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Experimental Protocol for On-Scalp MEG Detection of Gamma Band Neural Oscil-
lations
LINA SANDSTRÖM, WILMA SUNNERBERG
Department of Electrical Engineering
Chalmers University of Technology

Abstract
This thesis developed and validated an experimental visual stimulation protocol
intended to induce gamma-band activity in the primary visual cortex. Gamma
oscillations are associated with high level cognitive functions, such as sensory per-
ception, problem solving and memory. They are therefore of interest when it comes
to neuropsychiatric and neurological disorders, where disruptions in neural process-
ing is often observed. In this context, visually induced gamma oscillations may serve
as a useful biomarker to detect altered neural processing in the future.
The aim of this thesis was to implement a visual stimulation paradigm capable of
eliciting measurable gamma oscillations. It had to be compatible with the mag-
netoencephalography (MEG) environment. This included communication and syn-
chronization with an existing acquisition software. In addition, the project involved
establishing the visual presentation setup used to display the stimuli in the magnet-
ically shielded room (MSR).
The project encompassed literature studies, design of the stimulus, software devel-
opment, conducting MEG-recordings and data analysis. Two types of stimulation
protocols were implemented. One was based on paradigms identified in the litera-
ture, and one that explored a more novel approach to stimulus presentation. The
results are promising in terms of integration and synchronization with the exist-
ing acquisition software. From the conducted MEG recordings, some indications of
gamma activity were observed, although further testing and analysis are required to
determine the reliability of these findings. In conclusion, the developed experimental
protocol provides a functional basis for future studies investigating visually induced
gamma activity.

Keywords: gamma oscillations, visual stimulation, MEG, annular gratings.
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1
Introduction

The human brain is the central organ of the nervous system responsible for per-
ception, cognition, and the control of behavior [1]. These processes emerge from
coordinated electrical signaling across neural networks. Neural activity in the brain
can be expressed as rhythmic patterns across distinct frequency ranges. Such rhyth-
mic activity, referred to as neural oscillations, arises from synchronized firing of the
neurons in the brain [2].
Neural oscillations are commonly classified into frequency bands, this includes delta,
theta, alpha, beta, and gamma [2]. Among these, gamma-band activity is of particu-
lar interest because it has been associated with sensory processing, problem solving,
and memory formation [3]. At a cellular level, gamma oscillations are believed to
depend on the balance between excitatory and inhibitory neuronal activity within
the brain [2].
Previous studies have demonstrated that gamma-band oscillations can be reliably
induced in the primary visual cortex (V1) using controlled visual stimulation [4–7].
In healthy individuals, the power of the visually induced gamma response has been
shown to increase with increasing stimulus intensity. The power then decreases at
higher stimulation strengths. This non-linear response is thought to reflect changes
in the balance between excitatory and inhibitory neural activity [6]. Disruptions
in the EI-balance have been associated with neurological and neuropsychiatric dis-
orders, including autism and schizophrenia [1]. Because of this imbalance, visually
induced gamma oscillations may provide a useful biomarker for detecting altered
neural processing in these types of conditions [6].
A non-invasive neuroimaging technique that can be used to measure these responses
is magnetoencephalography (MEG), which records the weak magnetic fields gener-
ated by the synchronized neuronal currents in the brain [8]. Due to its high temporal
resolution, MEG is well suited for studying the rapid neural dynamics of gamma-
band oscillations [9]. In studies of visually induced gamma activity, MEG can be
used to measure changes in gamma power in V1 while participants are presented
with controlled visual stimuli [4–7, 10]. This allows the relationship between stim-
ulus intensity, gamma response strength, and excitatory-inhibitory balance to be
investigated.
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1. Introduction

1.1 Research Gap & Motivation

Previous studies have demonstrated that visually induced gamma oscillations can
be elicited using discrete stimulation paradigms. Where stimulus properties such as
contrast and motion velocity are varied across fixed and separate conditions. How-
ever, for such paradigms to be used in MEG studies, they must be implemented in
a way that is compatible with the practical and technical requirements of the MEG
environment. This includes stimulus presentation, synchronization, and timing ac-
curacy. Therefore, there is a need for a functional and validated visual stimulation
protocol that can reliably present visual stimuli during MEG recordings.
The main motivation of this thesis is to develop such a discrete stimulation protocol,
providing the research group with a working paradigm for future studies of visually
induced neural oscillations. Since gamma-band activity has been associated with
visual processing and the EI-balance, this paradigm could support future investiga-
tions of altered neural processing in neurological and neuropsychiatric conditions.
In addition to the main discrete protocol, this thesis also explores a continuous stim-
ulation approach. To the best of the author’s knowledge, such a protocol has not
been implemented in previous studies of visually induced gamma-activity. This ap-
proach provides an opportunity to investigate whether gradual stimulus transitions
may offer additional information about the non-linear behavior between stimulus
strength and gamma power response.

1.2 Aim

The aim of this thesis is to develop a visual stimulation paradigm capable of eliciting
measurable gamma-band oscillations in an MEG-compatible environment. The pro-
tocol will be implemented as a software framework presenting static and moving an-
nular gratings, with stimulus parameters such as contrast and velocity varied based
on previously established findings. Two stimulation approaches will be developed
and compared. One discrete protocol, consisting of fixed stimulus conditions, and
a continuous protocol where contrast and motion velocity are gradually increased
over time.
In addition, a hardware setup for presenting visual stimuli inside a magnetically
shielded room will be planned and implemented, ensuring compatibility with MEG
measurements while maintaining accurate stimulus timing. The developed system
should then be evaluated through pilot testing to assess stimulus visibility, timing
accuracy, and overall functionality within the MEG environment.
The intended outcome of the assignment is to have a functional and MEG-compatible
visual stimulation protocol, validated through MEG recordings.

2



1. Introduction

1.3 Problem Formulation
• Can a visual stimulation software consisting of static and moving annular

gratings be implemented in a way that is compatible with MEG measurements?
• Can two distinct stimulation protocols, one discrete and one continuous, be

successfully implemented within the same software framework?
• Will the continuous protocol perform as well as, or better than the discrete

during piloting?
• Is the developed hardware setup able to present visual stimuli inside the MEG

environment without interference or practical limitations during the measure-
ments?

• Is stimulus timing synchronized with the MEG acquisition system?
• Can the functionality and design of the stimulation protocol be validated

through pilot testing, or if MEG measurements are not feasible, through consis-
tency with previously published studies on visual stimulation and gamma-band
activity?

1.4 Limitations
The main limitation of this thesis is that the developed stimulation protocol is eval-
uated through pilot testing rather than a full-scale experimental study. Therefore,
the results are primarily intended to demonstrate functionality, feasibility, timing
accuracy, and compatibility with the MEG environment. It is not intended to pro-
vide statistically robust conclusions about visually induced gamma activity. Since
the protocol will only be tested on a limited number of participants, the results
cannot be generalized to a broader population without further validation.
Another limitation is that the protocol is constrained by the existing MEG system
and hardware setup. The MEG system itself will not be developed or modified as a
part of this project, meaning that the performance and testing possibilities depend
on the current capabilities and availability of the lab equipment. As a result, the
protocol is developed for the specific MEG environment used in this project and may
require adjustments if it is to be applied in other laboratories or hardware setups.
Although the protocol is designed to induce gamma-band oscillations, measurable
gamma responses may not be clearly observed due to individual variability, tech-
nical constraints, or limited recording time. In such cases, alpha-band modulation
may still indicate that the visual stimulation engages activity in the visual cortex. If
sufficient MEG measurements are not feasible within the project time frame, the pro-
tocol cannot be validated through direct measurements of induced gamma activity.
The evaluation would then be based on theoretical motivation, technical function-
ality, and consistency with previous studies on visual stimulation and gamma-band
responses.
Furthermore, the thesis is delimited to the development and pilot validation of a
MEG-compatible visual stimulation protocol for induced gamma activity. The main

3



1. Introduction

focus is the discrete protocol, while the continuous protocol is included as an ex-
ploratory extension. The study does not aim to investigate clinical populations, de-
termine the underlying EI-mechanisms, establish gamma oscillations as a biomarker,
or examine gamma activity induced through other sensory modalities. Instead, the
purpose is to provide a functional stimulation framework that can be used as a basis
for future MEG studies.

4



2
Theory

This chapter covers the theoretical background necessary for understanding the de-
velopment and implementation of the stimulation paradigm.

2.1 Neural Oscillations
The human brain consists of 100 billion neurons and an even greater number of
connections between them [11]. Pyramidal cells, which are excitatory neurons, are
the most common cell type in the cortex. These cells respond to input by exciting
other neurons and thereby propagating activity through cortical networks [1, 11].
However, excitation must be carefully regulated in order to support controlled neural
processing [11].
This regulation is mediated by inhibitory interneurons, which interact with exci-
tatory pyramidal cells in local cortical circuits [11]. Interneurons limit excessive
excitation and help control when and where pyramidal cells are active. The dy-
namic interaction between excitation and inhibition gives rise to rhythmic patterns
of collective neural activity, known as neural oscillations.
Neural oscillations are typically divided into subsets based on the frequency of the
oscillations [2]. From lowest to highest frequency range, these are grouped into Delta
(0.5-4 Hz), Theta (4-8 Hz), Alpha (8-12 Hz), Beta (13-30 Hz) and Gamma (30-120
Hz) [12]. Preferred oscillatory frequencies differ between structures and states of the
brain [2]. These subsets can occur simultaneously in the same or different locations
in the brain. Generally, lower frequency oscillations can involve neurons on a more
global scale, while high frequency oscillations appear locally [11, 13].

2.1.1 Gamma Oscillations
Gamma oscillations are higher-frequency rhythms that, like other neural oscillations,
are thought to depend on interactions between excitatory and inhibitory neurons
[14]. Gamma responses are closely associated with GABAergic interneurons, a group
of inhibitory neurons that release gamma-aminobutyric acid (GABA), the main
inhibitory neurotransmitter in the brain [11, 15]. Since these interneurons are widely
distributed throughout the brain, gamma oscillations can arise in many different
brain structures [14]. One proposed mechanism is that local inhibitory interneurons
rhythmically inhibit excitatory pyramidal cells, thereby aligning their activity in
time [15]. This makes excitatory neurons more likely to fire synchronously during
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periods when inhibition is reduced. The periodic alternation between inhibition and
excitation can therefore give rise to gamma-band rhythmic activity.
Oscillations in the gamma frequency-band are associated with high-level cognitive
functions [14], such as sensory perception, problem solving and memory [3]. Gamma
signals can therefore be elicited through stimulation of sensory systems, such as
the auditory and visual systems [14]. Studies suggest that stimulus features, like
contrast, spatial frequency and movement influence the gamma response, while also
eliciting notable inter-individual variability [14, 16].
Two common distinctions made when studying stimulus-related activity are evoked
and induced oscillations [16, 17]. Evoked oscillations are phase-locked to the stimu-
lus, meaning that they occur with consistent timing across repeated trials. Induced
oscillations are also stimulus-related, but their timing or phase varies across trials.
Studies of visual stimulation have shown that gamma activity on the visual cortex
is mainly expressed as induced, rather than evoked, oscillatory activity [16]. This
non-phase-locked component is the part of the response that varies with stimulus
properties. The modulation includes increased amplitude with stimulus contrast
and increased frequency with movement of the stimuli. In comparison, increases of
the evoked response is mainly affected by changes in stimulus onset or offset and
does not show the same difference between stationary and moving stimuli.
Swettenham et al. [16] further suggest that increases in gamma frequency may
reflect stronger sensory input rather than motion alone. Stronger input may re-
cruit greater inhibitory activity, resulting in higher-frequency gamma oscillations.
If gamma frequency is linked to inhibition mediated by GABAergic interneurons,
gamma responses may therefore provide an indirect measure of inhibitory process-
ing. This makes visually induced gamma activity relevant as a potential biomarker
in conditions where the balance between excitation and inhibition is altered.
It is, however, important to note that the functional consequences of gamma oscil-
lations in sensory perception are still not fully resolved [15]. While gamma activity
is closely linked to sensory stimulation and local cortical processing, there is an on-
going debate regarding its exact role in perception. Further understanding of how
gamma synchrony is generated and modulated may help clarify this relationship.

