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We experience the world around us as “continuous,” which means everything
around us seems uninterrupted and ongoing. But how does our brain
( KRISHNA achieve that? Here, we suggest that the brain samples our environment

g " YEARS OLP in separate snapshots. We demonstrate that brain waves work just like a
flipbook, where the rapid stream of related pictures creates the illusion of a

REVIEWED BY:

DARIUS
§ 13 YEARS OLD continuous movie. We present results from a recent experiment that shows
how brain waves capture the world that we see. These brain waves occur
WYATT approximately 10 times per second and are called “alpha oscillations.” Here,
10 YEARS OLD . . . \
we provide an overview of how these brain waves were discovered, how
SCHUYLER they can be measured, what they mean, and how they help to create our
1l YEARS OLD perception of the world around us.

SYBILLE
8 YEARS OLD

THE DISCOVERY OF THE BRAIN WAVES IN

PACEYN HUMANS
7 YEARS OLD
In 1924, a psychiatrist named Hans Berger (Figure 1A) set out to record

the electrical activity of the human brain. He attached electrodes, which
measured electrical activity, to his subject’s head, amplified the sig-
nals the electrodes measured so that they could be seen by scientific
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A. Hans Berger of the
University of Jena in
Germany. B. An
electroencephalogram
being recorded in 1929.
C. An illustration of where
the alpha rhythm
originates in the brain and
what it looks like. D. The
formal description of a
wave and the key features
of a wave. Here, we show
one cycle of the 10 cycles
per second seen in an
alpha wave. Note that
each cycle of a wave has
a peak and trough and we
can measure the
amplitude (size) of each
part of the alpha
oscillation. E. So far,
scientists have mainly
changed perception and/
or behavior in study
participants and then
observed the changes in
brain oscillations (this type
of observation, seeing
how two things are
related, is called
correlation), but now we
want to do the opposite:
modify brain oscillations
and observe how the
participant’s behavior
changes.

Another word for a
repeating process. We
use it to describe rhythms
that look similar to sine
waves.
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equipment, and observed curves that looked like waves (Figures 1B,C)
[1]. This was the discovery of what we now call electroencephalogram
(EEG), the electrical activity in the brain and brain waves, which are
also called oscillations. He called the most prominent oscillation, which
occurred approximately 10 times per second, the alpha oscillation (alpha
is the first letter in the Greek alphabet). Alpha oscillations are easiest to
measure in the visual system in the back of the brain. Berger first real-
ized that brain waves change with mental effort when he tested his own
son. Over the next decades, many more experiments demonstrated that
specific brain waves are associated with using our senses to detect sense
objects in the environment (seeing another person, hearing someone
speak, etc.) and also with other brain functions, such as paying attention
or storing important information in memory [2, 3]. However, Berger
still did not know whether brain waves were just a byproduct that hap-
pens while the brain is at work, or whether brain waves are a key part
of normal brain function.
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Using math, brain waves can be described by their features. In Figure 1D, you
can see the form of the brain waves. The frequency, or wavelength, shows how
many times the wave repeats itself in a certain amount of time. The amplitude
describes how “tall” the wave is, and the phase of the wave describes its posi-
tion in the wave cycle at specific times (whether it is at the peak or the trough
or somewhere in between). The waves are measured in microvolts (mV or
1/1,000,000 of a volt). A typical alpha wave is about 20-100 1V in size. The brain
waves give scientists an idea of how excitable the millions of neurons are under
each electrode. Previous experiments showed that certain types of brain waves
are related to specific brain functions. For example, the act of seeing, called
visual perception, is associated with a specific type of wave, called alpha wave.

Scientists hypothesized that brain waves are not just a byproduct of the brain
at work, but they might actually contribute in an important way to how the
brain works [1]. If brain waves repeat themselves multiple times per second,
does our perception and behavior also change multiple times per second [4]?
This is what we wanted to find out!

In the past, most scientists observed a certain behavior in their participants,
while they were simultaneously recording brain waves. Then they checked
whether the behavior they saw and the brain waves they measured were some-
how related to each other. We thought it would give us more information if we
did this experiment in reverse, so that we could tell for sure if the brain waves
were directly responsible for the behavior of the participants. We wondered
if we could alter the brain waves and then study how perception and indi-
vidual behavior change in relation to the change in brain waves (Figure 1E)
[1]. In short, could we change brain waves to make the behavior change? We
thought that one way to see if changing brain waves changes behavior would
be to present some visual information to participants at the same frequency
as the brain waves we wanted to study—in our case, the 10 Hz alpha waves.
The ideas is that the brain will then tag along with the external rhythm, just
as one would clap their hands along with the beat of a song. This way, we can
train the brain to run at a certain rhythm. Then, we can investigate how the
behavior changes when the alpha waves change.

