged
6 mm apart from the top of the rat brain model. (b) Virtual sensor layout of a
square shape grid (32 channels). The outer circle covers all pick-up coils. The
radius of the outer circle is 18.3 mm.

The virtual sensors were located 6 mm above the top of the
rat head, as shown in Fig. 8(a). The numbers of virtual sensors
were 4, 12, 21, 32, 64, and 100. The sensor interval was 5 mm.
Here, we simulated the sensor layout with the square lattice,
as shown in Fig. 8(b).
From eigenvalue decomposition of the covariance matrix
of the Jacobian matrix,
m
X
DT D =
λ2i vi vTi ,
(4)
i=1

we obtained an eigenvalue (λ) and an eigenvector (v). In the
χ2 distribution function with three degrees of freedom, the
value with a 95% degree of confidence was r2 (7.81). Then, we
expressed the half-axes of the confidence ellipsoid as
` i = rλ−1
i vi N,

(5)

i = 1, . . . , m, where, i is the degrees of freedom and m is 3
(three coordinates axes, i.e., x, y, z).
Here, N is the environmental noise in the MSR, which
is generally in the 100-Hz range. We assumed this value to
be about 500 fT/cm. But when we averaged the measurement
signal 3000 times, the environmental noise was inversely proportional to the root square, and the N value decreased to
about 9 fT/cm. Finally, we obtained the following confidence
volume:
4 π` 1 ` 2 ` 3 .
(6)
3
B. Simulation result

Tables I and II show the confidence volumes depending
on the number of sensors (4–100) and the distance between

TABLE I. Confidence volumes (mm3 ) depending on the number of sensors. Dipoles are oriented along local x- and y-axes on each local sphere.
Dipole orientation
Distance from the coil
(mm)
6
7
7.9
10.1
12.9
16

Local x-axis

Local y-axis

Number of sensors

Number of sensors

4

12

21

32

64

100

4

12

21

32

64

100

0.004
0.002
0.010
0.052
0.750
12.99

0.002
0.001
0.002
0.002
0.047
0.633

0.002
0.001
0.007
0.015
0.058
0.227

0.002
0.001
0.007
0.014
0.049
0.180

0.002
0.001
0.006
0.013
0.045
0.152

0.002
0.001
0.006
0.013
0.044
0.148

0.004
0.022
0.085
10.45
658.7
19331

0.002
0.001
0.020
0.091
0.858
7.645

0.002
0.001
0.012
0.043
0.297
2.032

0.002
0.001
0.010
0.032
0.181
1.018

0.002
0.001
0.009
0.027
0.127
0.582

0.002
0.001
0.009
0.026
0.120
0.516

044704-6

Kim et al.

Rev. Sci. Instrum. 88, 044704 (2017)

TABLE II. Confidence volumes (mm3 ) depending on the number of sensors. Dipoles are oriented along the x- and y-axes for the original coordinates.
Dipole orientation
Distance from the coil
(mm)
6
7
7.9
10.1
12.9
16
a

X-axis

Y-axis

Number of sensors

Number of sensors

4

12

21

32

64

100

4

12

21

32

64

100

0.004
0.004
0.069
1.119
33.80
Inf.a

0.002
0.001
0.008
0.020
1.237
Inf.

0.002
0.001
0.005
0.006
0.352
Inf.

0.002
0.001
0.005
0.004
0.194
Inf.

0.002
0.001
0.004
0.003
0.133
Inf.

0.002
0.001
0.004
0.003
0.125
Inf.

0.004
0.003
0.102
0.818
11.78
Inf.

0.002
0.001
0.022
0.110
1.272
Inf.

0.002
0.001
0.015
0.061
0.576
Inf.

0.002
0.001
0.013
0.050
0.428
Inf.

0.002
0.001
0.012
0.045
0.355
Inf.

0.002
0.001
0.012
0.044
0.346
Inf.

Inf. is an infinite number larger than 2 × 108 .

