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ABSTRACT This study showed an alternative and non-invasive method for measuring brainwaves using
Magnetic Resonance Imaging (MRI) with a gradient echo - echo planar imaging (GE-EPI) sequence.
An attempt was made to measure the axonal magnetic fields of delta and theta waves using direct detection
withMRI. Time-varying brainwaves produce an axonal current whichmay induce amagnetic field according
to the Biot-Savart law. The MR scanner can detect inhomogeneous magnetic fields caused by weak currents
generated in a subject that interact with the mainmagnetic field,Bo, of the scanner. Fifteen healthy volunteers
were scanned with closed eyes in a dark imaging room. The GE-EPI sequence was used to acquire 1500 time
frame images in an axial plane on a 3.0 T Philips scanner. A Butterworth bandstop filter was applied to filter
out physiological signals before the detection of brainwave signals. Fast Fourier Transform (FFT) was used
to produce frequency spectra where the brainwave frequencies could be detected. Our study measured an
axonal magnetic field of 1.5± 0.2 nT for the delta waves and 1.5± 0.3 nT for the theta waves. Delta waves
were found in the range 1.5–4.0 Hz and theta waves in the range 4.0–6.5 Hz. The waves were found on
both sides of the occipital lobe, temporal lobe, and hippocampus. We detected more theta waves (2.1% of
the brain slice with 5 mm thickness) than delta waves (1.5% of the brain slice with 5 mm thickness). PLCC
for the %|1S/Seq| between the delta and theta waves was 0.7584 at p = 0.001 significance level and 95%
confidence level. We also applied Short Time Fourier Transform (STFT) with epoch lengths of 3.85 s, 7.7 s,
and 30.8 s. But the appearance of brainwave signals was not as clear as using FFT over the entire imaging
duration.

INDEX TERMS Theta wave, delta wave, brainwave, axonal magnetic field, Fourier transform.

I. INTRODUCTION
The study of neurological phenomena, specifically brain-
waves is an ongoing trend in research with a lot of potential
uses. Brainwaves are fluctuations of periodic activity within
certain groups or populations of neurons [1]. They are related
to different states of brain activity such as wakefulness or the
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approving it for publication was Vishal Srivastava.

different stages of sleep. Brainwaves can be categorized as
being caused by an external stimulus, called evoked activity,
or independent of eternal stimuli, called spontaneous activity.
Brainwaves can be classified as background or transient
[2], [3]. Background brainwaves are assumed to occur
continuously during an electroencephalogram (EEG) or
magnetoencephalogram (MEG) recording. They are usually
found by breaking up the recorded signals into epochs of
about 30 s long [4]–[6]. The transient brainwaves only
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TABLE 1. Categories of brainwave and their frequency range.

occur at specific instances and last for a short period
of time. For example, mu waves and lambda waves last
about 5–15 s [4], [5].

There are five conventionally recognized categories of
background brainwaves according to their frequencies: alpha
waves, beta waves, gamma waves, delta waves, and theta
waves. There are some slight variations in the frequency
range of these brainwaves according to different research
groups. Table 1 shows a few examples of brainwave
categories.

It is generally agreed that gamma waves are the highest
frequency of brainwaves though have the least amplitude.
Gamma waves were only detected recently compared to
other brainwaves because they were mistaken for white noise
in early experiments [8]. Beta waves are linked to higher-
order thought, such as concentration and immersion [10].
Wakefulness or more specifically resting state while not
concentrating on activities is commonly associatedwith alpha
waves. Alpha waves have been characterized as a ‘‘bridge’’
between the conscious and unconscious minds that help
people relax [11]. A study concluded that individuals with
anxiety disorder have higher alpha waves in the frontal
lobe and parietal lobe compared to healthy individuals [7].
Compared to alpha and beta waves, theta waves have a larger
relative amplitude. They are synonymous with daydreaming,
relaxing, or sleeping. Theta waves are often linked to having
deep or raw feelings. Sleep and low brain activity (though
not as low as delta waves) have both been linked to theta
waves [11]. Delta waves are brainwaves that have the lowest
frequency compared to other brainwaves. Delta waves are
linked to deep sleep and meditation [12]. Delta waves were
also discovered during low-level brain function and when
performing continuous attention tasks [11]. A recent study
also found the delta waves in awake individuals with a normal
operating regime of neocortical circuits [12] or cognitive
processing [13].

