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Due to the differences in proximity to the cortex between these recordings, we expected an
N20m peak of higher amplitude for the on-scalp MEG compared to in-helmet MEG measure-
ments, simply because on-scalp sensors are closer to the source. Getting closer to the source
should, however, not change the timing of the evoked response, so we expected a very similar
�������	 profile of the N20m component between measurements.

Section 1: Neuromagnetic recordings

Materials and methods
Subject. The involvement of human volunteers was performed in accordance with the

technical development prerogative of the Swedish law for ethical approval of research. The
subject orally consented to participating in the study.

Equipment. All measurements were carried out in a two-layer magnetically shielded
room (MSR; model AK3b from Vacuumschmelze GmbH & Co. KG, Hanau, Germany) at the
NatMEG facility, Karolinska Institutet, Stockholm, Sweden (www.natmeg.se).

In-helmet MEG. We used an Elekta Neuromag TRIUX (Elekta Oy, Helsinki, Finland)
system to represent conventional MEG sensors as it is globally the predominant MEG system
in use. The Elekta Neuromag TRIUX contains 102 sensor chips, each with a magnetometer
channel with a pickup loop size of 21 mm � 21 mm, and two orthogonal planar gradiometer
channels.

On-scalp MEG. We used a single-channel magnetometer with a 9 mm � 9 mm pickup
loop fabricated at the Chalmers University of Technology as the on-scalp sensor. The sensor
was housed inside a non-metallic cryostat (ILK Dresden), the tail of which has a diameter of
50 mm, placed at a ~2 mm distance to the subject’s scalp during measurements. On-scalp
MEG was sampled with a National Instruments analogue-to-digital converter connected to a
laptop. More experimental details for MEG recordings with our high-�c SQUIDs can be found
in Öisjöen et al. [11] and Xie et al. [22]. We concurrently sampled the on-scalp MEG using the
Elekta Neuromag TRIUX system. The output of the SQUID electronics was fed into one of the
analogue miscellaneous (MISC) channels of the Elekta system that allowed us to sample the
on-scalp MEG data with the same clock as the in-helmet MEG data.

Physiological data. Electrooculography (EOG), and electrocardiography (ECG) elec-
trodes were attached to the subject and recorded with the Elekta system. Ten head position
indicator (HPI) coils were then positioned on the subject’s head, evenly distributed across the
128 cap slits of a custom montage EEG cap (EasyCap) placed on the subject’s head. Four scalp
electrodes were added to measure EEG with two active channels. These were positioned
orthogonally to the projected N20m maxima to measure the sensory evoked field.

Experimental procedure. A central part of the preparation was to estimate the scalp loca-
tions of the positive and negative extrema of the dipolar N20m pattern such that optimal mea-
surement points could be planned for the single-sensor on-scalp recordings on the next day.
Through all recordings, we used left median nerve stimulation at the wrist to generate SEFs. A
minimum of 1,000 stimulations per recording was delivered over the course of at least 5 min-
utes with a repetition rate of 2.8 Hz. Stimulus intensity was 6.0 mA in pulses of 200 �s that
induced a slight movement of the thumb. Vacuum pillows were used to increase the subject’s
comfort and reduce movement of the head and body. The subject (one of the authors), was
highly motivated and not na�ve to the purpose of the experiment.

An overview of the experimental procedure is presented in Table 1. On day one, we per-
formed a whole-head in-helmet MEG recording of the subject. Dipoles were fitted for each
sampling point around the N20m for this recording (15.0 ms– 25.0 ms; 51 samples, 0.2 ms
apart). The fitted dipole at the latency with the least residual variance was chosen to be the
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single active source in a spherical forward model based on the anatomy of the subject acquired
through T1-weighted magnetic resonance images. This forward model thus provided us with
estimates of where the positive and negative N20m extrema would be on the scalp surface.

The positions of the extrema corresponded roughly with electrode positions of the
128-channel EEG cap. Ten on-scalp recording positions were selected and printed out on lam-
inated paper. This printout would serve as a guide for the handler of the cryostat for on-scalp
recordings on the following day. The guide was attached to the EEG cap on the subject’s head
by using the electrode positions corresponding to the predicted extrema for the N20m as refer-
ence points. The placement of the EEG cap was photographically documented, and the dis-
tance from the nasion to the bottom of the cap was measured such that the EEG-cap with the
guide attached could be placed in an identical position on the day of the on-scalp recording.
The recording positions were digitized with a Polhemus Fastrak tracker. To minimize digitiza-
tion error for the experimenter handling the Polhemus stylus, the laminated layout was printed
with small holes fitting the tip of the stylus.