2.1.2 Alpha Oscillations
Alpha oscillations are commonly defined as rhythmic activity in the frequency range
of 8-12 Hz [11]. However, individual alpha frequency can vary and has been associ-
ated with age and sex. Alpha activity is typically described as moderate- to high-
amplitude oscillations in posterior cortical regions. Activity appears when relaxed
and awake, especially when the eyes are closed [1, 11]. This activity is attenuated
by opening the eyes or by increased alertness.
Because alpha activity is prominent over the occipital area, it is often associated with
the functional state of the visual cortex [11]. Rather than reflecting visual processing
itself, alpha activity has also been interpreted as a rhythm related to disengagement
from external sensory input. In visual stimulation experiments, alpha power may
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therefore decrease after stimulus onset, reflecting a shift from a relaxed or disengaged
state toward active sensory processing [1, 11].
Although alpha and gamma oscillations occupy different frequency ranges, they are
not mutually exclusive. Slower alpha activity can modulate faster gamma-band
activity, and the connection between these rhythms has been suggested to have
perceptual relevance [11]. However, during sensory stimulation, alpha activity is
often reduced, while gamma-band activity may be induced or enhanced. This makes
it relevant to consider both frequency bands when analyzing visually induced neural
responses.

2.1.3 Techniques for Recording Neural Oscillations
In order to study the different rhythms of the brain, there are two common non-
invasive recording techniques. Electroencephalography (EEG) and MEG record elec-
trical fields and magnetic fields in the brain respectively [13]. These signals stem
from the same main source. When pyramidal cells fire, both electrical and magnetic
fields are generated. Thus, when a multitude of neurons activate synchronously, this
gives rise to local field potentials and local magnetic fields, which can be detected
and recorded outside the skull.
The signal generated by the neurons have to pass through several layers of tissue
to reach the sensors [13]. Therefore, the signal is attenuated and distorted between
the source and the sensors. This is more pronounced in EEG recordings, since these
conductive layers influence the electric field far more than the magnetic field. Be-
cause of this, MEG is less affected by the conductive properties of the tissue between
the neural source and the sensors. This allows neural activity to be measured with
a very high temporal and spatial resolution with a MEG system [9].
Recording MEG signals is challenging on account of the extremely small magnetic
fields generated by synchronized brain activity [18, 19]. Therefore, sensitive sensors
are essential for detecting these weak signals. Superconducting Quantum Interfer-
ence Devices (SQUIDs) are utilized in most cases. In order for the SQUIDs to
become superconducting, they have to be cryogenically cooled. This is most com-
monly achieved by placing the sensors inside tanks filled with either liquid helium
or liquid nitrogen [19]. With the high sensitivity of SQUIDs, they are also highly
sensitive to magnetic noise [18, 19]. Since the magnetic fields generated by the brain
are extremely small, most interfering magnetic fields are stronger. In order to mit-
igate magnetic noise, MEG recordings have to be conducted inside a magnetically
shielded room (MSR).
Because MEG sensors are not fixed to the scalp, even small head movements affect
the recordings [18]. This is not the only source of artifacts. Blinking, eye move-
ments, heartbeats and small muscle contractions can also introduce artifacts in the
recording, and can be mitigated through signal processing techniques [19]. In ad-
dition to this ferromagnetic artifacts are also common, since any movement of a
magnetizable object is picked up by the sensors [18]. This can be more obvious
objects, like pacemakers or orthodontic braces, but it can also be less obvious ones,
like metallic particles in makeup or hair products. Ferromagnetic artifacts can be
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difficult to remove after recording, making it important to minimize their presence
before data acquisition begins.

2.2 Pre-Processing & Spectral Analysis
The purpose of the analysis pipeline is to extract stimulus-related changes in os-
cillatory activity from the recorded MEG signal [19]. This involves first reducing
noise and artifacts, then segmenting the data relative to stimulus events, and finally
estimating spectral and time-frequency power [20].
Since MEG recordings are sensitive to both environmental noise and physiologi-
cal artifacts, the measured signal cannot be interpreted directly as neural activity.
These artifacts must be reduced or excluded before stimulus-related responses can be
analyzed [19]. Preprocessing is therefore an essential step between data acquisition
and the estimation of alpha- and gamma-band activity.
A common first step in preprocessing is filtering [21]. It is used to attenuate un-
wanted frequency components while preserving the frequencies relevant to the anal-
ysis. Line noise from electrical equipment can appear as strong activity at specific
frequencies (50 Hz in Sweden) and can be reduced with a notch filter [19]. Band-pass
filtering is then used to retain the frequency range of interest, while removing the
lower and higher-frequencies that are not of interest.
In addition to filtering, noisy SQUIDs and artifact-contaminated time periods can
be marked through annotation [21]. Channels with excessive noise may be excluded
from further analysis, while annotated time segments can be omitted in later steps.
Physiological artifacts, such as those caused by eye movements, blinking, muscle con-
tractions, and the heartbeat, can also be reduced using methods such as independent
component analysis (ICA). ICA separates the recorded signal into components with
different spatial and temporal patterns, allowing components related to artifacts to
be identified and removed before reconstructing the cleaned signal [19]. This clean-
ing method is most efficient when additional recordings like electrocardiography
(ECG) and EEG are also included.
After preprocessing, the entire recording is typically divided into epochs [22]. These
are short time windows extracted around specific events, such as the onset of a
stimulus. This makes it possible to compare neural activity before and after stimu-
lation and to average responses across repeated presentations of the same stimulus
condition.
When studying stimulus-related activity, an important distinction is made between
evoked and induced responses [17]. As previously mentioned, evoked activity is
phase-locked to the stimulus. Because of this, it remains visible when epochs are
averaged in the time domain. Induced activity is not phase-locked across trials.
Since its timing or phase can vary between epochs, it will cancel out during direct
averaging of the time-domain signal.
To study the induced activity, oscillatory power must therefore be estimated sepa-
rately for each epoch before averaging across them [23]. This is commonly done using
time-frequency analysis, which shows how power changes over time within different
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frequency bands. The resulting power contains both phase-locked and non-phase-
locked components. The induced component can then be estimated by removing
the phase-locked evoked contribution from the total time-frequency power.
Spectral analysis can be used to inspect the frequency content of the signal [19].
Methods such as fast Fourier transform (FFT) or power spectral density (PSD) es-
timation show how signal power is distributed across frequencies [24]. These methods
are useful for identifying dominant oscillatory frequencies, such as alpha or gamma
activity, but they do not preserve detailed information about when changes in power
occur relative to the stimulus.
Time-frequency analysis addresses this limitation by estimating power as a function
of both time and frequency. One common approach is Morlet wavelet decomposition,
where the signal is compared with short oscillatory wavelets at different frequencies
[19, 24]. This makes it possible to examine how alpha- and gamma-band power
change over the course of each epoch. The number of cycles in the wavelet determines
the trade-off between temporal and frequency resolution. Fewer cycles provide better
temporal resolution but poorer frequency resolution, whereas more cycles does the
opposite.
Finally, time-frequency power is often expressed relative to a pre-stimulus baseline
[19, 24]. Baseline correction reduces the influence of differences in absolute signal
power between channels, participants, or conditions. By comparing post-stimulus
power to activity before stimulus onset, stimulus-related increases or decreases in
oscillatory power can be more clearly interpreted.

2.3 Visual Processing
The early visual system transforms incoming light into structured neural representa-
tions through a hierarchical pathway consisting of the retina, the lateral geniculate
nucleus (LGN) and the primary visual cortex (V1) [1], as illustrated in Figure 2.1.
This pathway preserves the spatial organization of the visual field, enabling precise
and localized responses to visual input.

Figure 2.1: Hierarchical visual pathway from the retina to the lateral geniculate
nucleus (LGN) and primary visual cortex (V1). Green highlights were added to
distinguish the visual pathway. Adapted from [25], CC BY 4.0.
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In the retina, neural circuits enhance contrast and spatial differences in the visual
scene before transmitting signals to the LGN [1]. The LGN relays this information
to V1 while maintaining retinotopic organization, ensuring that neighboring points
in visual space activate neighboring cortical neurons.
The primary visual cortex represents the first cortical stage of visual processing [1].
Neurons in V1 respond selectively to stimulus features such as orientation, spatial
frequency, contrast, and motion. This feature-specific organization is supported
by dense local networks of excitatory pyramidal cells and inhibitory interneurons.
The interaction between these cell populations enables regulated and synchronized
activity.
Following stimulus presentation, neural responses are not observed instantaneously,
but occur after a short processing delay [3]. In visual tasks, responses are commonly
expected within the first few hundred milliseconds after stimulus onset, with a typ-
ical reaction time of approximately 200 ms. This temporal delay is important to
consider when relating stimulus events to measured MEG responses.
Since V1 responses are strongly modulated by well-structured stimulus parameters,
visual input can reliably and systematically drive local cortical circuits [1]. This
makes the early visual cortex particularly suitable for studying stimulus-induced
gamma-band oscillations under controlled experimental conditions.

2.4 Stimulus Properties & Spatial Processing
Given the structured organization and stimulus dependence of V1, visual stimulation
provides a controlled method for modulating gamma-band activity [1]. Because
neural responses in early visual cortex are tightly linked to external input, stimulus-
induced activity can be systematically manipulated by varying defined properties of
the visual signal.
In experimental settings, visual stimuli are commonly presented as sinusoidal grat-
ings [26]. A one-dimensional sinusoidal luminance pattern can be described as this
following sine wave,

f(x) = A sin (2πx

λ
+ ϕ), (2.1)

where A represents the amplitude of the luminance modulation, λ denotes the spatial
wavelength, and ϕ represents the phase of the pattern. Although the grating is
defined in physical units on a display, the visual system responds to the retinal
image it produces. The relevant measure for spatial vision is therefore the visual
angle that the stimulus spans on the retina [27]. For a stimulus of width W presented
at a viewing distance d, the visual angle α is given by the following equation

α = 2 arctan
(

W

2d

)
, (2.2)

where α is expressed in radians. This relationship allows conversion between physical
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stimulus dimensions and their corresponding retinal projection.
Because neurons in V1 are tuned to specific frequencies, defined in terms of visual
angle, spatial frequency is typically expressed in cycles per degree (cpd) rather than
cycles per unit length of the display [27]. The spatial frequency of the stimulus,
expressed in cpd, is given by the inverse of the wavelength when measured in degrees
of visual angle, see Eq. 2.3.

fs = 1
λ

(2.3)

The amplitude parameter, A in Eq. 2.1, is directly related to stimulus contrast.
Contrast quantifies the relative difference between the maximum and minimum
luminance values of an image [27]. It is commonly defined using the Michelson
contrast,

c = Lmax − Lmin

Lmax + Lmin

, (2.4)

where Lmax and Lmin represent the highest and lowest luminance values of the
stimulus, respectively. The contrast parameter ranges from 0 to 1, where 0 indicates
no luminance difference and values approaching 1 represent maximal contrast.
In addition to spatial properties, motion can be introduced by varying the phase of
the sinusoidal grating over time [27]. A continuous shift in phase produces a drifting
grating, and the rate of phase change determines the temporal frequency or motion
velocity of the stimulus. By manipulating contrast and motion velocity, the strength
and temporal dynamics of excitatory drive to V1 can be systematically controlled
[1].

2.5 Prior Work of Visual Gamma Stimulation
Previous research has demonstrated that structured visual stimuli can induce gamma-
band oscillations in the primary visual cortex. These responses have been shown
to depend on stimulus parameters such as contrast, spatial frequency and motion
velocity. This section presents selected work that has shown promising results in
this field of visually induced gamma activity.

2.5.1 Effects of Stimulus Design on Visual Gamma Responses
In 2013, S. Muthukumaraswamy and K. Singh [26] investigated how specific stimu-
lus design features influence visually induced gamma activity measured with MEG
and EEG. They compared eight different grating configurations that varied in stim-
ulus type (annular vs. square-wave), visual field coverage (one quadrant vs. four
quadrants), and motion (stationary vs. drifting). All stimuli were presented at high
contrast and with a spatial frequency of 1 cycle/degree.
Their results showed that annular gratings elicited stronger gamma responses than
square-wave gratings. Stimulating all four visual quadrants elicited greater gamma
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power than stimulating a single quadrant. Drifting gratings generated both stronger
gamma amplitudes and higher peak frequencies compared to stationary stimuli.
Moreover, MEG proved substantially more sensitive to gamma-band activity than
EEG.
Importantly, conditions that elicited stronger gamma power also yielded more re-
liable peak frequency estimates. The upward shift in peak frequency observed for
moving stimuli suggests that gamma frequency may reflect changes in the balance
between excitation and inhibition within local cortical circuits.
Overall, this study highlights that stimulus configuration critically shapes both the
amplitude and frequency of visually induced gamma oscillations. It emphasizes the
importance of careful stimulus design in experimental paradigms.