FIG. 9. Confidence volumes with a 32-sensor layout
according to the dipole orientation. The dipoles are oriented along the local x-axis (a) and local y-axis (b) on
each sphere, and along the x-axis (c) and y-axis (d) from
the original coordinates.

the pick-up coils and the source location. Table I also shows the
results obtained when the dipoles are oriented along the local
y-axis on a local sphere. Table II shows the results obtained
when the dipoles are oriented along the x-axis for the original
coordinates. These values correspond to the maximum confidence volume determined for a given vertical distance z. The
confidence volume farthermost from the pick-up coils was the
greatest, and the value decreased as the number of sensors
increased.
In Table II, the confidence volume furthest from the coils
contained infinite values. This position contains the dipoles
oriented radially in the spherical head model, which makes the
magnetic fields disappear because the magnetic fields generated from the primary current and its volume current cancel one
another out. Figs. 9(c) and 9(d) depict the confidence volumes
with infinite values.
We considered the minimum number of sensors that satisfied the requirement that the confidence volume in the whole
brain be less than 1.5 mm3 . This value is fairly small compared with the entire rat brain volume, which was estimated
to be 1200 mm3 .19 Considering liquid helium consumption,
as well as fabrication cost and time, we determined the smallest number of sensors to be 32. Fig. 9 shows the confidence
volumes with the 32-sensor layout according to the dipole
orientation, local x-axis (a), and local y-axis (b) on each
sphere, with the x-axis (c) and y-axis (d) from the original
coordinates.

IV. ANIMAL PREPARATION AND EXPERIMENTAL
SETUP

All experiments were conducted in a magnetically
shielded room (MSR) fabricated for evaluating human MEG.
The shielding factor of the MSR was about 1300 at 1 Hz and
23 900, 83 600, and 9000 at 60 Hz in the x, y, z directions,
respectively. For MCG measurements, we anesthetized one
rat (body weight 450 g) with Zoletil (50 mg/kg) and Rompun
(10 mg/kg) intraperitoneally and then fixed the rat to a platform
(Fig. 10). There was a scale mark under the platform. Instead
of moving MEG sensors, we moved the bed in 1-cm steps over
a 7-cm (x-direction) × 8-cm (y-direction) grid. This enabled

FIG. 10. Rat MCG measurement setup. Rat was fixed in the supine position
on a non-magnetic platform.
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FIG. 11. Rat received the auditory stimulus at the right ear and measurements
were made around the left side of the head.

us to cover the whole magnetic field generated by the heart. In
total, we made 56 measurements (7 × 8). Each measurement
took about 30 s to complete. The sampling rate was 500 Hz.
After the measurements, we filtered the data with a high-pass
Butterworth filter (3 Hz).
For AEF measurements, we anesthetized four rats (390 g
to 410 g) with Zoletil (50 mg/kg) and Rompun (10 mg/kg)
intraperitoneally. We delivered a 10-ms auditory tone at 3 kHz
1200 times with an inter stimulus interval of 490 ms for each
spatial position (Fig. 11). As with the MCG measurements,
we moved the sensor to different head locations (9, 16, 13,
and 16 locations for four rats) to cover the entire magnetic
field generated by the rat brain. After the measurements, we
filtered the data with a Butterworth bandpass filter (6–28 Hz).
After filtering, the data were averaged to increase the SNR.
Here, we assumed that the averaged AEF response was constant throughout recording because the auditory responses in
the brain were time-locked to the sound stimuli.20
For SSAEF measurements, three rats (390–420 g) were
anesthetized with urethane (5 ml/kg), which was administered
intraperitoneally, instead of Zoletil and Rompun. SSAEFs are
generated by more complicated sounds (compared with simple
beep sounds). Thus, to ensure adequate sensitivity to SSAEFs,
we used urethane because it is known to minimize variations
in physiology compared with baseline.21 Click sounds at 30,
40, and 50 Hz were delivered through a plastic tube positioned
at the right ear. Stimuli consisted of trains of 18, 24, and 30

Rev. Sci. Instrum. 88, 044704 (2017)

clicks, which were presented at 30, 40, and 50 Hz, respectively.
The duration of the click sound was 600 ms for all frequencies. The recording time was 550 ms for the 30 Hz and 40 Hz
stimulation, and 900 ms for the 50 Hz stimulation, starting at
the every stimulus onset. The inter-stimulus interval between
the last click of one train and the first click of the next train
was randomly varied between 0.8 and 0.9 s. The sampling rate
was 1000 at 30 and 40 Hz, and 1500 at 50 Hz. The stimuli
were applied 1200 times for each spatial position. There were
6, 7, and 15 scanning locations for 30, 40, and 50 Hz, respectively. After the measurements, the data were bandpass filtered
to 20–50 Hz for the 30-Hz stimulus, 30–50 Hz for the 40-Hz
stimulus, and 30–70 Hz for the 50-Hz stimulus. The filtered
data were averaged over the trials and we analyzed the power
spectrum.
V. MEASUREMENT RESULTS
A. Rat MCG