In our experiment, 20 healthy participants were recruited [5]. These partici-
pants were 18-29 years old. We showed participants a very fast movie on a
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A. The task: we showed
subjects a flickering movie
on a computer screen,
with either a rhythmic (top
row) or an irregular
(bottom row) sequence of
triangles for 1.4 s and
then tested their ability to
detect a downward facing
triangle that was really
difficult to see (on the
right). We made it so
difficult that they would
only get three out four
correct on average. And
the participants did not
know when the target
would be presented.
There were 25 possibilities
(black ticks). B. Our idea
was that, if the target was
presented at different time
points, perception would
not be the same at every
time point but it would
change with alpha wave
activity: you can see that
the subjective visibility is
higher at certain times
points (dark gray triangle)
than others (light gray
triangles). This means that
even though the
presented triangle is
physically the same on
every trial, our perception
of the triangle changes.
And it changes because
the alpha phase is either
at peak or trough or in
between. So little changes
in the brain impact how
we see the world.
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computer screen. The movie included 14 triangles in different orientations
(pointing up, right, or left) in the center of a black screen (Figure 2A).

These triangles were either flickered in a steady rhythm or in an irregular
rhythm. In the steady rhythm, each triangle was present on the screen for 17 ms
(ms, 1/1,000 of a second), with 83 ms in between each triangle. The reason
we chose this timing for the rhythm is that 17 + 83 ms = 100 ms =0.1 s = 10
repetitions in 1 s—the same as the rhythm of the 10 Hz alpha waves we were
interested in studying! The irregular rhythm did not follow this timing. The
movies with the steady rhythm and those with the irregular pattern were both
1.4 slong. All of the participants saw 400 movies—200 with rhythmic flicker
patterns and 200 with irregular flicker patterns. The last 3 triangles in each trial
were always in the same pattern (pointing left = up = right). This pattern told
the participants that the target (a downward facing triangle) would appear next,
and the participants had to push a button when they saw the target triangle.
The downward facing triangle target was shown after a delay of between 34
and 850 ms, in 34 ms steps, after the flicker ended (meaning 34, 68, 102 ms,
etc., up to 850 ms), so that we could measure the participants’ performance at
25 different time points. By keeping all experimental conditions same for all
participants, we hypothesized that this experiment would tell us how detec-
tion of the target varied from moment to moment over 850 ms (Figure 2B).

First, we analyzed how often the participants correctly pushed the button to
indicate that they saw the target. The average performance for the rhythmic
flickering condition was 75.10% correct, with an SD of 11.04%. The average
performance for the irregular flickering condition was 74.38%, with SD of
12.37%. The SD tells us about how variable the observations were between
participants. As you can see, the performance values that we saw for the two
conditions were very similar and did not really differ between the two condi-
tions. In other words, the ability of the participants to detect the target was
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A. If you compare the
accuracy over time, you
see that every time point
has different values.

B. Then we analyzed the
difference (blue in A.
minus dark red in A.)
between the rhythmic and
irregular conditions (black
line), which waxes and
wanes around zero. This
difference can easily be
described by a sine

wave —at an alpha
frequency. Interestingly,
now we can see how a
brain process affects
behavior.

Describes that a process
consists of separate
events.
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the same no matter whether the sequence was presented in a rhythmic or
irregular fashion.

Next, we looked at the data for target detection performance over time, for all
25 different time delays between the movie and the target (Figure 3A). As you
can see, when we look at the data this way, the accuracy of detecting the target
is not exactly the same between both conditions and also varies from moment
to moment. In order to highlight the difference between the rhythmic and
irregular conditions, we subtracted the irregular from the rhythmic condition
to remove all common effects (Figure 3B). Now you can see that this differ-
ence waxes and wanes over time. Since we look at the difference between two
conditions, we will see positive and negative values. And this difference looks
like the wave of the alpha oscillation, which is shown as the green dotted line in
Figure 3B! This means that the difference between a rhythmic and an irregular
process looks just like the brain process under investigation. Interesting!

Here, we tested how a type of brain waves called alpha oscillations is related
to human visual perception. We show that visual perception is not the same
from time point to time point, even though we perceive the world without any
gaps. More interesting, the variations in visual perception look like a brain
wave. This tells us that a brain process changes our perception of the world
every few 100 ms—and we are completely unaware of this effect! But we can
show that it exists by doing experiments. We call this type of perception as
“discrete,” when just like in a flipbook, our brain takes snapshots, which are
fused into a flowing movie.