2.5.2 Gamma Suppression & Excitation-Inhibition Balance
Orekhova and colleagues [4–7] have systematically investigated how visually induced
gamma oscillations depend on the strength of sensory input. Across a series of MEG
studies, they employed a consistent experimental paradigm where the participants
viewed high-contrast annular gratings on a black background. The gratings drifted
inward toward the center at three velocities, referred to as low, medium, and high
velocity. The main visual stimulus parameters are summarized in Table 2.1.

Table 2.1: Visual stimulus conditions used in the experimental paradigm described
by Orekhova et al. [4–7].

Condition Velocity Temporal frequency Spatial frequency
Low velocity 1.2◦/s 2 Hz 1.66 cycles/◦

Medium velocity 3.6◦/s 6 Hz 1.66 cycles/◦

High velocity 6.0◦/s 10 Hz 1.66 cycles/◦

Stimuli were high-contrast annular gratings with an outer diameter of 18◦ visual angle.

Each trial began with a white fixation cross on a black background, presented for
1200 ms [4–7]. The drifting grating was then displayed for a randomized duration
between 1200 and 3000 ms. Participants were instructed to press a button as soon as
the motion stopped. If no response occurred within 1 second, a discouraging message
("too late!") appeared for 2000 ms before the next trial. Responses that were either
too early (less than 150 ms after motion offset) or too late were classified as error
trials and excluded from the analysis. Each stimulus condition was presented in
three experimental blocks in a randomized order, with each type repeated 30 times
per block, resulting in 90 repetitions per condition across the experiment. Short
animated cartoons were presented for 3-6 seconds after every 2-5 trials to reduce
fatigue and maintain vigilance.
This paradigm provides a controlled approach to examine how increasing excita-
tory drive influences gamma frequency and power. It served as the basis of the
experimental paradigm, which was adjusted to examine new specific hypotheses in
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subsequent studies.
Using this approach, their initial study demonstrated that gamma activity can be
systematically modulated by motion velocity [4]. Gamma frequency increased mono-
tonically with velocity, whereas gamma power followed a bell-shaped profile, increas-
ing with low to moderate velocities but decreasing at higher velocities. This sup-
pression effect was robust across participants and was replicated in both adults and
children. The authors interpreted this patten as reflecting inhibitory gain control,
where excessive excitatory input leads to over-recruitment of inhibitory neurons and
a breakdown of neural synchrony. It is notable that the relative magnitude of sup-
pression remained stable across development, suggesting some preservation of the
functional EI-balance.
Building on these findings, their next study examined whether gamma suppression
related to individual differences in sensory sensitivity between two groups, where one
group consisted of neurotypical adults and the other adults with autism spectrum
disorder [5]. Sensory sensitivity was assessed using the Adolescent/Adult Sensory
Profile prior to MEG recordings. To quantify the velocity-dependent gamma sup-
pression, the authors introduced the Gamma Suppression Slope (GSS) index, which
measures the change in gamma power across stimulus velocities. More negative GSS
values indicate stronger suppression and are interpreted as reflecting more inhibitory
gain control in the primary visual cortex.
The results showed that individuals with higher sensory sensitivity exhibited weaker
gamma suppression (less negative GSS) at high motion velocities [5]. Importantly,
this relationship was continuous across participants and not specific to diagnostic
group, indicating that gamma suppression reflects a trait-like property of cortical
function. These findings link inhibitory gain control in the visual cortex to percep-
tual experiences in everyday life.
To further clarify the underlying mechanism, a later study investigated the combined
effects of contrast and motion velocity on gamma activity [6]. While increasing con-
trast led to a monotonic increase in gamma power, motion velocity again elicited
a non-linear modulation, with suppression emerging at high velocities. These ef-
fects were additive, such that suppression at high velocities was stronger under
high-contrast conditions. This demonstrates that both modulations increase exci-
tatory drive. It also supports the interpretation that gamma suppression reflects
a breakdown of synchrony under excessive excitation rather than reduced sensory
input. Consistent with this, gamma frequency continued to increase with velocity
even when gamma power decreased, indicating sustained excitatory input despite
reduced synchronization. Moreover, individual differences in GSS were preserved
across conditions, suggesting a common underlying mechanism related to the EI-
balance.
To further validate the functional significance of gamma suppression, a later study
examined its relationship to spatial suppression in motion perception [7]. Spatial
suppression refers to the reduced ability to discriminate the direction of motion for
large, high-contrast stimuli compared to smaller ones, a phenomenon thought to
reflect inhibitory interactions from surrounding visual inputs in primary visual cor-
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tex. Participants completed both a psychological motion discrimination task and
the MEG paradigm described above. In the behavioral task, they judged the direc-
tion of drifting gratings of different sizes, allowing estimation of spatial suppression
strength. In parallel, gamma responses were measured across motion velocities, and
the GSS was computed as an index of velocity-dependent attenuation of gamma
power.
The results revealed a strong and selective relationship between neural and behav-
ioral measures [7]. Individuals with more negative GSS, indicating stronger gamma
suppression, exhibited stronger inhibitory surround mechanisms. This relationship
was replicated across independent samples of adults and children and was stable
across repeated testing sessions. No association was found for small stimuli, sup-
porting the specificity of the effect.
Together, these findings provide evidence that velocity-dependent gamma suppres-
sion reflects the efficiency of inhibitory processing in the visual cortex. By linking
stimulus-driven neural dynamics to both individual differences in sensory sensitivity
and perceptual performance, this body of work establishes gamma suppression as a
potentially robust, non-invasive marker of the EI-balance in the human brain.

2.6 Software

Software plays a central role in experimental neuroscience because it supports both
experimental control and offline data analysis [28]. In visual stimulation experi-
ments, software is used to define and present stimuli with controlled timing and
visual properties, while analysis software is used to preprocess recorded signals and
estimate neural responses. The Python library PsychoPy provides tools for creating
neural experiments, including visual stimulus presentation [28]. For the analysis,
MNE-Python provides functions to create a complete analysis pipeline for MEG
data [20].
Due to the usability of PyschoPy and MNE, Python is a suitable programming
language. It provides a flexible programming environment with many libraries for
numerical computation, data handling, visualization, and signal processing.
PsychoPy is an open-source software package for designing and running experiments
in psychology and neuroscience [28]. It allows visual stimuli to be defined using
parameters such as size, position, contrast, spatial frequency, phase, and temporal
dynamics. This makes it suitable for implementing controlled visual stimulation
paradigms.
MNE-Python is also an open-source software package used for analyzing MEG and
EEG data [20]. It provides tools for loading the recordings, filtering, epoching, arti-
fact handling, spectral analysis, as well as time-frequency analysis. These functions
are essential for studying neural oscillations because they allow signal power to be
estimated within specific frequency bands and time windows.
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2.7 Data Communication

For experiments involving separate stimulation and recording systems, software com-
munication and synchronization are very important. There are multiple ways to
send messages from one system to another. Depending on application and require-
ments, some are more suitable than others. A common mechanism is Inter Process
Communication (IPC), that allows processes on the same device to send messages
between each other [29]. IPC enables fast and efficient communication between
local processes [29, 30]. However, in cases where communication between comput-
ers is necessary, communication protocols based on the Internet Protocol (IP) are
commonly used [31].
The Internet Protocol describes how messages can be sent to their destination [32].
It does so by splitting the message into packets and sending the packets without
handling the order, content or origin of them. To deal with these problems, higher
level protocols can be used on top of IP. Two common alternatives are User Datagram
Protocol (UDP) and Transmission Control Protocol (TCP). UDP solves the problem
with corrupt packets, meaning that the content of the packet is intact [33]. However,
they can still arrive out of order. This makes it a simple but fast protocol compared
to TCP. TCP is the protocol most commonly used on top of IP [32] and solves
many of its issues [34]. It provides reliable and ordered delivery to the recipient.
These properties make TCP suitable for a variety of applications where speed cannot
compensate for reduced reliability.

2.7.1 ZeroMQ
ZeroMQ is a messaging library that can be used in various programming languages,
including Python [35]. It is designed to provide low-latency messaging that is com-
municated directly between endpoints. The library supports multiple transport
types, such as TCP, interprocess communication, and multicast, among others. Ze-
roMQ uses sockets to send messages across the various transports. These sockets
work together in so called messaging patterns, where different types of sockets are
paired together.
Two common socket pairs are Request-Reply (REQ-REP) and Publish-Subscribe
(PUB-SUB) [35]. Both of these have one socket that sends messages, the Request
and Publish sockets, and a socket that receives the message (Reply and Subscribe
sockets). However, they differ in how they handle messages. The PUB-SUB pattern
have no back-chatter, the message is sent from the publisher to the subscriber, but no
confirmation that the message was received is sent back. This simplifies the message
flow but introduces the risk of dropping messages if the subscriber cannot keep up
with the publisher. In contrast to the PUB-SUB pattern, REQ-REP enforces a
strict send-receive alteration. A REQ socket cannot transmit a subsequent request
until a reply has been received from the REP socket. This introduces blocking
behavior, since the communication depends on both sides completing their part of
the exchange before the next message can be sent. While this can be useful when
confirmation or synchronization is required, it may be less suitable in situations
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where one process needs to continue running without interruption.
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3
Methods & Materials

This chapter describes the methods and materials used to design, implement, and
evaluate the experimental paradigm. The aim was to develop a visual stimulation
setup suitable for MEG measurements of stimulus-induced gamma activity. The
setup consisted of both software and hardware components, including the visual
stimulation software, synchronization and trigger registration, a display and mirror
system, participant positioning, and pilot testing of the complete system.
The experimental paradigm was implemented as a visual stimulation software with
two main protocols, a discrete and a continuous. In addition, a gamma localization
protocol was initiated with the purpose of getting better positioning of the sensors
during MEG-recordings.
Since the setup was intended for use in a particular MEG environment, the experi-
mental design also had to account for practical constraints related to the size of the
MSR, stimulus presentation, timing accuracy, and synchronization with the MEG
acquisition system. The software and hardware components were therefore inter-
connected with each other. The stimulation software controlled the visual stimuli,
trigger events were used to synchronize stimulus timing with the recorded MEG
data, and the display and mirror system determined how the stimuli were presented
to the participant inside the MSR.
The following sections describe each component of the setup in the order in which
it contributed to the experimental workflow. Starting from stimulus design and
software implementation to MEG synchronization, hardware configuration, pilot
testing, and data analysis.

3.1 Visual Stimulus Design
The visual stimuli used in this project consisted of annular gratings, defined accord-
ing to Eq. 2.1, with a spatial frequency of 1.66 cpd. These stimuli were designed
to induce gamma-band oscillations in the primary visual cortex. Annular gratings
were selected based on previous studies demonstrating that visual gratings can elicit
measurable gamma responses [10]. The stimulus paradigm developed in this project
was based on similar visual gamma paradigms, but was adapted to fit the existing
seven channel MEG system [4–7].
Across the implemented protocols, seven stimulus conditions were used. Three of
these conditions were static and differed only in contrast. The contrast levels were
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defined using the Michelson contrast and were referred to as low_c, med_c, and
high_c, where c denotes contrast. Three additional conditions consisted of moving
gratings with fixed contrast but different motion velocities. These conditions were
referred to as low_m, med_m, and high_m, where m denotes motion. The final
condition consisted of a gradual increase in contrast followed by a gradual increase
in motion velocity, all happening within a single stimulus epoch. This condition is
referred to as cont. The parameter values for all stimulus conditions are shown in
Table 3.1. An illustration of the annular gratings can be found in Figure 3.1.

Table 3.1: Overview of contrast and motion stimulus parameters used in the dis-
crete and continuous protocols.

Condition Contrast Velocity [◦/s] Temporal Frequency [Hz]
low_c 0.1 0 0
med_c 0.5 0 0
high_c 1 0 0
low_m 1 1.2 2
med_m 1 3.6 6
high_m 1 6.0 10
cont [0, 1] [0, 6.0] [0, 10]

(a) (b) (c) (d)

Figure 3.1: Annular gratings corresponding to the different conditions used for the
visual stimulation. The first three images (a-c) depict the static gratings, low_c,
med_c and high_c from left to right. (d) Moving annular grating, where the arrows
indicate the direction of motion.