The typical time trace required to obtain a MCG signal
from a rat is shown in Fig. 12(a). The maximum amplitude was
about 15 pT/cm with a heart rate of 5.5 Hz (320 beats/min).
We averaged 224 MCGs (4 channels × 56 measurements) over
the measurement period. We detected the R-peak in each trace
and averaged the data with the time centered at the R-peak.
The time averaged MCG waveforms are shown in Fig. 12(b),
where the MCG data were averaged over 160 times for 30 s.
Fig. 12(c) shows 224 waveforms of rat MCG.
The MCG waveform shows well defined P-, QRS-, and Twaves (Fig. 12, upper left). The topology of each characteristic
peak is also shown in Fig. 13. The grid points indicate the
positions of the 224 sensors. Here, we assumed that the MCG
was constant during the recordings because the correlation
coefficients were greater than 0.97. The correlation coefficients
were calculated from the averaged MCGs among the adjacent
sensors.
B. Auditory evoked fields (AEFs)

Fig. 14 shows butterfly plots of the AEF of four rats. The
red line represents the global field power (GFP), i.e., the sum
of the square of all the sensors at each time point. This is used

FIG. 12. (a) Typical time trace of rat MCG signal. The
heart rate was approximately 5.5 Hz. (b) Superimposed
waveforms of 224 MCGs. (c) 224 waveforms of rat MCG.
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FIG. 13. Upper left: averaged rat MCG, note the PQRST peak. ((a)–(e))
Topographies of each peak. P is the source and N is the sink in the topographic
map. The grid points indicate the positions of the 224 sensors.

to identify transient or stable states in stimulus-evoked signals.
From the GFP plots, the first peak appeared at (a) 28 ms, (b)
60 ms, (c) 60 ms, and (d) 51 ms (mean 49.8 ms, SD 15.1 ms)
after the stimulus onset.

FIG. 14. Averaged auditory evoked fields of four rats ((a)–(d)). The vertical
line at time 0 indicates the stimulus-onset. The red line represents the global
field power (GFP). The first peak appeared at (a) 28 ms, (b) 60 ms, (c) 60 ms,
and (d) 51 ms (mean 49.8 ms, SD 15.1 ms) after the stimulus onset. The second
peak appeared in only two rats, at (b) 94 ms and (c) 100 ms after the stimulus
onset.

FIG. 15. ((a) and (b)) Magnetic field distribution and estimated dipole position and moment (red arrow) of one representative rat (at 60 ms and 90 ms
in Fig. 13(b)). The auditory evoked magnetic fields of the rat were recorded
with 64 sensors (indicated by black dots). Relative position between sensors
and rat head was approximated. (c) The confidence volume (cyan blue) was
calculated using an estimated position and an estimated dipole moment as the
first peak (60 ms) in a 64 channel system. The volume was 0.35 mm3 .

Figs. 15(a) and 15(b) show the topographic map of
Fig. 14(b) at 60 ms and 94 ms after stimulus onset, respectively. Rat auditory evoked magnetic fields were recorded with
64 sensors. Figs. 15(a) and 15(b) also show the relative position
between sensors and rat head, which is approximated because
we did not measure relative position between them using a
position coil. We calculated the moment and position of the
dipole. To calculate the dipole position and moment, we used
fine grids (411 points) on the surface of the rat head model.
For simplicity, we calculated the moments and errors for all
source grid positions using a standard least-squares method,
which has a weighting matrix equal to the identity matrix in
a generalized optimization problem.22 We chose the position
and moment with the smallest error. Here, the dipole moment
was 0.33 nA m and 0.24 nA m, and the position was [ 4.2,
3.2, 8.1] mm and [ 1.7, 2.6, 9.5] mm at 60 ms and 94 ms
after onset, respectively. We also calculated a confidence volume for the estimated position, with the estimated moment at
the first peak. The sensor distribution for the simulation was
same with measured data (64 sensors). The result value was
0.35 mm3 .
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FIG. 16. Steady state auditory evoked fields. Averaged data and power spectra
for (a) 30 Hz, (b) 40 Hz, and (c) 50 Hz click sounds. The averaged data indicate
the representative position (with 4-channels) of one rat with a maximum peak
at each frequency.