But, if our brain actually sees things in a way that is discrete, why is it that we
see things constantly, without little breaks in-between the snapshots? This is
the power of the human brain to bring everything together, but we actually
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Describes that a process
is uninterrupted. It is the
opposite of discrete.
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do not know the exact mechanisms yet. However, working in discrete steps is
more energy efficient for the brain. Just like when you have to carry a heavy
weight. It is difficult to carry it all the way. But it is easier to carry it a few
steps, then take a break and take another few steps. The brain uses the same
mechanism—in vision, touch, or hearing. But it is really fast, so we do not
even notice it!

The brain is obsessed with rhythms—that also explains why most people,
adults, and kids all over the world love music, which has a strong rhythm to
it. Music also drives our motor (movement) system: that is why most people
love to dance or play an instrument in an orchestra. But our brains are also
really good with rhythms that are not quite so rhythmic: for example, speech
has a rhythm that changes a little bit depending on what you want to say. And
different languages have different rhythms and feels to them. But the rhythm
of speech helps the brain to predict what is most likely going to happen next,
so that the brain can direct its resources to understand what is going on.
Future studies will have to investigate how the brain integrates these discrete
sensory snapshots so that we can perceive the world as continuous and not
as a flipbook!

This work was supported by the Alexander von Humboldt Foundation (Feodor
Lynen Program, RFH).
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KRISHNA, 11 YEARS OLD

| love science and sports. | play baseball and learn kung-fu. | love to do experiments to
understand how science works. In the science—I enjoy space/astronomy and physics. |
enjoy reading a lot and hope to write lot of kids’ books (I have started on three already). In
my life, | want to invent something new and bring back to life something that is extinct—
using DNA research.

DARIUS, 13 YEARS OLD

| am 13 years old and in the eighth grade. In my free time, | enjoy reading, backpacking, and
playing the trumpet and piano. | am passionate about the environment and community
service. | am very interested in public speaking and am on my school’s debate team. | enjoy
learning about science, particularly neuroscience, chemistry, biology, and physics.

WYATT, 10 YEARS OLD

I am a fourth grader in Piedmont, CA, USA. | like to read, play with Legos, play Minecraft,
and eat and sleep! | also love scootering, biking, hiking, and building stuff. My favorite food is
Ethiopian—I love the whole fried fish and the doro tibs. My favorite subjects in school right
now are computer lab, P.E., library, and science. | am looking forward to taking chemistry
when | get to middle school! After college, | want to be a mechanical engineer and robotics
programmer.
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SCHUYLER, Il YEARS OLD

I am Schuyler. | live in Berkeley, CA, USA, I am 11 years old and in the seventh grade. My
favorite subjects in school are writing and science. | like to write fictional pieces, and | also
like to sing, act, and cook. Someone that | look up to and that inspires me is my mom. | also
play soccer and basketball.

SYPBILLE, 8 YEARS OLD

| am Sybille.  am 8 years old, and | am in fourth grade at Malcolm X. I live in Berkeley, CA,
USA, and | play soccer. | like doing silly science experiments and cooking, and | am really
good at math.

PACEYN, 7 YEARS OLD

I am Paceyn. | am 7 years old, and | am in second grade at LeConte Elementary in the TWI
Spanish program. My favorite subjects in school are Reading, writing, and Math. | like doing
science experiments, making art, and writing stories, especially poems and songs. | collect
rocks and stuffed animals, and | like skiing and cold weather. | enjoy doing gymnastics,
dance, and cheersport, and | have a pet guinea pig named Luna.

BHARGAVI RAM

Bhargavi is our first Young Mind to move from valued young reviewer to a coauthor of a
paper. We are sure she would not be the last. | am 17 years old and am going to study
Neuroscience and Physiology at UC San Diego. | love to read, listen to music, watch
basketball (GO WARRIORS!), and | have a passion for Bharathanatyam—an ancient
classical dance. From a young age, my ambition has been to become an accomplished
pediatric neurosurgeon, hence my interest in neuroscience and the brain. | also have a secret
ambition (not so secret | guess) of becoming a TV anchor too. Basically, | want to make a
lasting impact on the world.

RANDOLPH F. HELFRICH

| am a medical doctor and a neuroscientist. For me, it is fascinating how the interactions of
billions of cells in our brains give rise to cognition and behavior. Hence, | want to understand
how neurons communicate and why the human brain is so special. When | am not in the lab,
| enjoy traveling and playing the guitar or piano. *rhelfrich@berkeley.edu
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