Brainwaves can be detected via several methods. The most
common methods of brainwave detection are using EEG and
MEG. EEG measures electrical potentials in the brain using
electrodes placed on the scalp. These electrical potentials are
produced by pyramidal cells, which are a type of neuron
with a long dendrite arm on one side of the cell body. When
a pyramidal cell is activated, it can create a net electric
dipole in one direction. The combined activation of billions
of other pyramidal cells on the cortex of the brain produces

an electrical potential large enough to be detected by the
EEG electrodes [14]. MEG records neuronal activity by using
magnets to detect magnetic fields generated by neurons in the
brain. The operating principle of MEG is based on Ampere’s
law, which states that a magnetic field is generated around
a conductor carrying a current that is directly proportional
to the current inside the conductor. Following Ampere’s
right-hand law, the magnetic field radiates outward from the
conductor length. The above methods however have a few
limitations. Since the signals from the scalp are distorted
and the electrical potentials are very small, EEG can only
detect neuronal activity generated by the outermost layer of
the brain [15]. Due to the weak magnetic fields generated by
neurons in subcortical regions of the brain, MEG can only
detect the magnetic fields produced by neurons in the sulcal
walls of the brain [15].

The background brainwaves are defined by a broadband
frequency range and do not have a specific waveform
shape. However, Sih et al. showed that they could be
modelled as sinewaves [2]. The transient brainwaves were
found with a specific waveform in EEG recordings. The
mu waves have a ‘‘mu’’ shape; lambda waves have a
sawtooth or triangular waveform [2]–[5]. Therefore, Fourier
transformation into the frequency domain could identify
the brainwave signals within a specific frequency band.
Short Time Fourier Transform (STFT) is commonly used
to investigate the presence of the brainwaves [4], [5], [16].
It uses a short epoch length for the Fourier transform to show
changes of frequency components throughout the imaging or
signal recording. Different epoch lengths were used in the
STFT depending on the application. Sachdev et al. used an
epoch length of 1 s to find delta wave in wakefulness [12].
Huang et al. used an epoch length of 30 s to detect
abnormal slow wave activity in patients with mild traumatic
brain injury [16]. Baker et al. used an epoch length of 5
minutes to study Mild Cognitive Impairment (MCI) [5].
However, the disadvantage of STFT is the frequency
resolution decreases with epoch length which reduces the
accuracy.

An alternative novel method of detecting brain signals is
direct neuronal detection (DND) [17]. The axon of a nerve
cell can be modelled as a wire, and when current flows
through it, following the Biot-Savart law, a transient magnetic
field will be produced around the axon. Amagnetic resonance
imaging (MRI) scanner produces magnetic fields which
interact with protons to produce an image. The transient
magnetic fields generated by the brain could also interfere
with the magnetic fields produced by the MRI scanner. The
resultant magnetic field could have a different magnitude and
phase, depending on the location of the axon relative to the
acquisition slice during imaging. Hence, the neuronal activity
could cause a signal change in the MR image [18]. Using
visual stimuli, DND was able to detect neuronal activity that
was evoked by visual stimuli in the optic nerves, the visual
cortex, and corpus callosum [18], [19]. The signal changes
were found inmagnitude images but not in phase signals [17].
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This study aimed to measure the brainwaves using the
direct detection method based on the MR signal modula-
tion [17] caused by the axonal magnetic fields induced by
the spontaneous brainwave axonal currents. The MR scanner
can detect inhomogeneous magnetic fields caused by the
molecules in a subject that interact with the main magnetic
field, B0, of the scanner [20]. We attempted to detect the delta
and theta waves and estimate their axonal magnetic fields.

II. METHODOLOGY
A. MRI DATA
The data acquisition was performed in the Academic Unit of
Radiology, University of Sheffield, UK, with ethical approval
granted by the local research ethics committee. MR images
were acquired using a gradient echo – echo planar imaging
(GE-EPI) sequence on a 3.0 T Philips scanner. The scanning
parameters were a short TR = 77 ms, TE = 30 ms, voxel
size = 1.8 mm × 1.8 mm × 5 mm, matrix dimension =
128 × 128, field of view (FOV) = 230 mm, number of
frames = 1500. The 1500 images were acquired on a single
axial slice acquired through the eyeballs and optic nerve.
A total of 15 healthy volunteers (10 females and 5males, aged
between 20 and 60) took part in the study, where the image
acquisition was performed in a dark room. We ensured that
the volunteers were not claustrophobic in the MRI scanner
and not mentally or physically disturbed by the imaging
acoustic sound. The volunteers were scanned with their eyes
closed in a relaxed state in a dark imaging room. Therefore,
alpha waves were expected in the relaxed state; or theta waves
if the volunteers were drifting off to sleep or awake in a very
deep relaxed state of mind. If the volunteer fell asleep during
imaging, delta waves were expected.