The stimuli were presented centrally on a black background and alternated with a
fixation cross. For all protocols, the duration of each stimulus presentation was ran-
domized within a predefined interval. The interval differed between the discrete and
continuous protocols, as the protocols had different timing requirements. A fixation
duration of 1.2 s was used for both protocols. To reduce fatigue and provide short
periods of visual rest, an animated image was displayed after every n:th stimulus
presentation. This image was shown for a fixed duration of 5 s in both protocols.
The main timing parameters, including stimulus duration, fixation duration and
break frequency could be adjusted through the user interface.
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To encourage the participant to maintain attention on the screen, a button-press
task was included during the fixation periods. The participant was instructed to
press a button whenever the fixation cross was displayed. For the response to be
accepted, the button press had to occur within a predefined time interval of 0.15
to 1.0 s. These limits were determined with prior studies in mind [4–7]. If the
participant responded too early, too late or failed to respond, feedback was displayed
on the screen. A response that occurred before the accepted interval resulted in the
message "Too Fast!", whereas a missing or delayed response resulted in the message
"Too Slow!". Trials with missed or invalid responses were added back to the end of
the protocol to ensure that the final number of accepted trials was balanced across
stimulus conditions.

3.1.1 Discrete Protocol
The discrete paradigm consisted of the first six stimulus conditions described pre-
viously in table 3.1 (low_c, med_c, high_c, low_m, med_m, high_m). These
conditions represented fixed combinations of contrast and motion velocity. In each
trial, one stimulus condition was presented and the stimulus parameters remained
constant throughout the stimulation period. Each trial consisted of a fixation cross
followed by one stimulus presentation. The duration of the stimulus was randomly
selected from a predefined interval between 1 and 3 seconds, while the fixation du-
ration was set separately to 1.2 seconds, an illustrative example of this protocol can
be seen in Figure 3.2.

Figure 3.2: Short illustration of how the discrete protocol can look over a timeline.
A fixation cross is displayed between every stimulus condition. The stimulus with
arrows indicates a moving grating, while stimuli without arrows are static.

The protocol was implemented with an adjustable trial structure. The number
of repetitions per condition, the number of blocks, timing parameters, as well as
which stimulus conditions to include could be modified through the user interface,
which is explained further in Section 3.2. This was done to allow the protocol
duration and overall structure to be adapted during pilot testing, since the number
of trials required to obtain a measurable gamma-band response with the existing
MEG system was not known before.
Within each block, the order of stimulus presentation was randomized to reduce
expectation effects. Each stimulus condition was therefore distributed throughout
the block rather than being presented in a fixed sequence. To reduce fatigue, an
animated image was displayed after every n:th stimulus presentation for a predefined
duration of 5 s. However, the frequency and duration of these breaks could also be
adjusted as needed through the interface.
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The discrete protocol was used both as a structured stimulation paradigm and as
a pilot tool for evaluating whether visually induced gamma-band activity could be
detected with the available MEG setup.

3.1.2 Continuous Protocol
The continuous protocol followed the same general presentation structure as the
discrete protocol, with alternating fixation and stimulation periods. Participants
were instructed to respond to the transition between the stimulus and fixation cross
using the same button-press task as in the discrete protocol. An animated image
was also presented after every n:th stimulus presentation for a fixed duration of 5 s.
In contrast to the discrete protocol, the continuous protocol consisted of one stimulus
condition in which the contrast and motion velocity changed gradually within each
stimulation period, see Figure 3.3 for an illustration of this stimulus condition. Each
stimulus presentation started with a static annular grating with contrast c = 0. The
stimulus then remained static for a predefined duration, where the contrast increased
linearly until full contrast was reached. After this, the grating started drifting
inward, and the motion velocity increased linearly until the maximum temporal
frequency of 10 Hz was reached.

Figure 3.3: Illustration of a continuous stimulus epoch. A fixation cross is dis-
played between each stimulus epoch. The stimulus starts as a low contrast static
grating, the contrast is then increased until full contrast is reached. At this point,
the grating starts drifting with increased velocity, denoted by the increased size of
the arrows.

The timing of these transitions was based on the shortest possible stimulus duration
in the continuous protocol. The contrast increase occupied the first third of this
minimum duration, while the velocity increase occupied the remaining two thirds.
This division was chosen so a greater part of the epoch involved motion, since pre-
vious studies have shown that high-contrast moving gratings yields stronger gamma
responses. Once the maximum temporal frequency of 10 Hz had been reached, the
motion velocity remained constant for the rest of the stimulation period. The reason
for this design choice was to simplify the alignment of contrast and velocity changes
when creating epochs in the signal analysis. This is described in further detail in
section 3.5 about the analysis.
Considering that several stimulus states were included within the same stimulation
period, the continuous protocol required a longer stimulus presentation than the
discrete protocol. The stimulus duration was therefore randomized within a longer
time interval.
The continuous protocol was also implemented with adjustable timing and sequence
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parameters. The stimulus duration interval, fixation duration, number of epochs,
number of blocks, break frequency and duration of the initial static period could
be modified through the user interface. This flexibility allowed the protocol to be
adapted during pilot testing, both in terms of total recording time and participant
tolerance.

3.1.3 Gamma Localization Protocol
In addition to the discrete and continuous protocols, a preliminary localization pro-
tocol was also established. The idea behind this protocol is to use it as a first step
in a recording to verify that the placement of the sensors are correct. This pro-
tocol consisted of one single discrete stimulus condition, low_m, as this state has
consistently yielded the highest gamma power response [4–7].
Since this protocol is supposed to be used as a quick verification of sensor placement,
it is simplified significantly in comparison to the full-scaled discrete and continuous
protocols. It therefore consists of one block, with a fewer number of repetitions
for the single stimulus condition. From here, a block refers to a series of stimuli
conditions, while a single stimulus is referred to as an epoch or a trial.

3.2 Software Implementation
The visual stimulation software was developed to control stimulus generation, stim-
ulus presentation, participant responses, trigger communication and experimental
logging. The software was implemented in Python and was designed to allow flexible
adjustment of protocol parameters while maintaining frame-based stimulus timing.

3.2.1 Interface & Protocol Setup
The stimulation software was controlled through a graphical user interface imple-
mented using the package PyQt6 [36]. The interface was designed to allow the
user to select and configure the stimulation protocol without having to modify the
source code. When the program was started, the user was first presented with a
short description of the available protocols and could choose between the contin-
uous, discrete and localization protocols. After a protocol had been selected, the
interface displayed the parameter fields relevant to that protocol.
The adjustable parameters included the monitor used for stimulus presentation,
number of blocks, stimulus duration mode, fixation duration, number of stimula-
tion epochs, temporal frequency, spatial frequency and pause settings. The stimulus
duration could either be fixed or randomized within a selected interval. For the
continuous protocol, the user specified the highest temporal frequency reached dur-
ing the stimulus presentation. For the discrete protocol, separate low, medium and
high temporal frequencies were specified. An optional stimulus-type selection was
also included for the discrete protocol, allowing individual stimulus conditions to be
included or excluded before starting the protocol.
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After parameter selection, the interface collected the chosen values and passed them
to the corresponding stimulation function and instructed them to begin. After
completion of the discrete and continuous protocols, a log window was displayed.
This log summarized the selected parameters, block durations, epoch durations,
response information, frame rate, and total protocol duration, and could also be
saved as a text file for later documentation.

3.2.2 Visual Stimulus
Before each protocol started, the visual elements required for that protocol were
generated and stored. This included the fixation cross, annular gratings, feedback
messages, break images and visual trigger markers. Stimulus images were created as
PsychoPy ImageStim objects, allowing them to be drawn directly during the frame-
by-frame presentation loop. Pre-generating the visual stimuli reduced the amount
of computation required during stimulus presentation and helped with maintaining
stable timing.
Annular gratings were generated numerically using a sinusoidal function of the radial
distance from the image center. First, a two-dimensional coordinate grid was created
and converted into a radial distance matrix. This matrix was then used to calculate
the grating intensity as a function of wavelength, phase, and contrast. Static gratings
were created by keeping the phase constant, whereas moving gratings were created
by generating a sequence of images with gradually increasing phase.
Stimulus presentation and timing was implemented using a frame-based presentation
loop, see Listing 3.1 for pseudo code. For each trial, the number of frames corre-
sponding to the selected stimulus duration was calculated from the display refresh
rate. This stimulus was then drawn and updated once per frame before the display
buffer was flipped. This approach allowed stimulus duration, image transitions and
phase updates to be synchronized with the refresh cycle of the display.

Listing 3.1: Frame-based drifting grating update.
For each frame in s t imulus durat ion

Ca l cu la te cur rent phase
Generate g ra t i ng image us ing con t ra s t and phase
Draw st imulus
F l ip Display
Update phase

For the discrete protocol, a stimulus schedule was generated at the beginning of
each block, see Listing 3.2. The schedule contained the selected stimulus conditions
repeated according to the chosen number of repetitions per condition. The order
was randomized within each block so that conditions were distributed across the
recording. If a participant response was classified as invalid or missing, the corre-
sponding trial was added back to the schedule to preserve the intended number of
accepted trials per condition.
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Listing 3.2: Discrete Protocol Pipeline.
Create empty schedu le
For each s l e c t e d st imulus cond i t i on :

Add cond i t i on repeated n times

Randomize schedu le order

For each t r i a l in schedu le
Run f i x a t i o n

Check button−pre s s
Run st imulus

Send t r i g g e r
I f r e sponse i s False , add t r i a l back to end o f schedu le

For the continuous protocol, the trial schedule did not contain separate stimulus con-
ditions. Instead, each trial followed the same sequence of parameter changes, the
only randomization here was the duration of each stimulus. The grating started as
a static low-contrast stimulus, after which the contrast was increased linearly across
frames until full contrast was reached. The phase increment was then increased
linearly to produce gradually increasing inward motion. Once the maximum tem-
poral frequency had been reached, the phase increment was kept constant for the
remaining frames of the stimulus presentation. See Listing 3.3 for an overview of
this pipeline.

Listing 3.3: Continuous Protocol Pipeline.
For each frame

I f frame i s with in con t ra s t ramp
Inc r ea s e con t ra s t l i n e a r l y

Else i f frame i s with in v e l o c i t y ramp
Inc r ea s e phase s tep

Else
Keep maximum phase s tep

Update phase
Generate g ra t i ng
Draw and f l i p

Participant responses were monitored during the fixation period, as seen in Listing
3.4. A response was accepted only if it occurred within the predefined response
window. Responses occurring outside of this window were classified as false and a
feedback message was displayed to the participant. The missed stimulus condition
was then automatically added back to the end of the schedule for the current block.
The response outcome was used both to provide feedback to the participant and to
determine whether the trial should be used or not in the analysis.
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Listing 3.4: Button response classification.
S ta r t re sponse t imer at f i x a t i o n onset
Wait f o r button pr e s s
I f p r e s s time < lower l i m i t

Display : Too Fast !
l og : f o cus = Fal se

Else i f p r e s s time with in accepted i n t e r v a l
Continue with next s t imu la t i on
log : f o cus = True

Else i f p r e s s time > upper l i m i t
Display : Too Slow !
l og : f o cus = Fal se

At the beginning of each stimulus condition, the stimulation software generated an
event id. Each stimulus condition corresponded to a number between one and seven.
These trigger events were sent to the acquisition software and were also written into
the experiment log together with the participant focus status. The experiment log
also contained the chosen stimulus parameters, timing information and response
outcomes. The communication method used for trigger transfer is described in the
following section.

3.2.3 Synchronization & Trigger Registration
To enable integration with the MEG acquisition system, the software was designed
to support synchronization through event markers corresponding to the stimulus
events. This was implemented by sending a trigger at every new state from the
stimulation software to the acquisition program. Since the MEG system sampled
data at 1000 Hz, the trigger timing had to be accurate on a millisecond scale to
ensure that stimulus onset could be aligned with the correct sample in the recorded
signal.
Communication between the stimulation software and the acquisition software was
implemented using the ZeroMQ library due to the importance of fast information
exchange. The PUB-SUB pattern was used, where the stimulation software acted
as the publisher and the acquisition software as the subscriber. This allowed the
stimulation software to send trigger messages whenever the protocol changed state,
without waiting for a reply from the acquisition software. This pattern was chosen
instead of a request-reply structure to minimize the risk of delaying stimulus pre-
sentation. Since triggers were only sent at state transitions, the number of messages
was low, reducing the risk of message loss.
Trigger messages were sent over TCP. This transport method was selected due to its
reliable transportation of data, while still being sufficiently fast for the intended syn-
chronization. TCP ensures that trigger messages arrive intact and in order, which
motivated its use over the faster but less reliable UDP protocol. IPC was also consid-
ered, but this method limits the communication to one computer. In contrast, TCP
allows communication between one or multiple machines. This provides flexibility
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for future hardware setups. For example a setup where stimulation and acquisition
are run on separate devices. The current TCP implementation is already configured
to accommodate for this change.
Each stimulus condition was assigned a numerical trigger code. Fixation and base-
line periods were assigned a trigger value of 0, while the stimulus conditions were
assigned values between one and seven. These trigger codes allowed the recorded
data to be divided into epochs corresponding to fixation, discrete stimulus condi-
tions, and continuous stimulation periods.
Another step taken, to ensure precise alignment between the triggers and recorded
MEG data, was to evaluate and account for the timing between the software trigger
and the projected visual stimulus. How the delay was measured is explained in
detail in section 3.4. The measured delay was used to estimate the temporal offset
between the trigger and the visual stimulus. This made it possible to correct the
trigger timing during analysis by shifting the trigger event according to the average
measured delay.