C. Steady state auditory evoked fields (SSAEFs)

We measured the SSAEFs of three rats, which resonated
with respect to the external stimulus frequencies (30, 40, and
50 Hz). Fig. 16 shows the clear peaks at each frequency. The
frequencies of the peak values were 28, 40, and 50 Hz for each
stimulus (30, 40, and 50 Hz), respectively. Fig. 16 presents the
area that showed the maximum peak among the entire measurement area. The duration of the click sound was 600 ms
for all frequencies. The recording time was 550 ms for 30 Hz
and 40 Hz, and 900 ms for 50 Hz, starting at stimulus onset.
Unfortunately, we were not able to record the end of the stimulations for 30 and 40 Hz. However, for 50 Hz, we observed
a rapid reduction in amplitude 600 ms after stimulus onset, as
shown in Fig. 16(c) left.
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we modified the Dewar bottom so that it now has enamel
coated copper fabric instead of copper tape, at the expense
of a slight increase in boil-off-rate (an increase of 5.4%/h).
We determined
that the field noise was reduced to around
√
30 fT/cm/ Hz. Cross talk between the pick-up coils was
reduced by using an external feedback, as studied by Brake
et al.23 (1986). We also introduced a distance (between sensor and bottom) variable structure on the Dewar bottom, which
may be applicable to MEG development for other animals with
different brain sizes.
In Sec. III, we describe six different issues that we considered when calculating the confidence volume. (1) We assumed
that the rat head could be modeled using a local sphere model
on an oval shape virtual head. This is superior to a singlesphere model. However, for a more realistic head model,
we recommend the boundary element method (BEM) or an
overlapping-sphere head model using a rat MRI image.24 (2)
We assumed that the dipole orientation had four directions,
as mentioned above. In real situations, the neural columns are
aligned perpendicular to the cortical surface.25 The rat brain
has a smooth surface and lacks gyri, so there are no tangentially
oriented dipoles from the surface, which is maximally sensitive to the MEG measurement. If the rat brain was a perfect
sphere, we would not be able to detect magnetic fields outside
of the brain because MEG is insensitive to radially oriented
dipoles. But, as in other rodent MEG studies, we measured
rat AEFs and SSAEFs, thus indicating that the rat brain is not
a perfect single sphere.26 If we used a realistic head model
(BEM or overlapping-sphere) with dipoles oriented vertically
to the surface, we could obtain the confidence volumes more
accurately, thus leading to an optimal sensor layout for use in
more realistic situations. (3) Ahonen et al. (1993) suggested
that a hexagonal grid is optimal because it has a larger sensor
space compared with a square grid.11 Fig. 17 shows the two
grid layouts. We compared confidence volumes between the
hexagonal and square grids, which showed that the difference
of maximum confidence volumes between two grids is very
small, which is 0.12 mm3 (hexagonal) and 0.15 mm3 (square),
respectively, provided that the orientation of dipole is the local
x-axis. We also evaluated the number of sensors that contain
information in sensor space, which is calculated via eigenvalue decomposition of the covariance matrix of rat auditory
evoked fields (64 channel AEFs in Fig. 15(a)). As shown in

VI. DISCUSSION AND CONCLUSION

In this study, we (1) developed a 4-channel MEG system for rats, (2) conducted a simulation for evaluating the
optimal sensor layout for the rat brain by calculating the confidence volumes according to the sensor configurations and
dipole orientations, and (3) measured rat MCG, AEF, and
SSAEF.
In the development section (Sec. II), we introduced a√new
system that has relatively low noise (45 ∼ 80 fT/cm/ Hz)
compared with other studies.6,10,19 The intrinsic noise
√ in the
SQUID system was assumed to be very low (∼4 fT Hz), and
the dominant source of noise was assumed to be the thermal insulation copper tape on the Dewar bottom. Recently,

FIG. 17. (a) Virtual sensor layout of square shape grid (32 channels). (b)
Virtual sensor layout of hexagonal grid (37 channels). The radius of the outer
circle is 18.3 mm in both grid types.
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FIG. 18. Eigenvalues of the covariance matrix of averaged rat AEFs (64 channel AEFs in Fig. 15(a)). Only a small number of sensors are required to evaluate
the measured original data, e.g., 10 sensors explain the original data with 88%
accuracy.