B. FAST FOURIER TRANSFORM (FFT)
According to electromagnetic theory, spontaneous brain-
waves in axons will produce a spontaneous magnetic field in
the order of 10−9 T around the axons [17]. If the spontaneous
magnetic field lies along the same axis with the B0 field of
theMR scanner, it will produce a minute field inhomogeneity
during imaging, which will cause the signal changes that vary
over the time in the similar frequency with the brainwave
signals.

Matlab R2019b, MathWorks, was used for the image
processing. According to Shannon’s sampling theorem,
the highest detectable frequency is half of the sampling
frequency, which is the Nyquist frequency or folding
frequency [21]. Since the GE-EPI images were acquired with
TR = 77 ms, the sampling frequency, fs, of the axial images
was 13 Hz. Therefore, the Nyquist frequency was 6.5 Hz,
which was also the highest detectable frequency from our
datasets. Therefore, our study is only targeted to detect the
delta and theta waves only.

We extracted the signal intensity of each pixel for
1500 times frames represented by a discrete signal, xij(n) for
n = 1, 2, . . . , 1500 in the time domain, where i denotes the

FIGURE 1. The selected ROIs for brainwave analysis include (a)
hippocampus, (b) temporal lobe, and (c) occipital lobe, on both sides of
the brain.

x-coordinate and j denotes the y-coordinate of the pixel. Then,
the discrete Fourier transform coefficients for each pixel,
Xij(k), was produced according to Eq. (1):

Xij (k) =
∑N−1

n=0
xij (n) e−j

2πkn
N (1)

where N = 1500 which is the total number of data samples,
k is the discrete frequency index.
Next, the one-sided amplitude spectrum for the signal

intensity for each pixel, Sij(k), in the frequency domain was
calculated using Eq. (2):

Sij(k) =


1
N

∣∣Xij (0)∣∣ , k = 0

2
N

∣∣Xij (k)∣∣ , k = 1, . . .N/2
(2)

The one-sided amplitude spectrum was plotted over
the frequency axis in hertz by converting the frequency
index k to f (Hz) using the relation f = kfs/N . Next,
the one-sided amplitude spectrum as a function of frequency,
Sij(f ), was used to identify the presence of brainwaves
within the expected range of frequencies. Sij(f ) was pro-
duced using the Fast Fourier Transform (FFT) function in
MATLAB.

Let Seq denotes Sij(0)which is the DC value or equilibrium
signal at 0 Hz, and 1S denotes the changes in the spectrum
due to the brainwave signal. The percentage of signal change
with respect to the equilibrium signal, %|1S/Seq|, is given
by Eq. (3) in relation to the echo time, TE, and the axonal
magnetic field, δBax [17]:

%|1S/Seq| = 100
[
1− e−TE(γ |δBax |)

]
(3)

where γ = 42.58 MHz/T is the gyromagnetic ratio for
1H. The %|1S/Seq| can be measured from the one-sided
amplitude spectrum. Then, the axonal magnetic field, δBax ,
can be calculated using Eq. (4):

|δBax | = −ln
[
1−

%|1S/Seq|
100

]
/ (TEγ ) (4)
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FIGURE 2. Frequency spectra from dataset 3: (a) before filtering and
(b) after filtering the physiological signals.

C. REGION OF INTEREST (ROI)
The brainwave analysis was performed for the temporal
lobe, occipital lobe, and hippocampus on both hemispheres,
as shown in Fig. 1. The shape and location of the selected
brain regions were determined by referring to a database
of MR images [21]. The frontal lobe was excluded from
the analysis because the GE-EPI images have poor signal
intensity in this region due to ghosting and susceptibility
artifacts. It was also noticed that not all regions of the brain
or skull were equally visible. Therefore, these regions of low
signal intensity were excluded from the analysis.