3.3 Hardware Setup

The experimental setup consisted of the MEG measurement system, a projection-
based display system, an optical mirror path and the participant setup. Since the
experiment was performed in a magnetically shielded room, the hardware config-
uration had to allow visual stimulation while minimizing magnetic materials and
electrical noise close to the MEG sensors. The visual stimulation computer and
projector were therefore placed outside the magnetically shielded room, while the
projected image was guided into the room using a mirror-based optical path.

3.3.1 Display System
Visual stimuli were presented using a projection-based display system. The stimula-
tion software ran on a computer located outside the MSR, the generated image was
then displayed using a BARCO FL40-WU MKII projector also positioned outside
of the shielded environment. This allowed the visual stimulus to be presented to
the participant without placing the projector or stimulation computer close to the
sensitive MEG sensors.
The projector image was directed into the magnetically shielded room through an op-
tical pathway consisting of two mirrors and was then displayed on a back-projection
screen positioned in front of the participant. This setup was established to reduce
the risk of magnetic and electrical interference while still allowing controlled presen-
tation of high-contrast visual stimuli during MEG recordings.
Display parameters such as resolution, refresh rate, projection size and viewing
distance were taken into account when defining the spatial properties of the stimulus.
The stimulus size was calibrated so that the annular grating had the largest possible
visual angle at the participant’s viewing distance.
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3.3.2 Mirror Setup
A mirror system was used to guide the projected image from the projector into the
participants field of view inside the MSR. The optical path consisted of two mirrors,
which directed the image from the projector, through an opening in the MSR wall
and then onto the projection screen. This allowed the projector to remain outside
the shielded room while the participant viewed the stimulus inside the recording
environment.
The mirrors were adjusted so that the stimulus appeared centrally on the projec-
tion screen and within the participant’s field of view. Alignment was executed to
minimize image displacement and distortion. The image displayed on the projection
screen was inverted, so the response feedback to the participants had to be adjusted
in the software to compensate for this inversion. The final projected image was
checked visually before recordings to ensure that the annular gratings and fixation
cross were clearly visible and correctly positioned.
The projection screen was approximately 130 centimeters from the participant’s
eyes. This viewing distance was used when defining the spatial properties of the
stimulus, including the intended visual angle of the annular gratings. The total
path length from the projector to the screen was approximately 2.5 meters. These
parameters, together with the constraints from the size of the MSR, yielded a visual
angle of 21◦ for the participant. This was the largest visual angle possible in this
particular environment.

3.3.3 Participant Setup
During pilot runs, the test person was seated in a comfortable chair inside the MSR
with the projection screen positioned directly in front of them, see Figure 3.4 for an
example. The sensor window of the MEG system was placed on the posterior part
of the head approximately where the primary visual cortex is located. Participants
were instructed to maintain their gaze on the center of the screen and to try and
keep their focus there for the entire recording.
Behavioral responses were collected using a response button, which was a simple
wired computer mouse. The mouse could be placed in the participants lap or on
either armrest of the chair, it was up to the participant to choose the most com-
fortable placement. The participants were instructed to press the button when a
fixation cross was displayed. Prior to recordings, the mouse was opened and stripped
from unnecessary metal parts and functions, except for the press of the middle cur-
sor. This was implemented to minimize electrical interference within the recording
environment.
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(a) (b)

Figure 3.4: Participant setup and sensor placement in the MSR. (a) Participant
setup viewed from behind. The participant is looking forward toward the back-
projections screen with the attention button placed in their lap. (b) Side view of
the sensor placement. The sensors were placed on the occipital lobe of the head.

3.3.4 Timing Validation Setup

A photosensitive sensor was used to evaluate the timing accuracy of the projected
stimulus. A small square marker was included in the projected image outside the
stimulus region. The marker changed luminance together with the stimulus state,
appearing white during stimulation periods and black during fixation. The sensor
was positioned so that it detected the luminance changes of this marker, see Figure
3.5.
The output from the photosensitive sensor was recorded using a data acquisition
(DAQ) system. This provided an independent measurement of the physical onset of
the projected stimulus, which then was compared with the software trigger signal.
The setup therefore allowed delays introduced by the projector and display path to
be estimated.
Since the sensor and its wiring introduced an additional electrical component into
the recording environment, it was only used during timing validation measurements.
During MEG recordings, the photosensitive sensor was removed to reduce the risk
of additional electrical noise near the MEG system.
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(a) (b)

Figure 3.5: Setup used for photoresistor-based timing validation. (a) Overview of
the photoresistor setup. The resistor was placed in front of where the pixel marker
was located. (b) Photoresitor viewed from above. The resistor was secured in place
using a velcro strap.

3.3.5 MEG System & Data Acquisition
Recordings were performed using a seven-channel high-temperature SQUID MEG
system. As already mentioned, the MEG sensors were placed over the occipital
region of the brain. The data was acquired using a NI-USB 6251 DAQ, as well as
an amplifier. The raw brain signals could be visualized with the two oscilloscopes
in the lab. The MEG data was then recorded and sent to the acquisition software
on the computer. Figure 3.6 demonstrates this acquisition setup.

(a) (b)

Figure 3.6: MEG-acquisition hardware setup. (a) The MEG system and framework
to hold it in place in the MSR. (b) Signal acquisition hardware placed outside of the
MSR. This included a computer, amplifier, a DAQ and two oscilloscopes.
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3.4 Pilot Testing & Validation

This section describes the assessment and validation of the developed stimulation
protocols. The validation focused on three key aspects; correct presentation and
visibility of the stimuli, precise timing of trigger synchronization between the stim-
ulation and acquisition programs, and finally MEG recordings of neural activity.

3.4.1 Stimulus Presentation & Visibility
Once the stimulus hardware was in place, the visual presentation was evaluated from
the intended participant position inside the MSR. The purpose of this step was to
ensure that the stimulus was clearly visible, centered on the projection screen and
presented without obvious distortions. To achieve this, the projector zoom, focus
and image shift were adjusted together with the mirror alignment.
The geometry of the MSR limited how freely the display setup could be arranged.
The projector, mirror and projection screen all had to be positioned within the
available space, which restricted the optical path and image size. Because of this,
the projector and mirrors were adjusted iteratively until the stimulus appeared to
be centered in the participant’s field of view.
Stimulus visibility was then evaluated by displaying the full protocols, including fix-
ation cross, annular gratings, feedback messages and break images. The visuals were
checked to confirm that they were clearly visible and not cut off by the projection
pathway. The moving stimuli were inspected to confirm that the motion appeared
smooth. This part was evaluated for different refresh rates of the projector.
In addition to the visual presentation itself, the frequency and duration of the breaks
were also evaluated. The break duration was initially set to three seconds and was
then gradually increased until it felt long enough to provide sufficient rest without
unnecessarily interrupting the flow of the protocol. The frequency of the breaks was
first tested after every fifth stimulus and was then adjusted iteratively. The aim
was to identify the longest interval between breaks that still felt comfortable and
manageable for the participant.
The duration of the continuous protocol was also evaluated based on perceived
comfort. Since the continuous protocol contains several stimulus states within the
same stimulation period, the initial assumption was that each stimulus presentation
would need to be longer than in the discrete protocol. The first tested duration range
was 1-3 seconds, the duration range of the discrete protocol. This interval was then
gradually increased until the stimulus became uncomfortable to watch. Based on
this, the maximum stimulus duration was set below the point where discomfort
occurred. The lower limit was chosen to be slightly below twice the maximum
stimulus duration used in the discrete protocol. This was done to allow enough
time for the stimulus to change continuously while still keeping each presentation
relatively short.
To evaluate the protocols more objectively in terms of stimulus presentation per-
formance, the number of dropped frames was monitored in the software using Psy-
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choPy’s frameIntervals. This was incorporated into a custom function that tracked
the total number of frames and the duration of each frame interval. From these
values, the mean, standard deviation, minimum and maximum frame times were
calculated. The frame time represents the time required for the computer to com-
plete the calculations and scheduling needed before the next projector refresh. If
this time exceeded the expected frame duration, given by 1 divided by the refresh
rate, the frame was counted as a slow frame. The function therefore also tracked
the total number of slow frames.
The protocols and projector refresh rates were then compared based on the ratio
of slow frames to the total number of frames. This made it possible to assess
which refresh rate provided the most stable stimulus presentation. The refresh rate
with the best performance was then selected for the remaining timing and trigger
validation.

3.4.2 Timing and Trigger Validation
Validation of trigger accuracy was investigated for both the discrete and contin-
uous protocols, with a projector refresh rate of 60 Hz. Where software latency,
end-to-end latency and trigger reliability were recorded. This was performed using
several shorter sessions, each around 10 minutes long, as well as one longer session
of approximately one hour to investigate long-term stability.
At the onset of every new state, a trigger message denoting the state was sent from
the stimulation software to the acquisition program. These messages not only carried
the trigger value, but also the time it was sent. This information was delivered to
the acquisition program, which also noted the time it received the triggers. With
these two time stamps the software latency was calculated for each trigger delivered
during a recording. At the end of the recording, the number of triggers received,
as well as mean, minimum and maximum latency were displayed in the acquisition
program’s log.
To evaluate the timing between the software trigger and the projected visual stimu-
lus, a photoresistor was used. A small white square was displayed during stimulation
periods and changed to black during fixation periods. The photoresistor was posi-
tioned so that it detected the luminance change of this square. By recording both
the trigger signal and the photoresistor signal, the delay between the software trigger
and the physical appearance of the stimulus on the screen could be estimated. This
delay included the time between the software command, the display buffer update,
and the actual projection of the new frame. Since the photoresistor only detected
changes in screen luminance, end-to-end latency was exclusively evaluated on stim-
ulation triggers. The photoresistor setup was only used during timing validation
and was removed during MEG pilot measurements to avoid introducing additional
electrical components into the magnetically shielded room.
Furthermore, trigger reliability was validated by comparing the number of trig-
gers sent by the stimulation software with the number of triggers received by the
acquisition program. This was performed to ensure the publisher-subscriber com-
munication pattern did not result in a significant trigger loss during transmission.
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Any discrepancies were interpreted as dropped messages.

3.4.3 Recording MEG Data
Before each recording session, the high-Tc SQUID sensors were cooled down and cal-
ibrated by experienced people from the research group. The quality of the cooldown
and calibration was then evaluated before any experimental recordings were started.
A power spectral density (PSD) noise plot was monitored in the lab to obtain an
initial indication of the sensor noise level and to assess whether neural oscillatory
activity was likely to be detectable. In the case of a difficult calibration, only one
or a few of the SQUIDs were used for recording.
The ability to detect alpha and gamma activity was highly dependent on the noise
level of the SQUID sensors. To separate neural activity from background noise, the
sensor noise level had to remain below approximately 1 pT [19]. If the noise level
was considered reasonable, an alpha measurement was performed as a first validation
recording.
The alpha measurement consisted of a simple eyes-open/eyes-closed paradigm, where
the participant alternated between keeping their eyes open and keeping their eyes
closed for extended time intervals. This paradigm was used because alpha activity
is expected to increase during eyes-closed periods. The recording therefore served as
a practical test of whether neural activity could be observed above the sensor noise
floor. The presence of a detectable alpha peak was considered a positive indication
that the setup could also be used to investigate activity in other frequency bands.
Following the alpha measurement, the gamma stimulation protocol was started.
Since the system was still in an early stage of development, the first gamma record-
ings were limited to a single stimulus condition. This reduced the complexity of
the experiment and allowed the initial analysis to focus on whether gamma activity
could be detected in response to visual stimulation. The recordings therefore con-
sisted of repeated presentations of the same stimulus condition, producing a large
number of epochs for later spectral and time-frequency analysis.

3.5 Data Analysis
To quantify the neural responses elicited by the stimulation protocols, the recorded
MEG data was analyzed using the MNE-Python library. The first step in the analy-
sis was to load the dataset and separate the MEG channels from the event channel.
An amplitude spectrum density (ASD) plot was generated to see the general noise-
levels of the recording.
A fast Fourier transform was then applied along the time axis for each MEG channel
over the full recording, illustrated in Figure 3.7. This allowed the frequency content
of the signal to be inspected and provided an initial indication of whether activity
in the alpha or gamma frequency ranges were present.
The next step in the signal processing pipeline was filtering. A notch filter was
first applied to suppress line noise at 50 Hz, as well as its harmonic at 100 Hz.
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Figure 3.7: Example of a raw FFT plot from a gamma recording session.

