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We observed the steady-state visually evoked potential (SSVEP) from a healthy subject using a compact quad-channel
potassium spin exchange relaxation-free (SERF) optically pumped magnetometer (OPM). To this end, 30 s of data were
collected, and SSVEP-related magnetic responses with signal intensity ranging from 150 fT to 300 fT were observed for all
four channels. The corresponding signal to noise ratio (SNR) was in the range of 3.5-5.5. We then used different channels
to operate the sensor as a gradiometer. In the specific case of detecting SSVEP, we noticed that the short channel separation
distance led to a strongly diminished gradiometer signal. Although not optimal for the case of SSVEP detection, this set-up
can prove to be highly useful for other magnetoencephalography (MEG) paradigms that require good noise cancellation.
Considering its compactness, low cost, and good performance, the K-SERF sensor has great potential for biomagnetic field

measurements and brain-computer interfaces (BCI).

Keywords: optically pumped magnetometers, steady-state visually evoked potentials, magnetoencephalogra-

phy
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1. Introduction

Magnetoencephalography (MEG) is a modern neu-
roimaging technology used for detection of brain-generated
magnetic fields with unmatched temporal resolution. It can
non-invasively map the magnetic field produced by neuronal
currents in the human brain.['?! Compared to electroen-
cephalography (EEG), MEG has a higher spatial resolution
(about 1 mm), and in contrast to electric current, the magnetic
field is not attenuated by skin or skull. Apart from numerous
clinical applications,*®! MEG is also useful in the field of

7-121 where a person’s neu-

brain-computer interfacing (BCI),!
ral activity is directly detected to achieve communication with
the external environment.

However, the field intensities observable at the outer layer
of the scalp are only in the range of tens of femtotesla (fT).[!]
The detection of such extremely weak magnetic fields is a
great challenge in terms of sensor technology and suppression
of environmental noise. Until recently, the superconducting

quantum interference device (SQUID)!'3! magnetometers are

DOI: 10.1088/1674-1056/28/4/040702

the mainly sensors used in MEG. However, owing to the cryo-
genic cooling requirement, it has certain disadvantages, such
as high maintenance cost, inflexible sensor array, and reduced
MEG signal due to long sensor-head distance.

In the past few decades, spin exchange relaxation-free
(SERF)[14-211 optically pumped magnetometers (OPMs) have
become a very promising replacement for SQUIDs as sensors
for MEG systems. They can work at room temperature with-
out cryogenic cooling, which lowers the cost and shortens the
sensor-head distance. The sensor array could be flexible or
even made into a wearable device to study brain magnetism
during motion,??! which has sparked great interest in the field
of MEG.[?!

OPMs have been previously used to measure mag-
netic brain responses to non-visual stimulation, like audi-

tory stimulation(?+2>]

or compound muscle action potentials
(CMAP).[?] n this work, we detected the magnetic compo-
nent of the steady-state visually evoked potential (SSVEP)[?7]

signals by using a low-cost, portable quad-channel SERF
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OPM. Upon exciting the eyes with a visual stimulus at a fixed
frequency, the brain generated an SSVEP response at the same
frequency and its harmonics, measured in the range of 150 fT—
300 fT. The different channels of our OPM achieved a signal
to noise ratio (SNR) between 3.5 and 5.5 with 30-s measure-
ment time. In gradiometer configuration, the intrinsic sensitiv-
ity was below 10 fT/Hz'/2.

2. Experimental setup

The experimental process for obtaining the SSVEP sig-
nal is shown in Fig. 1. The subject sat and was asked to look
at the picture attentively, which was rendered on the screen
using a projector. Black and white squares appeared on the
screen interchangeably (see Fig. 2(d)), flickering with a fixed
frequency. During the observation of the stimulus, an SSVEP

response will appear in the occipital cortex of the human brain
(generally in the red area of Fig. 1). The y—z plane of the OPM
(shown in Fig. 2(b)) was attached to the scalp area over the oc-
cipital cortex (see Fig. 2(a)), which ensures that the sensor de-
tects the magnetic field perpendicular to the scalp. All experi-
mental procedures were performed in a magnetically shielded
room (MSR, Vacuumschmelze GmbH & Co. KG, Hanau, Ger-
many, see Fig. 2(d)).