A MATLAB function was used to convert the DICOM
grayscale images into a binary image, where 1 represented the
pixels with acceptable MR signal intensity and 0 represented
the pixels with lowMR signal intensity, which were excluded
from further analysis. A threshold value of 0.3 or 30% of
the maximum signal intensity of the image was used to
distinguish between high and low signal intensity. It was
observed that those pixels with signal intensity below the
threshold of 0.3 did not vary much in signal level over the
time frames. The binary image was superimposed on six
regions (hippocampus, temporal lobe, and occipital lobe on
both hemispheres). The chosen ROIs with good MR signals
are shown in Fig. 1. There are some ‘‘holes’’ in these chosen
ROIs because pixels with poor MR signal intensity (binary
0) have been excluded.

D. FILTER FOR PHYSIOLOGICAL SIGNALS
Physiological signals should be removed before the detection
of the brainwave signals. In the frequency spectra, the physi-
ological signals appeared as large spikes with %|1S/Seq| of
about 0.6%, as shown in Fig. 2 (a). The physiological signals
include heartbeat and respiration signals, which are typically
found at around 12–20 beats per minute (0.2–0.33 Hz)
and 60–100 beats per minute (1.0–1.67 Hz) respec-
tively [22], [23]. In this particular dataset shown in Fig. 2 (a),
the respiration signal was centered at 0.3 Hz and the heartbeat
signal was centered at 1.2 Hz. Besides these, their harmonics
also appear in the spectra. The number of harmonics varies
across different datasets, between 3 to 5 harmonics with
decreasing amplitude. They obstruct the detection of the
brainwave signals which are found to be in the 0.1%
range. Therefore, a Butterworth bandstop filter was applied
to remove all the harmonics of the physiological signals.

The Butterworth filter was used because it has a very low
ripple rate and the gradual drop off of the filter from the
passband to the stopband matches well with the shape of the
physiological signals shown in Fig. 2 (a).

The original Butterworth filter function in MATLAB
produces a stopband attenuation typically between 40 to
60 dB below the passband range in the frequency spectra. The
peak of the physiological signals is about 20 times (or 16 dB)
higher than the mean of the other signals. Therefore,
the original Butterworth filter produces an attenuation, which
looks like a valley centered at the middle of the stopband
range.

Therefore, the MATLAB Butterworth filter function was
rescaled to adjust the stopband attenuation, As, to a similar
amplitude level to the background noise. We applied a second
order bandpass digital Butterworth filter with a transfer
function given by Eq. (5):

HB(z) = G(

∑M
i=0 biz

−i

1+
∑N

j=1 ajz
−j
− 1)+ 1 (5)

where bi and aj are the (M+1) numerator andN denominator
coefficients of the filter respectively, andG is the overall gain
of the filter. The coefficients bi and aj were calculated using
the MATLAB Butterworth filter function. The gain G was
calculated using Eq. (6):

G =
A′s
As

(6)

where As is the original stopband attenuation of the But-
terworth filter and As’ is the modified stopband attenuation
calculated using Eq. (7):

A′s =
Sp

Smean
(7)

where Sp is the physiological signal and Smean is the mean
signal calculated over the frequency range of 3.0 to 5.0 Hz.
Both As’ and G were calculated for each spectrum during the
filtering process for each physiological signal. This process
was repeated for the other prominent harmonics of the
heartbeat and respiration signals. The filtered signal was then
inspected. If the resulting frequency response attenuated too
much or too little of the physiological signal, the value of
G is further fine tuned by multiplying it with a constant
between 0.5 and 1.5 until a satisfactory result was obtained.
The filtering result of Fig. 2 (a) is shown in Fig. 2 (b).

E. BRAINWAVE DETECTION
After the physiological signals were filtered from the
frequency spectra, the remaining signal could consist of
brainwaves and background noise. Since the brainwaves can
be modelled as a sine wave, triangle wave or sawtooth wave,
they will appear as a ‘‘spike’’ in a high-resolution frequency
spectrum. The signal-to-noise ratio (SNR) of the spike was
calculated. The signal value was taken from the peak of the
spike, while the noise signals were taken from the mean
signals across the frequency spectra between 3.0–5.0 Hz to
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FIGURE 3. The significant pixels with delta waves for 15 datasets.