Thereafter, a band-pass filter between 3 and 120 Hz was applied in order to retain
the frequency components relevant for alpha and gamma activity. To evaluate the
effect of the filtering, an FFT was also performed on the filtered data, see Figure
3.8. The dataset was then cleaned to reduce noise and other artifacts, primarily
through manual annotation. During this step, excessively noisy SQUID channels
were marked as bad and excluded from remaining analysis. In addition, bad data
segments were annotated based on participant focus, noise or other visible artifacts.

Figure 3.8: FFT of filtered data. Notch filter applied at 50, 100, 120 Hz. A
bandpass filter over the range between 5-130 Hz.

Epochs were then created with a time window between -0.5 s and 1.0 s relative to
stimulus onset. This was first done on the raw dataset before any cleaning and
filtering was applied. This dataset was kept as a reference and is here after referred
to as the uncleaned dataset. Second, epochs were created from the cleaned dataset,
where noisy channels and artifact-contaminated segments had been removed. This
made it possible to compare the effect of the cleaning procedure on the stimulus
locked responses, also called evoked responses. The effect of the filtering and cleaning
process can be observed in Figure 3.9.
For both the uncleaned and cleaned epoched datasets, evoked responses were com-
puted for each stimulation condition. The evoked response is obtained by averaging
the epochs belonging to the same stimulus condition. Butterfly plots were then
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(a) (b)

Figure 3.9: Butterfly plots of the evoked responses computed from the (a) un-
cleaned and (b) cleaned epoched datasets. The cleaned dataset shows a more even
signal, where there is a difference in amplitude between pre- and post-stimulus on-
set. The dashed line, at 0.0 s, denotes the start of a stimulus period.

generated for each condition in both datasets, as seen in Figure 3.9. The butterfly
plots creates an overlay of the magnetic field from all of the MEG sensors, where
it specifically illustrates a comparison between the pre- and post-stimulus periods.
Since only one sensor was viable, there is only one signal visualized in these plots.
To focus on non-phase locked (induced) activity, the evoked response was sub-
tracted from the individual epochs in the cleaned dataset using the MNE function
subtract_evoked(). Butterfly plots were generated before and after removal of the
evoked response to confirm that the phase-locked components had been removed.
After subtraction, the butterfly plots were expected to be relatively flat around zero,
indicating that the averaged evoked response no longer dominated the signal.
Finally, time-frequency analysis was performed on the induced activity using Morlet
wavelet decomposition. This allowed stimulus-related changes in oscillatory power
to be examined over both time and frequency. The analyzed frequency range was
selected to include the frequencies relevant for alpha and gamma activity, i.e. 3-120
Hz. Morlet wavelets were defined using a frequency-dependent number of cycles,
set to freqs/4. The number of cycles determines the trade-off between temporal
and frequency resolution, where fewer cycles provide better temporal resolution but
poorer frequency resolution, whereas more cycles provide better frequency resolution
but poorer temporal resolution. In MNE-Python, wavelet length is determined
by both the analyzed frequencies and the number of cycles, and the convolution
introduces temporal smoothing related to the wavelet duration.
The value freqs/4 was chosen after testing different values in order to obtain a
suitable balance between temporal resolution, frequency resolution, and robustness
of the resulting time-frequency plots. Since gamma activity occurs at higher fre-
quencies and may appear as short-lasting changes in oscillatory power, sufficient
temporal resolution was prioritized. Since alpha activity occurs at lower frequen-
cies and often changes over a longer time scale, making the same parameter choice
suitable for capturing broader alpha-band changes. Power was computed for each
stimulus condition and averaged across epochs. Baseline correction was applied us-
ing the pre-stimulus interval from -0.5 s to -0.1 s with a log-ratio correction, so that
post-stimulus power changes were expressed relative to baseline activity.
The resulting time-frequency power was plotted separately for each channel and
stimulation condition. These plots were used to assess stimulus-related channels in
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alpha and gamma power over time, and to compare the responses induced by the
different stimulation protocols and between recording sessions.
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4
Results

In this chapter results and observations are presented for the visual stimulation
software. First, the software interface is presented, followed by the two protocols.
The following protocol sections contain stimulus presentation, trigger performance
and MEG measurements.

4.1 Software Interface
An interface capable of adjusting the parameters of the stimulus protocols was cre-
ated and used throughout the validation and subsequent MEG recordings. The
window that first opens up when running the software is the main menu, see Figure
4.1. In this window, there are three protocols to choose from: continuous, dis-
crete and localization. When hovering the mouse over each of the buttons, a short
description pops up.

Figure 4.1: Main menu of the visual stimulation software interface. The user can
choose between the continuous, discrete, and localization protocols before adjusting
protocol-specific parameters.

After selecting one of the protocols, a protocol-specific parameter window opens, the
windows for the discrete and continuous protocols can be seen in Figure 4.2. This
window allows the user to adjust the settings used during stimulus presentation
before the protocol is started. The available parameters depend on the selected
protocol, but include settings such as stimulus duration, break duration, spatial
frequency, temporal frequency, contrast, and the number of repetitions. This makes
it possible to adapt the stimulation protocol for different validation tests and MEG
recording sessions without changing the underlying code.
A localization protocol was implemented as a simplified version of the discrete pro-
tocol. In contrast to the discrete protocol, where several stimulus conditions can
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(a) (b)

Figure 4.2: Protocol-specific parameter windows in the visual stimulation software
interface. (a) Parameter window for the discrete stimulation protocol, where the user
can adjust settings for stimulus presentation at fixed parameter levels. (b) Parameter
window for the continuous stimulation protocol, where the user can adjust settings
for continuous stimulus presentation.

be presented within the same session, the localization protocol presents only one
stimulus condition to the participant. The purpose of this protocol was to provide a
more focused stimulation paradigm that could be used for visual cortex localization
before or during MEG recordings.
The localization parameter window allows the user to adjust the main stimulus
settings before starting the protocol, see Figure 4.3. These include the monitor type,
spatial frequency, temporal frequency, number of epochs, stimulus duration, and
fixation duration. The user can also choose whether the stimulus timing should be
fixed or randomized. This makes it possible to adapt the protocol depending on the
experimental needs, while keeping the stimulus presentation simple and consistent
across epochs.
This protocol was designed with a larger localization procedure in mind, where the
stimulus could be used to identify visually responsive sensors or regions. However,
due to time constraints, only the stimulus presentation part of the localization pro-
cedure was implemented.
To then launch the visual stimulus, the user just presses the run button at the
bottom of the right-hand side in the window for each of the protocols.

36



4. Results

Figure 4.3: Parameter window for the localization protocol, where the stimulus
settings and timing parameters can be adjusted before starting the protocol.

4.2 Discrete Protocol
The stimulus software, as described in the method, produced segments of stimulation
separated by fixation crosses. An example sequence can be seen in figure 4.4. In
this example four out of six stimulation types are present, as well as fixation crosses
before every epoch. The two stimulation conditions not shown are the two remaining
drifting gratings.

Figure 4.4: Example sequence of discrete protocol. A fixation cross begins the
sequence and follows every stimulation. The stimulus as listed from left to right:
medium contrast static annular grating, moving annular grating (with arrows indi-
cating the direction of motion), high contrast static annular grating, low contrast
static annular grating.

4.2.1 Stimulus Presentation & Visibility
In the assessment of frequency and duration of the break images, a duration of
five seconds was considered sufficient rest from the stimulus conditions. Regarding
frequency, 10 stimulation epochs was identified as the maximum tolerable interval
between breaks.
The experienced stimulus presentation for the static states, including stimulus, fix-
ation crosses and break images, did not differ between 60 and 120 Hz in refresh
rate. They were displayed as expected and there was no noticeable discrepancies in
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durations. The moving annular gratings performed equivalently for most epochs at
the two refresh rates, where the phase increase appeared smooth and the stimulus
appeared continuous. However, at 120 Hz, choppy segments were observed in a few
epochs with drifting gratings.
The frame timing performance at 60, 120 and 240 Hz has been documented in Table
4.1. The mean frame duration at 60 Hz matches the expected duration, whereas for
the two higher refresh rates the mean is slightly above what is expected. This is also
reflected in the percentage of slow frames, as well as spikes in frame duration. In
addition, the standard deviation (Std) increased with higher refresh rates, indicating
more variability in frame timing at 120 and 240 Hz.
From the presented results a refresh rate of 60 Hz was chosen for the rest of the
measurements for the discrete protocol.

Table 4.1: Performance of the discrete protocol at different refresh rates

Refresh rate Mean (ms) Std (ms) Max (ms) Slow frames (%)
60 Hz 16.666 0.675 36.568 0.029
120 Hz 8.542 1.445 41.579 2.42
240 Hz 4.965 1.748 27.671 15.27

4.2.2 Software Trigger Latency
The delay between sending triggers in the stimulation software to receiving them
in the acquisition program was measured. No difference was observed between the
shorter sessions and the long session, and these measurements have therefore been
combined in Table 4.6. The requirement for the software latency was, as described
in section 3.2, below 1 ms. The maximum latency is below this requirement.

Table 4.2: Measured software latency over 4626 trigger events.

Metric Latency (ms)
Requirement < 1.0
Mean latency 0.152
Maximum latency 0.664

4.2.3 End-to-End System Latency
The delay between when the trigger is registered and when the stimulation is pro-
jected was measured with a photoresistor. The trigger was always registered before
the stimulation was actually displayed. After measured end-to-end latency, the trig-
ger registration in the MEG acquisition software was shifted with the mean rounded
to milliseconds (43 ms) to be consistent with the sampling rate.
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In Table 4.3, the mean, standard deviation, as well as the 5th and 95th Percentile
(Perc.) are presented. The mean latency varied some across the different sessions
and the standard deviation remained relatively low. This indicates low variability in
end-to-end timing for one session. However, the standard deviation for all sessions
is higher. This can also be seen in the percentile range, where 90% of the delays
were within a window of approximately 7 ms (39-46 ms), compared to a percentile
window of around 4 ms for the individual sessions.

Table 4.3: Measured end-to-end latency over five sessions of 180 trigger events
each.

Session Mean (ms) Std (ms) 5th Perc. (ms) 95th Perc. (ms)
Session 1 43.233 1.188 42.000 45.000
Session 2 44.206 1.232 42.000 46.000
Session 3 44.528 1.293 42.950 47.000
Session 4 40.806 1.174 39.000 43.000
Session 5 40.056 1.577 38.000 42.000
Overall 42.566 2.229 39.000 46.000

The latency can also be visualized in a plot, see Figure 4.5. A slight upward slope
can be observed, along with one outlier from session 5. Sessions 1 through 3 are
above sessions 5 and 6, which is corroborated with the mean latencies for the sessions
in Table 4.3.

Figure 4.5: Plot depicting the five sessions mentioned in table 4.3 over the 180
trigger events.

Figure 4.6 shows a linear increase in latency over time. Here, the slope that was
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somewhat visible in figure 4.5, becomes more apparent. Over time the number of
outliers increases, with the data points lying below the trend. This indicates reduced
long-term stability. The mean for this longer session was 50.809 ms, with a standard
deviation of 5.423 ms and a 5th and 95th percentile of 43.000 ms and 60.000 ms
respectively.

Figure 4.6: End-to-end latency over time during the hour-long session.

4.2.4 Trigger Reliability
The reliability of the publisher-subscriber pattern used for communication was as-
sessed via the percentage of lost triggers. Table 4.4 summarizes these measurements
for both the shorter recordings and the hour-long session. Since no differences were
observed, the results were combined.

Table 4.4: Reliability of transmission between the stimulation software and acqui-
sition program.

Triggers sent 4626
Triggers received 4626
Lost triggers 0%

4.2.5 Pilot MEG Measurements
From the MEG recordings that were performed, there was high variability in the
resulting analyses between the different recording sessions. This section first presents
the findings from the initial recording session, including both the alpha and gamma
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measurements, and then moves on to the second recording session, where both alpha
and gamma activity were investigated under improved recording conditions.

4.2.5.1 Recording Session with High Noise Levels

The initial recording session was conducted despite relatively high noise levels. The
impact of these noise levels could be observed at multiple stages of the analysis
pipeline. Firstly, the initial alpha recording displayed a clear alpha peak on the
spectrum analyzer at around 11 Hz, as shown in Figure 4.7(a), indicated by the
white ring. However, the ASD plot of the same data did not show the same clear
peak, as shown in Figure 4.7(b), where the green highlighted area indicates the
alpha frequency band. This suggests that noise may have been introduced by the
recording equipment before the signal was registered on the computer.