On day two, the cryostat was aligned with respect to the markers on the guide by hand-
adjusting a wooden articulated armature that supported the cryostat above the subject’s head
inside the MSR. Alignment with respect to position was achieved via alignment of markers on
the cryostat with those on the subject’s head. Alignment with respect to angle was achieved via
manually tilting the cryostat such that the semi-conical gap between the planar cryostat lid and
the curved head surface was as even as possible for at least three pairs of diametrically opposing
points on the cryostat lid. The armature was then locked into place for each recording position
with an estimated accuracy in position of � 4 mm and an estimated accuracy in angle (with
respect to the normal of the head surface) of � 5 degrees (verified with a head-phantom). An
overview of the experimental procedure can be seen in Table 1.

In total, fourteen recordings were performed on day two. First, an empty room recording
was obtained followed by a whole-head in-helmet recording that preceded the ten on-scalp
recordings. During the on-scalp recordings, data were also acquired from the 102 magnetome-
ters in the whole-head system to generate an estimate of the noise level within the room.
Between each recording, the stability of the subjective sensation of the electrical stimulation
was verified, and the subject’s alertness was assessed with the Karolinska Scale [23]. After the
on-scalp recordings, a whole-head in-helmet recording was repeated to validate the stability of
the field topography of the N20m. We concluded with an additional empty room recording.
The cap with the guide and the cryostat in a recording position can be seen in Fig 1.

Table 1. Overview of the procedure for the recordings.

Day one procedure:

1. A SEF recording was made using conventional whole-head in-helmet MEG.

2. Equivalent current dipoles (ECDs) were fitted to the N20m component of the SEF for each sample from
15.0 to 25.0 ms.

3. The source pattern of the dipole with the least residual variance was projected onto the scalp using a
volume conduction model based on the subject’s anatomy.

4. Based on the projected on-scalp dipole source pattern, ten measurement sites were marked along the
curve connecting the centres of the two polar extrema

Day two procedure:

5. An additional SEF recording was made using conventional whole-head in-helmet MEG; hereafter
referred to as the “before” recording.

6. Based on the prepared EEG-cap from day one, on-scalp MEG recordings for each of the ten planned
measurement sites were conducted.

7. A final SEF recording was made using conventional whole-head in-helmet MEG; hereafter referred to
as the “after” recording.

https://doi.org/10.1371/journal.pone.0178602.t001
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Acquisition of MEG data. The signal from the high-�c SQUID was acquired through two
different systems simultaneously, the electronics analogue-to-digital converter and one of the MISC
channels of the Elekta system. Only data acquired with the Elekta system are discussed below. All
data were sampled at 5,000 Hz, low-pass filtered at 1,650 Hz and high-pass filtered at 0.1 Hz.

Pre-processing of data. The open-source package FieldTrip was used for all analyses [24].
Recorded data was first low-pass filtered at 300 Hz and line-filtered at 50 Hz including all 50
Hz harmonics up to the low-pass filter. The raw data was then cut into epochs of 300 ms, span-
ning from 100 ms pre- to 200 ms post-stimulation. All epochs were de-meaned by using the
mean activity of the pre-stimulation period. The epoched on-scalp data was cleaned automati-
cally first by removing all epochs in which the EOG channel had values greater than 250 �V
and was subsequently manually cleaned by removing epochs with large variance. At least 1,000
epochs remained for further analysis.

Volume conduction and forward models for MEG data. A local spherical volume con-
ductor model was created based on a T1 magnetic resonance image of the subject. The image
was co-registered to the subject’s head shape with 426 digitization points distributed over the
head surface from the Polhemus Fastrak. Subsequently, the image was segmented into brain,
skull, and scalp tissues. Based on the brain tissue, a single shell spherical model was created
[25]. A forward model for dipole fitting was created based on the volume conductor model
and the known geometry of the whole-head sensor array.

Estimating the in-helmet and on-scalp MEG topographies. We modelled the N20m
activation with a moving, single dipole, the strength of which varied with time. The position

Fig 1. Photographs of experimental procedure. A) The subject wearing the EEG-cap with the laminated guide. B) The subject lying on the recording bed
with the cryostat in position. C) The cryostat on the wooden articulated armature.

https://doi.org/10.1371/journal.pone.0178602.g001
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