FIGURE 4. The location of six clusters with significant delta waves in both
sides of the (a) hippocampus, (b) temporal lobe, and (c) occipital lobe,
taken from dataset 2.

avoid any residuals from the physiological signals. It was
observed that the spectra amplitude between 3.0–5.0 Hz
consisted of background noise. It is more accurate to calculate
a mean noise level using a broader range of frequencies
instead of a specific point in the spectra. A ‘‘spike’’ could
only be considered as a meaningful signal if it has a SNR
larger than 2. However, SNR 2 could be due to any random
signals. Therefore, we chose a higher SNR 3 as a minimum
requirement to detect the presence of brainwave signals.

Our in-house MATLAB function was programmed to
automatically search through all the voxels in the temporal
lobe, occipital lobe, and hippocampus for any potential
delta waves between 1.5–4.0 Hz and theta waves between
4.0–6.5 Hz. Although delta waves are between 0.5 to 4.0 Hz,
our analysis excluded the range between 0.5–1.5 Hz to avoid
any false ‘‘spike’’ from the residual physiological signals
and their harmonics. The filtering process in removing the
physiological signals (Fig. 2 (b)) could potentially remove
any delta wave signals within the stopband of the filter.
Therefore, we chose frequencies ranging between 1.5–4.0 Hz
for delta wave detection.

After identifying the voxels that contained peaks with
SNR ≥ 3 for the brainwave frequency ranges, those voxels
that appeared adjacent to each other were considered as a
significant cluster of brainwave signals. This cluster must
have at least 2 voxels. The frequency spectra of all the voxels
within a significant cluster were averaged to produce a cluster
frequency spectrum. The rest of the random or standalone
voxels were excluded.

For each of the six regions in Fig. 1, the significant
cluster region with the highest percentage of signal changes,
%|1S/Seq|, and axonal magnetic field δBax was recorded.
The cursor function of MATLAB was used to find the
frequency, %|1S/Seq|, and δBax of the brainwave signals.
Then, the SNR of the spike of the brainwave signals was
calculated. Next, the percentage of voxels that containing the
brainwave signals over one brain slice was calculated. The
quantitative analyses were repeated for all the datasets.

F. STATISTICAL TESTS
We performed two types of statistical tests to assess the
interclass and intraclass correlation. Pearson linear correla-
tion coefficient (PLCC) was used to evaluate the interclass
correlation of%|1S/Seq| between the delta and theta waves.
One-way Analysis of Variance (ANOVA) was used to
evaluate the intraclass mean values between 15 datasets.
ANOVA analysis was performed for%|1S/Seq| for the delta
and theta waves across 15 datasets.

G. SHORT TIME FOURIER TRANSFORM (STFT)
We also performed the STFT for one dataset to compare the
result with the FFT over the whole imaging duration. The
FFT was performed over 1500 time frames, which is 115.5 s.
We used an epoch length of 30.8 s from 400 time frames
to perform STFT. Three STFT spectra and spectrograms
were calculated to compare with the FFT results. We also
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FIGURE 5. Frequency spectra of delta waves corresponding to the highlighted clusters in Fig. 4 in the
regions of (a) left hippocampus, (b) right hippocampus, (c) left temporal lobe, (d) right temporal lobe, (e) left
occipital lobe, and (f) right occipital lobe.

investigated a shorter epoch length of 3.85 s with 50 time
frames, and 7.7 s with 100 time frames.

III. RESULTS
A. DELTA WAVES
After the physiological signals were filtered out, the signif-
icant pixels containing delta wave signals whose SNR was
equal or larger than 3 are shown in Fig. 3 for all the datasets.
Delta waves were found in the temporal lobe and occipital
lobe. It was observed that some volunteers exhibited more
delta waves than others. Dataset 2 was used to demonstrate
the frequency spectra of the delta waves. Only one cluster was
chosen from each of the six regions as highlighted in Fig. 4.
These clusters were chosen based on the criteria of the largest
cluster with the largest spike of delta wave frequency. First,
the FFT was calculated for each pixel in a cluster using
the time series signal intensities. Then the mean value of
all the pixels’ frequency spectra was calculated and shown
in Fig. 5 for each of the six regions.