Fig. 18, we found that only some sensors collect information related to the measured data (e.g., 10 sensors explain the
original data with 88% accuracy). From this, we concluded
that the square grid system is sufficient for measuring biosignals from rats. (4) When we consider the two different
gradiometer types (axial or planar), the planar gradiometer
is more suitable for measuring deep sources, as indicated by
Kim et al. (2004).12 (5) In our simulation, the confidence volumes were changed significantly depending on the noise level.
That is, the signal-to-noise ratio (SNR) was another dominant factor in finding the optimum number of sensors. In our
study, we averaged the data 3000 times to reduce the noise.
With a multi-sensor MEG system, and thus a single measurement, it will be possible to present 3000 stimuli. (6) To
measure bio-magnetic fields generated from different rodents
(i.e., mouse and guinea pig) and bigger animals (i.e., dog and
cat), we would have to consider the optimum sensor array
according to the brain (or heart) size, realistic head (or heart)
model, source strength and orientation, distance between sensors and sources (to not violate the Nyquist sampling theorem), and the noise level of sensors, which we discussed in
Sec. III.
In Sec. V, we measured rat MCGs, AEFs, and SSAEFs.
We averaged the MCG signals recorded from 70 ms before to
70 ms after the maximum peaks. Because we did not measure
electrocardiographs simultaneously as a reference, we considered small peak amplitudes or different maximum peak
latencies between the recording positions as indications of
noise in the signal. However, here we show the entire schematic
MCG pattern, which was obtained using a broad scanning
method. In the future, we hope to develop a new MCG system
with an optimum sensor array to adequately measure rat MCG.
To the best of our knowledge, this is the first study to
measure the magnetic fields of SSAEFs. Conti et al. (1999)
measured steady state auditory evoked potentials by means
of epidural electrodes placed over the auditory cortex.27 They
applied 30-, 40-, 50-, and 60-Hz click sounds to the rat ear.
They found that the stimuli elicited a signal with a maximum
amplitude of 50 Hz. This indicates that the brain has a specific resonant frequency (40 Hz for humans) in the auditory
cortex.28 But, in this study, we did not directly compare the
frequencies generated at the same location.
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Recently, Christianson et al. (2014) reported rapid repetition suppression of auditory evoked fields generated from
guinea pigs.29 They attempted to connect the gap between
human and animal studies by studying frequency changes
(called mismatch negativity (MMN)) in the anesthetized
guinea pig using small-animal MEG. MMN is a brain
response (negative shift in the evoked potential in the range of
100–250 ms) elicited by rare deviant sounds presented as
part of a series of more common standards. The researchers
found that amplitude deflections in guinea pig MMN resembled those of conscious humans. They reported that variations
in the sensory or cognitive function (low-level, e.g., MMN)
due to anesthetization were small. Indeed, several studies have
demonstrated that anesthesia does not undermine the validity of the results of brain signal studies, especially regarding
MMN. Another study by Anderson et al. (2009) demonstrated
that stimulus-specific adaptation (SSA) in rats, which is the
specific adaptation of neuronal responses to a repeated stimulus, occurs in the rat auditory thalamus, i.e., at a limbic system
level. Thus, auditory change detection may already be processed in low level systems.30 Xu et al. (2013) demonstrated
that the steady-state visual evoked potential (SSVEP) of rats
can be evoked under anesthesia.31 Another group suggested
that evoked responses in primary sensory cortices (the first
relay for incoming stimuli) do not change during anesthesia,
and that activation in primary sensory areas does not correlate
with perceptual experience.32 One of the limitations of smallanimal MEG is that the animals are kept in an anesthetized
state. Given the results of the studies mentioned above, we
expect that the procedures used in our study were sufficient to
measure activations evoked by sensory or low level cognitive
stimuli at the limbic level, as well as the cortical level, under
anesthesia.
In clinical research, small-animal MEG can be a useful
tool for pre-testing neuropharmacological drugs in a noninvasive manner. It is also applicable to long-term studies with
abnormal rat models, such as epilepsy, dementia, and Parkinson’s disease, and in healthy rats because they can be measured
in multiple discrete sessions. In animal EEG studies, electrodes
are inserted into the brain or attached to the skull. These techniques make it difficult to compare the results of such studies
directly with human EEG data (especially that measured from
the scalp) because EEG signals are distorted in different conductivities. As magnetic fields are not distorted in different
conductivities, direct comparisons between animal and human
data are possible. In our study, we measured the SSAR, which
is used to understand brain diseases such as persistent tinnitus
and schizophrenia.33,34 Our small-animal MEG system may
be useful in efforts to understand or ultimately treat such brain
diseases.
Multi-sensor MEG systems will likely be useful in future
investigations of spontaneous brain activities in cases where
signals are not time-locked to the stimuli.
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