Fig. 1. SSVEP stimulus: black and white squares appearing on the
screen interchangeably, flickering at a fixed frequency. The OPM is
attached to the scalp area over the occipital cortex (red area).
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Fig. 2. Experimental equipment for detecting the SSVEP response. (a) Magnetometer is placed at the human head; (b) schematic technical
drawing of the compact quad-channel SERF magnetometer; (c) black and white grid for visual stimulation; (d) magnetically shielded room.

The
is shown in Fig. 2(a),

compact quad-channel SERF magnetometer
and its outer dimensions are
20 mmx40 mmx 190 mm. Figure 2(b) shows a schematic
technical drawing of the OPM. The sensor was operated in

(281 The microfabricated vapor cell with

a zero-field mode.
an internal volume of § mmx8 mmx8 mm was filled with
naturally abundant potassium, and roughly 1 amagat of Nj
as buffer gas. The vapor cell was heated by electric heaters
in order for the K atom vapor to achieve a sufficient density
to operate in the SERF® regime. The residual magnetic
fields in the three directions of the central region of the MSR
were about 10 nT (up-down), 15 nT (east-west), and 25 nT
(north-south). Three pairs of Helmholtz coils were used to

compensate the residual magnetic field around the vapor cell.

A 2 x 2 photodetector array was used to detect the optical
signal (shown in Fig. 2(b)). The four elements of the pho-
todetector were named A, B, C, and D, and the area of each
element was 4 mmx4 mm. The intrinsic sensitivity of the
gradiometer was less than 10 fT/Hz!/2. For biomagnetic ap-
plications, the sensor should be as close as possible to the
scalp to obtain highest possible SNR. In our experiments, the
distance between the center of the channel and the scalp was
8 mm for channels A and D, and 12 mm for channels B and C.

3. Experimental results

In our OPM SSVEP recordings, the subject is a healthy
adult, without prior training in SSVEP. The optical fiber and
wires on the sensor are connected to the external laser and
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electronics, respectively, through a small opening in the MSR.
The sensor is fixed at the occipital cortex area (see Fig. 2(a)).
The subject is presented with a series of visual stimuli
at fixed frequencies. The SSVEP data is collected with a du-
ration of 60 s using the quad-channel OPM, after which the
power spectral density (PSD) of the data is calculated. Fig-
ure 3 shows the data that come from channel-D in the sensor,
for visual stimuli at 10 Hz, 12.5 Hz, and 15 Hz. A clear sec-
ond harmonic component of these frequencies can be observed
in the spectra. The results for other channels follow a similar
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Fig. 3. The PSD of the output signal from channel-D of the OPM sensor at
different visual stimuli frequencies: (a) 10 Hz, (b) 12.5 Hz, and (c) 15 Hz.