B. THETA WAVES
Similarly, after filtering the physiological signals, the signif-
icant pixels containing theta waves are shown in Fig. 6 for

all the datasets. Theta waves were also found in the
occipital lobe, temporal lobe, and hippocampus. Again, it was
observed that some volunteers exhibited more theta waves
than other volunteers. By comparing Fig. 3 and Fig. 6, there
were more significant pixels related to theta waves than delta
waves. Dataset 5 was used to demonstrate the frequency
spectra of thetawaves. Only one cluster was chosen from each
of the six regions as highlighted in Fig. 7. These clusters were
chosen based on the criteria of the largest cluster with the
largest spike of theta wave frequency. The frequency spectra
for each region are shown in Fig. 8, which were produced
with the same method for Fig. 5.

C. QUANTITATIVE VALUES
The quantitative values of the magnetic field δBax for the
delta waves and theta waves are recorded in Table 2 and
Table 3 respectively. The detected brainwave frequencies
with their corresponding δBax from the spectrum are recorded
for each dataset in both tables. The delta waves detected in
our study were between 1.5–3.6 Hz, with the δBax between
1.1–1.9 nT and, as recorded in Table 2. The theta waves
were between 4.2–6.5 Hz, with the δBax between 1.1–2.1 nT,
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FIGURE 6. The significant pixels with theta waves for 15 datasets.

FIGURE 7. The location of six clusters with significant theta waves in both
sides of the (a) hippocampus, (b) temporal lobe, and (c) occipital lobe,
taken from dataset 5.

as recorded in Table 3. We also calculated the percentage
of pixel clusters that contained significant brainwave signals
over one brain slice, as recorded in both tables.

Table 4 records the mean %|1S/Seq|, mean axonal
magnetic field δBax , mean SNR, and percentage of brain slice
for the delta waves and theta waves. The mean δBax was
1.5± 0.2 nT for delta waves and 1.5± 0.3 nT for theta waves
respectively. The SNR was measured for the peak of δBax in
the frequency spectra as explained earlier in theMethodology
section.

D. STATISTICAL TESTS
The Pearson linear correlation coefficient (PLCC) for
%|1S/Seq| between the delta and theta waves was 0.7584 at p
= 0.001 significance level and 95% confidence level. It shows
that %|1S/Seq| for delta and theta waves have a similar
range of signal changes with a positive correlation. One-way

TABLE 2. Quantitative values of the delta waves (1.5–4.0 Hz)
for 15 datasets.

ANOVA box plots of means and variances for the 15 datasets
of delta and theta waves are shown in Fig. 9(a) and Fig. 9(b)
respectively. The mean %|1S/Seq| of the delta waves were
statistically significant different between the 15 datasets
as determined by one-way ANOVA (F(14,47) = 2.1054,
p = 0.029). The mean %|1S/Seq| of the theta waves were
also statistically significant different between the 15 datasets
as determined by one-way ANOVA (F(14,59) = 2.6477,
p = 0.0047).
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FIGURE 8. Frequency spectra of theta waves corresponding to the highlighted clusters in Fig. 7 in the
regions of (a) left hippocampus, (b) right hippocampus, (c) left temporal lobe, (d) right temporal lobe,
(e) left occipital lobe, and (f) right occipital lobe.

FIGURE 9. One-way ANOVA box plot of means and variances of 15 datasets for (a) delta waves and (b) theta waves.

E. SHORT TIME FOURIER TRANSFORM (STFT)
Fig. 10 shows the STFT spectrogram produced using an
epoch length of 30.8 s (400 time frames) for the left and
right hippocampus taken from the ROI indicated in Fig. 7 (a).
From the 1500 time frames, the data were divided into three
intervals of 30.8 s each. The corresponding STFT spectra for
each interval are shown in Fig. 11. The 5.7 Hz signal was
observed in all the intervals in the left hippocampus in both
Fig. 10 (a) and Fig. 11 (a). However, it was only observed in

the third interval in the right hippocampus in Fig. 10 (b) and
Fig. 11 (b). We further investigated shorter epoch length of
3.85 s (50 time frames) and 7.7 s (100 time frames) as shown
in Fig. 12. However, the 5.7 Hz was hardly noticeable in these
spectrograms.

IV. DISCUSSION
Our detection method is based on the finding of a significant
peak in the frequency spectra within the expected range of
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FIGURE 10. The STFT spectrogram of the (a) left hippocampus and (b) right hippocampus, taken from the ROI indicated
in Fig.7 (a). The arrows in (a) indicate the appearance of 5.7 Hz across the three intervals.