(a) (b)

Figure 4.7: Comparison between the alpha activity observed during the initial
recording session and the signal registered on the computer. (a) Spectrum analyzer
display, where alpha activity could be observed at around 11 Hz during the record-
ing. The alpha peak is indicated by the white ring. (b) ASD plot of the same
alpha recording, where no clear alpha peak could be identified after the signal was
registered on the computer. The green area highlights where this peak should have
been visible.

Since the alpha signal could be detected on the spectrum analyzer, the first gamma
recording was still performed. However, the later analysis of both the alpha and
gamma measurements showed no clear signs of neural activity. This can be seen
in Figure 4.8, which shows the alpha time-frequency plot of two recording sessions.
The first session in 4.8(a) indicates no pattern of activity in the alpha frequency
band. In comparison to this, a successful alpha measurement can be observed in
Figure 4.8(b), where the highest activity in the alpha frequency band is denoted by
the lighter yellow intervals.
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(a) (b)

Figure 4.8: Time-frequency plot of two alpha recording sessions. The power-line
interference can be observed at 50 Hz. (a) Noisy recording where no neural activity
can be distinguished around 8-12 Hz. (b) Successful recording where neural activity
can be observed around 8-12 Hz. The lighter intervals corresponds to higher signal
power obtained when the participant’s eyes were closed.

For the gamma recordings, a prominent indication of excessive noise can be observed
in the butterfly plot of the averaged evoked response, shown in Figure 4.9(a). In
this figure, the magnitude of the signal is in the range of tens of thousands of femto-
tesla. Additionally, there is no notable difference in signal behavior before and after
stimulus onset. Where the stimulus onset is denoted with a dashed line at 0.0
s. This becomes even more apparent when inspecting the time-frequency plot in
Figure 4.9(b), where the pre- and post-stimulus periods are divided by the dashed
line at 0.0 s. Observe that there is no difference in power between the pre- and
post-stimulus periods and the activity has no discernible pattern, indicating that
noise is dominating. Therefore, neural activity, in any frequency band, cannot be
observed.

(a) (b)

Figure 4.9: Results from the initial gamma recording session with high noise
levels. (a) Butterfly plot of the averaged evoked response, showing no clear difference
between the pre- and post-stimulus periods, denoted by the dashed line at 0.0 s. (b)
Time-frequency plot of the gamma recording, showing no clear post-stimulus gamma
activity.

4.2.5.2 Gamma Recording of One Stimulus Condition

The following recording session included one stimulus condition, low_m, which was
presented to the participant while data were recorded from one SQUID channel.
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Two runs with different numbers of epochs were conducted, one with 500 epochs
and one with 200 epochs. Overall, this session had better noise levels compared to
the first recording session, as shown in Figure 4.10.

(a) (b)

Figure 4.10: ASD plots from the second recording session. (a) ASD plot from
the recording with 500 epochs. (b) ASD plot from the recording with 200 epochs.
Compared to the first recording session, the noise levels were lower and the recording
conditions were more favorable.

The butterfly plots in Figure 4.11 show the averaged evoked responses for the 500-
and 200-epoch recordings. In the 500-epoch recording, shown in Figure 4.11(a), there
is a clear difference in signal amplitude when comparing the pre- and post-stimulus
periods. Before stimulus onset, the signal oscillates around zero. Immediately af-
ter stimulus onset, the signal rapidly decreases in amplitude, followed by a rapid
increase. After some time, the signal returns to oscillating around zero.

(a)

(b)

Figure 4.11: Butterfly plots of the averaged evoked responses from the second
gamma recording session. The dashed line at 0.0 s denotes the stimulus onset.
(a) Recording with 500 epochs, showing a clear change in amplitude after stimulus
onset. (b) Recording with 200 epochs, showing a similar response pattern but with
larger pre-stimulus oscillations.
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The 200-epoch recording, shown in Figure 4.11(b), shows a similar overall pattern
as Figure 4.11(a), where the signal rapidly decreases after stimulus onset followed by
a rapid increase. However, the signal oscillations before 0.0 s and after 0.2 s shows
a relatively large amplitude compared to the 500-epoch recording performed earlier
the same day.
The time-frequency plots in Figure 4.12 reflect the behavior observed in the but-
terfly plots, where there is an evident difference in power when comparing the pre-
and post-stimulus periods denoted by the dashed line at 0.0 s. In the 500-epoch
recording, shown in Figure 4.12(a), there appears to be desynchronization in the
beta frequency band around 15 Hz shortly after stimulus onset between 0.1 to 0.4
seconds, shown in blue. This is followed by a stronger increase in power from ap-
proximately 0.5 seconds after stimulus onset. There are also two distinct frequency
bands within the gamma range that indicate increased power, located around 52 Hz
and 70 Hz.

(a) (b)

Figure 4.12: Time-frequency plots from the second gamma recording session. (a)
Recording with 500 epochs, showing beta-band activity around 15 Hz and increased
power in the gamma range around 52 Hz and 70 Hz. (b) Recording with 200 epochs,
showing less coherent activity, mainly concentrated in the beta range around 15–20
Hz and the gamma range around 55–70 Hz.

In the 200-epoch recording, shown in Figure 4.12(b), there is also a visible difference
between the pre- and post-stimulus periods. However, compared to the 500-epoch
recording, the pre-stimulus period appears to contain higher power, and the post-
stimulus activity appears as darker, less coherent clusters across time and frequency
rather than as a clearly continuous response. The main visible feature is the in-
crease in power after stimulus onset, indicated by the red regions appearing after
the dashed line at 0 s. The most prominent increase occurs in the beta frequency
range, approximately 15–25 Hz, from around 0.3 s onward. A less coherent increase
can also be seen in the gamma range, approximately 55–70 Hz, mainly between
about 0.2 and 0.7 s after stimulus onset.
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4.3 Continuous Protocol

Figure 4.13 depicts one epoch of the continuous stimulation. Note that the number
of images of each state does not correspond to the duration of these. The greater
part of the stimulation involves full contrast moving gratings.

Figure 4.13: A depiction (from left to right) of one stimulation epoch in between
two fixation crosses. The arrows indicate the direction of the motion and the size of
them denotes the velocity.

4.3.1 Stimulus Presentation & Visibility
The same break duration and frequency were used as in the discrete protocol, with
5 seconds considered sufficient rest and 10 stimulation epochs identified as the max-
imum tolerable interval between breaks. In a similar fashion, the duration of the
continuous stimulus was evaluated, where the minimum duration was 5 seconds and
the maximum was 8 seconds.
The experienced stimulus presentation for the first part of the stimulation epoch,
where the contrast is increased from no contrast to full contrast, was perceived as
smooth with no hiccups at both 60 and 120 Hz. The second part, where the velocity
increases linearly, appeared smooth at 60 Hz but discrepancies were observed for
many of the epochs at 120 Hz. This included abrupt increases in velocity and
occasional deviations from the intended constant acceleration.
Frame timing statistics at 60, 120 and 240 Hz is recorded in Table 4.5. Here, the
mean frame duration matches the expected duration at 60 and 120 Hz, whereas the
mean duration at 240 Hz exceeds what is expected. This deviation is also reflected
in standard deviation, maximum frame duration and percentage of slow frames.
From the presented results a refresh rate of 60 Hz was chosen for the rest of the
measurements for the continuous protocol.

Table 4.5: Performance of the continuous protocol at different refresh rates

Refresh rate Mean (ms) Std (ms) Max (ms) Slow frames (%)
60 Hz 16.666 0.636 33.356 0.0084
120 Hz 8.341 0.402 18.369 0.12
240 Hz 5.847 1.129 23.241 0.78
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4.3.2 Software Trigger Latency
As with the discrete protocol, the continuous protocol exhibited the same patterns
for software latency. Accordingly, the measurements from the different sessions were
combined in Table 4.6. The latency requirement was met for this protocol as well.

Table 4.6: Measured software latency over 1876 trigger events.

Metric Latency (ms)
Requirement < 1.0
Mean latency 0.147
Maximum latency 0.389

4.3.3 End-to-End System Latency
End-to-end latency was measured in the same way as for the discrete protocol.
The measurements for the five shorter sessions have been summarized in table 4.7.
The mean latency varied between 40 and 43 ms for the different sessions. The
standard deviation stayed quite consistent around 1 ms. This was also reflected in
the percentile range, where 90 % of the delays were within 4 ms (40-44 ms) of each
other.

Table 4.7: Measured end-to-end latency over five sessions of 70 trigger events each.

Session Mean (ms) Std (ms) 5th Perc. (ms) 95th Perc. (ms)
Session 1 42.857 1.004 41.450 44.000
Session 2 42.871 1.107 41.000 45.000
Session 3 40.314 0.871 39.000 41.550
Session 4 41.386 1.073 40.000 43.000
Session 5 42.943 1.157 41.000 45.000
Overall 42.074 1.487 40.000 44.000

For a visual representation of the four shorter sessions Figure 4.14 can be inspected.
As with the discrete protocol, an upward slope can be identified. All data points
are confined around 40 ms and no clear outliers can be observed.
Long-term stability of end-to-end latency was assessed and can be seen in Figure
4.15. The same trend as for the discrete protocol can be observed here, where the
increase in latency has a linear behavior. A few data points can be seen as outliers,
where most of them can be found in the second half of the plot. These outliers are
found under the slope. The mean latency of the hour-long session was 44.385 ms,
with a standard deviation of 2.455 ms, and a 5th and 95th percentile of 41.000 ms
and 49.000 ms respectively.
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Figure 4.14: Plot depicting the five sessions mentioned in table 4.7 over the 70
trigger events.

Figure 4.15: End-to-end-latency over time during the hour-long session.

4.3.4 Trigger Reliability

Trigger reliability of the continuous protocol looked identical to the discrete protocol.
Accordingly, the shorter sessions and the hour-long recording were combined and
documented in Table 4.8. The number of triggers sent from the stimulation software
matched the number received by the acquisition program.
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Table 4.8: Reliability of transmission between the stimulation software and acqui-
sition program.

Triggers sent 1876
Triggers received 1876
Lost triggers 0%

4.4 Stimulus Display Setup
The resulting display setup in this project consisted of a projector, two mirrors and
a back-projection screen. The projector positioning can be seen in Figure 4.16. It
can be noted that the entire projected image does not fit through the hole. This was
accounted for by adjusting the size of the stimulus window as well as the projector
focus, zoom and shift.

(a) (b)

Figure 4.16: The projector mounted outside of the MSR. It is pointed upward
toward a mirror, which in turn guides the projected image through the hole in the
wall. (a) Projector positioning. (b) Light beam projected through the hole in the
MSR wall.

Figure 4.17 shows how the projected image travels into the MSR to the back-
projection screen. The back-projection screen was positioned as far from the mirror
as possible in order to maximize the visual angle, which reached 21◦ for the par-
ticipant. The placement of the back-projection screen was restricted by the MEG-
mount, as well as the chair the participant needed to sit in.
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(a) (b)

Figure 4.17: The mirror display system, where the light beam from the projector
is transported to the back-projection screen. (a) The mirror, angled at 45◦, receives
the light beam from the hole through the MSR wall. (b) The back-projection screen
displaying an image of a forest.
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5
Discussion & Conclusions

This chapter discusses the results of each of the protocols separately, then moves on
to discuss the hardware setup as well as future work that can be expanded upon the
findings and discussions. Lastly, conclusions are drawn.

5.1 Discrete Protocol
The discrete protocol was designed to display different stimulus conditions in a ran-
domized order to induce gamma activity. In order for the protocol to be compatible
with the MEG acquisition software, frame and trigger timing had to be accurate
and reliable. This section presents further discussions regarding the evaluation of
the discrete protocol, as well as the performed MEG recordings.

5.1.1 Frame Timing and Perceived Stimulus Smoothness
Both experienced stimulus presentation and frame timing was considered when de-
ciding on which refresh rate to use for displaying the protocol. Although 120 Hz
provided mostly smooth drifting gratings, 60 Hz resulted in a better percentage of
dropped frames. The dropped-frame rate at 120 Hz reached 2.42 %, which was
considered too high for this application. Furthermore, the standard deviation more
than doubled at 120 Hz compared to 60 Hz.