The signal strength and SNR are two important perfor-
mance indicators when detecting SSVEPs. The magnetic field
from the SSVEP response is measured for 30 s. For each con-
dition, there are seven moving 30-s windows, translated in 5-s
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steps with respect to one another and covering a total time of
60 s. Figure 4(a) illustrates the measured field strength in re-
sponse to three stimulation frequencies: 10 Hz, 12.5 Hz, and
15 Hz, with different colors indicating different sensor chan-
nels. Figure 4(b) shows the corresponding SNR. As evident
from Fig. 4(a), all four quadrants can successfully obtain the
SSVEP response, and their signal strengths are in the range of
150 fT-300 fT. We have calculated the SNR, similar to Zhang
and colleagues,*"! by dividing the amplitude of the response
frequency by the baseline of 2 Hz around that frequency. The
SNRs of the four channels at different frequency responses are
shown in Fig. 4(b). Depending on the stimulation frequency,
the SNRs of the four channels are between 3.5 and 5.5. The
response of our OPM has been compared to an EEG device
(CTF-275, CTF, Canada) and the signal has been acquired in
the same area as for the OPMs. Figure 4(a) shows that the fre-
quency response of our OPM is highly similar to the one from
EEG. We can see that the signal strength follows the same pat-
tern for both modalities. Figure 4(b) presents the SNR results.
Although EEG shows a higher SNR, its variability is also con-
siderably higher. This may be due to the fact that electric cur-
rents underlie the volume conduction, and thus the sources are
effectively spread over a larger area. Unlike MEG, EEG re-
quires the use of liquid gel as a conductive medium which
works for less than an hour. This procedure significantly com-
plicates the preparation work of the experiment and affects the
user experience of the EEG equipment.
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Fig. 4. Colored lines represent the values for the four sensor channels and EEG: CH-A (square), CH-B (circle), CH-C (up triangle), CH-D
(down triangle) of the OPM sensor, and EEG (purple line). (a) Magnetic field strength of the SSVEP responses for different stimulation
frequencies (10 Hz, 12.5 Hz, and 15 Hz). (b) The SNR for different stimulation frequencies (10 Hz, 12.5 Hz, and 15 Hz).

Gradient measurement! is the most efficient way to re-
duce the environmental noise in MEG by cancelling the com-
mon mode noise. Since in our OPMs, four channels are used to
observe the SSVEP at the same time, it is possible to achieve
gradient measurements with only a single sensor. The time
domain signals of channel-A and channel-D are subtracted to
form a gradiometer. To test this approach, the subject was pre-

sented with visual stimuli at one fixed frequency of 12.5 Hz
for 60 s. The PSD of a single channel and a gradiometer
were calculated separately. Figure 5 shows that the SSVEP
responses can be clearly obtained for a single channel. How-
ever, due to short channel separation distance, no significant
SSVEP signals can be found using the gradiometer. The oc-
cipital region, which processes visual stimuli in the brain, is
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larger than the gradient distance (4 mm) of the gradiometer. It
appears that during channel subtraction, a substantial amount
of SSVEP signal (which is still strong at the farther channel) is
removed from the closer channel, thus greatly diminishing the
expected gradiometer signal. On the other hand, our set-up is
able to suppress the ambient noise by nearly an order of mag-
nitude. In addition to gradient measurements for the SSVEP,
the installation of another magnetometer as a reference sensor
at a distance of a few centimeters away from magnetic sig-
nals from the brain can further reduce the interference of the
uniform interference field.

— single channel

10-*2 - - . gradiometer

10714 '

Magnetic field/(T/Hz!/2)

-15
10 18

Frequency/Hz

Fig. 5. The response to visual stimuli at a fixed frequency of 12.5 Hz.
The PSD of 60 s of SSVEP data for a single channel and gradiometer.

4. Discussion and conclusions

In this study, a self-made quad channel potassium SERF
OPM sensor is used to detect the magnetic field of SSVEP
signals. Magnetic field intensities ranging from 150 fT to
300 fT are observed for all four channels, and their SNRs
lie in the range of 3.5-5.5 with 30-s measurement time.
The response of our magnetometer has been compared to
an EEG system, showing a similar result. In gradiometer
operation, we have achieved significant noise suppression,
cancelling the background noise by 20 dB. This gain value
has been determined using visual read-out and the follow-
ing formula: A(dB) = 20 x log(Nsingle /Neradiometer) = 20 X
log(10713/10~1%) = 20 dB (Fig. 5), where N is the noise level
either for single channel or gradiometer operation. In the case
of SSVEP, the channel separation of our sensor is too small
relative to the area of the occipital region, resulting in no sub-
stantial response from the SSVEP after channel subtraction.
Such gradiometer configuration, however, can be useful for
many biomedical applications where small magnetic dipole
MEG signal is present. MEG systems based on SERF OPM
sensors are a highly promising technology in the near future.

Further SNR improvements of the SSVEP signal are expected
and the bit rate of our approach should soon match that of the
current EEG measurements.
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