FIGURE 11. The STFT spectra corresponding to Fig. 10 for the (a) left hippocampus and (b) right
hippocampus.

brainwaves frequencies. We have ensured that the brainwave
signals must possess SNR equal to or larger than 3 as
shown in all the frequency spectra in Fig. 5 and Fig. 8.
SNR ≥ 3 was chosen to ensure that the spike was not
due to random noise. Any random pixels with a peak were
excluded. Only those pixels adjacent to each other in a
cluster were considered, where the average of the frequency

spectra for all adjacent pixels within the cluster was computed
to produce the results shown in Fig. 5 and Fig. 8. The
prominent physiological frequencies below 1.5 Hz were also
excluded to avoid any false detection related to physiological
signals. The appearance of a broad sinusoidal wave in the
frequency spectra in Fig. 5 was due to an artifact from
the Butterworth filter in the attempt to adjust the stopband
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FIGURE 12. The STFT spectrogram of the left hippocampus taken from the ROI indicated in Fig. 7 (a) produced using
epoch length of (a) 3.85 s (50 time frames) and (b) 7.7 s (100 time frames).

TABLE 3. Quantitative values of the theta waves (4.0–6.5 Hz) for
15 datasets.

TABLE 4. The mean %|1S/Seq |, mean δbax , mean SNR, and percentage
of the brain region for the delta waves and theta waves.

attenuation, As’, to a similar level to the background noise.
The original spectrum before the filtering process does not
contain the broad sinusoidal wave. Anyway, it does not affect
the detection of significant spikes from the brainwave signals.
Further investigation is required to improve the Butterworth
filter in a future study.

Both the delta waves and theta waves had a similar mean
magnetic field of 1.5 nT, which agree with the literature
values [17]. The percentage of brain regions detected with
brainwave signals was quite low at only 1.5 ± 1.5 % for
the delta waves and 2.1 ± 1.3 % for the theta waves.
This percentage is only considered for a brain slice with
5 mm thickness. It is understood that brainwave signals vary
quickly in time depending on the thought process or mental
state of the volunteers during imaging. Therefore, it was
not surprising that a small percentage of brain regions with
significant delta waves and theta waves were found within a
brain slice.

In Fig. 3 and Fig. 6, some volunteers exhibited more delta
or theta waves compared to others. There are two possible
reasons. First, every individual has different brain activity at
any time. Even if the same volunteer repeats the imaging,
it is possible to find different clusters of brainwave activation
during different episodes of imaging. Second, if there was any
involuntary slightmovement during imaging, it may affect the
continuity of brainwave fluctuation. The GE-EPI sequence is
a fast-imaging sequence which required only 115.5 s (about
2 minutes) with a very short repetition time. The volunteers
were advised not to move during imaging. As we managed
to detect brainwave signals in all the volunteers, we believe
that the volunteers did not move during the short imaging
duration.

Referring to Fig. 3 and Fig. 6, both delta waves and
theta waves were found in similar brain regions, mainly the
temporal and occipital lobes. Earlier studies demonstrated
the presence of delta waves with sleep [21], loss of
consciousness [21], or disease processes [24], [25]. But a
recent study showed that the delta waves in these regions
were thought to correspond to normal waking brain activity
and cognition tasks [12], [13]. Therefore, the ultimate trigger
of delta waves is still unknown. Theta waves are thought to
correspond to decreased stress when found in the occipital
lobe region [6] or correspond to a background process
involved in memory processing when found in the temporal
lobe [26] and hippocampus [27]. Since all the volunteers
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were being scanned while lying down without being given
any cognitive tasks, it is logical to find more theta waves
(2.1 ± 1.3%) than delta waves (1.5 ± 1.5 %) in the
volunteers.

Our finding of delta waves in the temporal and occipital
lobes corroborates with research findings using intracranial
EEG (icEEG), a form of EEG that uses electrodes implanted
within the brain to detect EEG signals [12]. Our finding of
theta waves in the temporal lobe also agrees with another
icEEG study, where they found that theta waves, specifically
at 5 Hz, were observed prominently in the frontal and
temporal lobes of the brain [26]. Besides this, in a study
using a neurofeedback device to manipulate power levels
of brainwaves, it was found that an increase in theta waves
in the occipital lobe for patients with generalized anxiety
disorder correlated with reduced symptoms of generalized
anxiety disorder [6]. Our finding of theta waves in the
hippocampus shows the existence of hippocampal theta
oscillations which could be a result of the traveling waves
that move along the hippocampus in a posterior-anterior
direction [28].