5.1.2 Trigger Latency & Reliability
The software latency for transmission of triggers never exceeded 1 ms in the mea-
surements performed. This was within the desired latency. However, when assessing
end-to-end system latency, it was discovered that the display system introduces an
additional delay. In shorter sessions, this can be compensated for by adding the
mean delay to the time when registering triggers. As a result, 90 % of the triggers
registered within 7 ms of the stimulus being displayed, which is less than a frame.
This was considered acceptable for pilot testing, although the desired target is still
to maintain a latency below 1 ms. Achieving this would require further development
to improve accuracy.
This becomes especially apparent during the hour-long session performed with the
photoresistor. This could be due to asynchrony between computer and projector
as well as the internal processing of the projector. The delay could be mitigated
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by accounting for the linear increase in latency over time. However, due to the
increasing number of outliers, this would still result in high variability in trigger
timing relative to the displayed stimuli.
From the transmission reliability validation that was performed, there appeared
to be no issues with the publisher-subscriber pattern chosen for communication.
This was expected due to the relatively low trigger frequency during transmission.
However, further measurements may be necessary to obtain a more robust estimate
of trigger reliability.

5.1.3 MEG Recordings
The MEG recordings performed with the discrete protocol provided several impor-
tant observations regarding the stimulus protocol’s ability to induce gamma-band
activity. Overall, the results suggest that gamma activity could be observed under
improved recording conditions.
In the initial recording session, the noise levels of the acquisition setup had a signif-
icant effect on the resulting signals. Clear alpha activity could be observed on the
spectrum analyzer, while the same activity could not be clearly identified in the PSD
plotted on the computer, see Figure 4.7. This suggests that the SQUID noise levels
may have been low enough to detect neural activity, but that additional noise was
introduced when the signal passed through the DAQ to the computer. Since this
additional noise covered the otherwise visible alpha activity, detecting gamma activ-
ity became even more difficult. This is especially relevant because gamma activity
can have a lower magnitude than alpha activity. Therefore, the first recording did
not provide favorable conditions for evaluating whether the protocol could reliably
induce gamma oscillations.
The second recording session provided more favorable conditions for gamma analy-
sis, see Figure 4.10. Although the noise levels in the ASD plot were still relatively
high, an amplifier with an amplification factor of 20 was used to amplify the SQUID
signals before they were passed to the DAQ. This made neural activity much clearer
in the analysis, which was especially evident from the prominent alpha activity in
the generated time-frequency plots. Under these improved recording conditions,
the gamma stimulation protocol showed some induced post-stimulus activity in the
gamma frequency band, around 52 and 70 Hz. This suggests that the developed dis-
crete stimulation protocol was capable of eliciting measurable gamma-band activity
in the visual cortex.
However, the strongest observed response in the second recording session was not
in the gamma band, but in the beta frequency band. The time-frequency results
showed clear beta activity, while the gamma activity was present but less promi-
nent. This differs from the typical response pattern described in visually induced
gamma studies, where gamma power increases while alpha power decreases. After
consultation with our supervisor, this beta-activity was determined to be unusual
but not unexpected. A strong beta response may indicate that the brain is trying
to block bottom-up signaling, which is a process driven by external stimuli, or it
could also be beta-rebound. This strong beta-activity may therefore have made
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it more difficult to clearly observe the expected gamma increase. Although some
gamma-activity was still observed.
The number of epochs included in the analysis also seemed to affect how clearly
the stimulus-related activity could be observed. In the second recording session,
analyses were performed using both 500 and 200 epochs. The analysis based on
500 epochs elicited clearer activity than the analysis based on fewer epochs. This
is expected, since a larger number of epochs can improve the signal-to-noise ratio
by enhancing activity that is time-locked or consistently induced by the stimulus,
while reducing random noise through averaging.
With these points in mind, the results suggest that the discrete stimulation protocol
was able to elicit measurable gamma responses in the MEG recordings, see Figure
4.12. However, the clarity of the gamma activity depended strongly on the recording
conditions, particularly noise level and signal amplification. Further recordings,
including all stimulus conditions and different numbers of epochs, are therefore
needed to evaluate the reliability of the protocol and determine how many epochs
are required to consistently detect gamma-band activity.

5.2 Continuous Protocol
The continuous protocol was designed to display a single epoch type containing
multiple stimulus conditions. To enable experimental use it had to be compatible
with the MEG acquisition software and hardware, similarly to the discrete protocol.
This section therefore discusses the overall performance in terms of frame timing
and trigger latency and reliability.

5.2.1 Frame Timing and Perceived Stimulus Smoothness
The frame timing measurements performed on the continuous protocol showed good
results at both 60 and 120 Hz, where the mean frame duration, standard deviation
and percentage of dropped frames were within acceptable limits. However, the
experienced stimulus presentation did not fully reflect these results. This is believed
to be due to the use of constant acceleration rather than constant velocity for the
moving gratings. As a result, dropped frames may become more noticeable because
the velocity changes more abruptly over time.

5.2.2 Trigger Latency & Reliability
As with the discrete protocol, the added display-system latency was the main issue in
the continuous protocol. The mean end-to-end system latency varied somewhat but
90 % of the data points remained within a 4 ms window. Adding the mean latency
to the acquisition system would therefore register most of the triggers within 2 ms
of the displayed stimulus.
During the hour-long session performed with the photoresistor, the latency showed
a gradual increase over time. Which again could be due to asynchrony between
computer and projector as well as the internal processing of the projector. While
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this could be partially mitigated by accounting for a linear drift in latency, multiple
hour-long sessions would have to be recorded for a robust estimate of the slope.

5.2.3 MEG Recordings
Due to the limited number of recording sessions, and the time required to detect
gamma activity from the discrete protocol, MEG measurements have not yet been
performed for the continuous protocol. Therefore, the ability of the continuous pro-
tocol to induce gamma-band activity could not be evaluated within the scope of this
thesis. However, since the discrete protocol, together with the existing MEG acqui-
sition system, was able to elicit detectable gamma activity, there are encouraging
indications that the continuous protocol may also be capable of inducing gamma-
band activity.

5.3 Comparison
Both the discrete and continuous protocol performed optimally at a refresh rate of
60 Hz, although the advantage manifested differently for the two. The continuous
protocol demonstrated acceptable frame timing at 120 Hz in Table 4.5, but visual
inspection suggested insufficient stability in stimulus presentation. The discrete
protocol, on the other hand, showed greater issues with frame timing, although
discrepancies in stimulus presentation were also observed. One explanation for this
is the design of the stimulus, where constant acceleration is only present in the
continuous protocol. This suggests that the continuous design may be less robust
to jitter.
The software trigger latency and reliability do not differ between the two protocols
and can be attributed to the stimulation software as a whole rather than protocol
design. Regarding end-to-end latency, both protocols exhibit a linear increase over
time between trigger registration and stimulus display. The variability appears to
be less for the continuous protocol, which can be seen for the shorter sessions.
Comparing the hour-long sessions, further confirms this, where the main difference is
the amount of outliers under the slope, see Figures 4.6 and 4.15. For the continuous
protocol it seems possible to adjust for the increase in latency over time, whereas
doing this for the discrete protocol would result in a high variability. For optimal
use of the two protocols, multiple shorter sessions appear to provide better trigger
accuracy, whereas a single longer session tends to reduce accuracy.

5.4 Hardware Setup
The stimulus presentation hardware was an important part of the experimental
setup, since the visual stimuli had to be delivered in a way that was visible to the
participant while remaining compatible with the MEG environment. The setup
consisted of a projector, two mirrors and a back-projection screen. These allowed
the stimulus to be presented inside the MSR without creating interference with the
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MEG sensors.
The main limitation of this setup was that the projector was too large in depth to
fit horizontally in its designated position outside the MSR. The projector lens was
initially intended to align directly with the opening in the MSR wall, but this was
not possible due to the size of the projector. Instead, the projector had to be angled
upward toward a mirror, which then had to be adjusted to direct the projection
through the opening in the MSR wall.
This created practical challenges during setup, especially because the projected im-
age increases in size with distance. As a result, there were limitations on how large
a visual angle the system could display. This is relevant since the literature study
indicated that a larger visual angle can elicit a stronger gamma response. Although
parts of the full projected screen were cut off by the opening in the MSR wall, the
stimulus itself was not disrupted, as the stimulus window was adjusted to fit within
the visible area passing through the opening.
Overall, the stimulus presentation hardware was functional and allowed the visual
stimuli to be presented inside the MSR, but the setup was less flexible than ini-
tially intended. The need to project via a mirror introduced additional alignment
requirements and limited the maximum visual angle that could be displayed.

5.5 Future
One possible solution for reducing end-to-end latency in longer recordings would be
to permanently include a photodiode as part of the hardware setup. The photodiode
would need to be shielded to mitigate electrical interference, but it could provide
improved accuracy in trigger timing. A photodiode with luminance sensitivity, ca-
pable of differentiating between luminance levels could be used to register different
stimuli. The different luminance levels would encode the stimulus conditions.
Future MEG measurements would also need to be performed using the continuous
protocol to determine if it can induce any gamma activity. Since the continuous pro-
tocol gradually changes stimulus parameters over time, it is therefore important to
determine whether each stimulation period is long enough for gamma-band activity
to emerge and be detected in the MEG signal. This would help establish whether
the current duration used in the protocol is sufficient, or whether longer stimulation
periods are needed to obtain stable and measurable gamma responses.
Another aspect requiring further evaluation is the design of the continuous stim-
ulation epochs. In the current implementation, the stimulus is defined by a lin-
ear increase in both contrast and motion velocity within each stimulation period.
However, alternative ways of modulating contrast and velocity over time should be
investigated and validated during future MEG recordings.
In particular, the optimal relationship between the contrast-increase and the velocity-
increase remains unclear. In the present design, the first third of the minimum
stimulus duration is allocated to a linear increase in contrast, while the remain-
ing two thirds are allocated to a linear increase in motion velocity. This division
was chosen to prioritize motion duration, based on previous findings indicating that
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high-contrast moving gratings elicit stronger gamma-band responses. However, this
fixed partition may not be optimal. Future work should therefore investigate differ-
ent distributions between contrast and velocity, as well as alternative non-linear or
step-wise transitions, to determine whether these modifications improve the robust-
ness or strength of induced gamma-band activity in MEG recordings.
Future work on the localization protocol could also be of interest. Since the current
MEG system has a low number of sensors, advanced source localization cannot be
performed in the same way as with a whole-head sensor system. One idea that was
brainstormed and explored was therefore to create a manual localization protocol.
This would combine the stimulus software with a simplified real-time, or near-real-
time, signal processing approach to indicate whether strong gamma activity was
present at the current sensor location.
The protocol could then be run iteratively, where the sensor placement is adjusted
between recordings until a suitable position is found. Some initial attempts were
made to create a simple real-time signal processing method, synchronized with the
stimulus events, for this purpose. However, since it was in such an early development
stage, it was not fully functional and was therefore not included in the report. Only
the interface for the localization protocol was included, to indicate that this could
be the next step when it comes to performing MEG recordings.

5.6 Conclusions
In conclusion, a stimulation software consisting of static and moving annular gratings
was successfully implemented and shown to be compatible with MEG measurements.
The system allowed for acquisition and analysis of neural responses, including visu-
ally induced oscillatory activity in the alpha, beta and gamma frequency ranges.
Furthermore, two distinct stimulation protocols, referred to as discrete and contin-
uous, were implemented within the same software framework. Both protocols were
successfully executed under MEG-compatible conditions, although they exhibited
different performance characteristics with respect to frame timing, stimulus stabil-
ity and sensitivity to jitter.
In terms of performance during piloting, the continuous protocol showed more stable
frame timing at higher refresh rates, although it was only evaluated in terms of
stimulus presentation and timing performance and not in MEG recordings. As a
result, direct comparison with the discrete protocol in terms of neural outcomes is
not possible. Neither protocol was conclusively superior, as MEG piloting was only
performed for the discrete protocol.
The hardware setup was sufficient to present visual stimuli inside the MEG envi-
ronment without introducing observable interference in the measured neural signals.
However, additional sources of noise were introduced during signal transfer from the
SQUID system through the DAQ to the recording computer, which affected signal
clarity.
Regarding temporal accuracy, both stimulus presentation and MEG acquisition were
successfully synchronized. However, both protocols were affected by end-to-end la-
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tency introduced by the display system. While short sessions achieved acceptable
accuracy (with 90 % of triggers within 3 ms of stimulus presentation), longer ses-
sions exhibit increasing latency drift, indicating limitations for extended recordings
without additional correction mechanisms.
Finally, validation through pilot testing indicate that the discrete protocol is capable
of inducing gamma-band activity in the visual cortex. The continuous protocol could
not be evaluated with MEG-recordings within the scope of this thesis. However,
system performance and stimulus design indicate that it may also be capable of
inducing measurable oscillatory responses.
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