The PLCC demonstrated positive correlation of signal
changes, %|1S/Seq|, between delta and theta waves. One-
way ANOVA analysis demonstrated a statistically significant
difference between 15 datasets for both delta and theta waves.
In other words, the signal changes, %|1S/Seq|, between
15 volunteers were significantly different, showing that
individuals experienced different amplitudes of brainwave
signals.

Our studies have investigated the presence of brainwaves
using both FFT over the entire imaging duration and
STFT over shorter epoch lengths. The STFT spectrogram
demonstrated the presence of brainwaves which appear and
vanish quickly. Whereas the FFT over the entire imaging
duration provided an accumulated result over the imaging
period. Therefore, our findings showed that FFT over the
entire imaging period is more robust than STFT in detecting
brainwave signals. We have evaluated the robustness of our
method by applying it over 15 datasets which demonstrated
consistent results as shown in Tables 2-4.

The frontal lobes were excluded in our study due to low
signal intensity and ghosting artifacts found in the GE-EPI
sequence. Although part of the frontal lobe called the orbital
gyrus was visible in the GE-EPI images, no brainwaves
signals were found in this region in our datasets. Some of
the physiological signals from the circle of Willis and the
subarachnoid space were superimposed onto the orbital gyrus
due to a ghosting artifact. Large physiological signals were
found in the corrupted region of the frontal lobe obstructing
detection of possible brainwave signals which have much
lower amplitude.

The study of brainwaves may provide new insights into
the medical field. They can potentially be used as an
alternative diagnosis or treatment assessment. For example,
one study showed that Attention-deficit/hyperactivity disor-
der (ADHD) patients with a low alpha peak frequency (APF)

in their EEG recordings were more likely to fail in responding
to stimulant medication, methylphenidate (MPH) [29].
In another study, the quantity and location of slow-wave brain
activity detected by MEG recordings were able to distinguish
between the control group, patients with schizophrenia, and
patients with affective disorders [30]. In patients with mild
traumatic brain injury (mTBI), Huang et al. found that
slow brainwave activity in the prefrontal cortex suggested
personality change, difficulty focusing, and affective capacity
symptoms. The detection of such brainwaves was linked to
depression in patients without mTBI [16]. EEG recordings
were used in another study to predict whether patients with
mild cognitive impairment (MCI) will develop Alzheimer’s
disease [5].

Our study showed an alternative and non-invasive method
for measuring brainwaves using the novelty of direct
detection MRI with a GE-EPI sequence. It has an advantage
over invasive methods with implanted electrodes such as
icEEG.MRI can also potentially detect brainwaves across the
entire brain instead of limited regions near the scalp as in the
conventional MEG or EEG methods. The GE-EPI sequence
uses single radio-frequency (RF) pulses in combination
with readout gradient reversal [31]. Therefore, a short TR
can be achieved, resulting in fast image acquisition. Fast
imaging is essential in capturing the fast-varying and transient
brainwaves. The sampling time for each GE-EPI image
is typically the repetition time, TR. Therefore, a shorter
TR will allow a wider frequency bandwidth for brainwave
detection. The 77 ms TR used in this study has limited the
possible detection of brainwaves to delta and theta waves
only. Future studies could explore a shorter TR using parallel
imaging to allow higher frequency signals to be detected.
The direct detection with GE-EPI sequence also has an
advantage over blood oxygenation level dependent functional
MRI (BOLD fMRI) because it does not rely on the secondary
response of blood oxygenation levels that occur after the
evoked field. Instead, it relies on the fast-varying magnetic
field changes induced by the axonal currents of spontaneous
brainwaves. However, it still has the disadvantages of a
GE-EPI sequence including ghosting artifacts in the frontal
lobe region and low signal intensity in certain regions of
the brain.

V. CONCLUSION
This study has detected delta waves and theta waves on
15 datasets of GE-EPI images from 15 volunteers using
direct detection and FFT on MR images. Brainwaves were
detected as significant peaks in the frequency spectra
averaged from a cluster of pixels adjacent to each other
in the temporal lobe, occipital lobe, and hippocampus.
We measured axonal magnetic fields of about 1.5 nT
for both delta waves and theta waves. We found more
theta waves (2.1%) than delta waves (1.5%) from a brain
slice. Rapid acquisition, wideband functional MRI can
potentially provide a new method to investigate brainwaves
non-invasively.
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