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The brain—the last frontier of modern science. Despite many

technological advances, we still know little about how the brain

works. Luckily, the development of a technique called functional

magnetic resonance imaging (fMRI) is slowly helping change this.

fMRI canmeasure brain activity without opening the skull or exposing

the brain cells to harmful radiation. By using the blood’s magnetic

properties, fMRI can detect changes in blood flow related to brain

activity, allowing scientists and physicians to tell which regions of the

brain are more active than others. Currently, researchers use fMRI to

study various aspects of brain activity in health and disease. Scientists

continue to push the boundaries of the fMRI technique and combine

it with other techniques to obtain an even better understanding of

brain function and dysfunction.
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Figure 1

Figure 1

Components of an MR
scanner [2]. MRI and
fMRI scans take place
within the same MRI
scanner.

WHAT IS FMRI AND HOWDOES ITWORK?

“Do you ever look at someone and wonder, ‘what is going on inside
their head?”’ This famous question posed by the movie character
Joy, from the Disney Pixar movie Inside Out, is a puzzle doctors
and scientists seek to solve daily with the help of brain imaging.
Brain imaging allows doctors and scientists to view the interior
structures of the brainwithout ever opening the skull. There are several
brain-imaging techniques. One of them is called magnetic resonance
imaging (MRI), which looks at the structure of the brain and another
is functional magnetic resonance imaging (fMRI), which looks at the
brain’s function.

fMRI measures brain activity by tracking changes in blood flow to
the brain. fMRI is derived from structural MRI. In fact, they both use
the same machine, called a magnetic resonance scanner (Figure 1).
MRI technology is used to create detailed, 3D images of the internal
structure of an object using magnetic fields and radio waves [1].

MAGNETIC FIELD

Field that occurs
around a magnet,
which exerts a force
that attracts or repels
other magnetic objects.

MRI can be used to study body parts other than the brain, and
even non-living objects. For example, MRI could be used by an
archaeologist to take pictures of the inside of a fossil. fMRI can also
be used to image body parts other than the brain. In medicine, brain
MRI and fMRI are used to help recognize illnesses, plan treatments,
and study the underlying causes of diseases and disorders.

MR scanners work by taking pictures of the brain one thin layer at
a time. The pictures are then stacked like pancakes to create a full
picture of the region being imaged. How is this possible, you may
ask? The human body is made up of billions of molecules, including
water molecules, which can be detected by the MRI machine. Atoms
in all molecules, including water molecules (H2O), contain protons
[1]. Protons are like tiny magnets [1]. In the absence of a very strong
magnetic field (that is, when we are outside the MR scanner), protons
in our body are oriented in random directions (Figure 2A). When we lie
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Figure 2

Figure 2

Molecules in the body
during an MRI scan. (A)
Molecules in the body,
which act like tiny
magnets, are oriented
in random directions in
the absence of a strong
magnetic field. (B) MR
scanners produce a
strong magnetic field
(dashed red arrow) that
forces the molecules in
the body to align with
the field. (C) RF coils
transmit radio
frequencies (dotted
aqua arrow)
throughout areas of the
body being imaged.
The molecules become
realigned in between
the directions of the
magnetic fields of the
RF coil and the scanner.
(D) When radio
frequencies are no
longer transmitted, the
molecules revert, or
“relax,” to their original
alignment with the
scanner’s magnetic
field, releasing energy
in the form of
electromagnetic waves
(inset at top right). The
energy that is released
can be analyzed to
create an image of the
body part.

inside the scanner, its strong magnetic field, which is usually tens of
thousands of times the strength of the earth’s magnetic field, forces
these protons to align with the field, although we cannot feel this at all
(Figure 2B). The gradient coil (see Figure 1) helps the scanner operators
determine exactly where our body is inside the scanner.

Then, the radio frequency (RF) coils transmit radio frequency waves
throughout the areas of the body that are being imaged, to realign

RADIO FREQUENCY

WAVES

Special
electromagnetic signals
created by radio
frequency coils to
realign protons from
the magnetic field of
the MRI
scanner’s magnet.

these protons yet again, but temporarily (Figure 2C). RF coils may
be part of the MRI machine for full-body scan or worn as a special
headbandwhen just imaging the brain. When the radio frequencies are
no longer transmitted, the protons “relax” into their original alignment
with the scanner’s magnetic field. In doing so, the protons release the
energy that was tugging them in the RF coil’s direction (like releasing
a slingshot), in the form of electromagnetic signals (Figure 2D).

ELECTROMAGNETIC

SIGNALS

Signals created through
the vibrations of
magnetic fields and
electric fields.

In the same way that millions of water droplets can create a puddle,
the signals from millions of protons, when carefully anaylzed, can
come together to create a detailed image of the body [1]. While MRI
only takes pictures of the brain structure, fMRI shows the activity
(or function) of the brain, by comparing the blood flow under
di�erent conditions.

NEURONS: THE BUILDING BLOCKS OF OUR BRAINS

The brain helps us understand and respond to the world around us.
It enables us to interpret things we see, touch, hear, and taste, and
regulates our body’s responses to the external environment. It does
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Figure 3

Figure 3

Movement of
oxygenated and
deoxygenated
hemoglobin during
neural activity. (A)
When neural activity
increases in region of
the brain, more energy
is used by that brain
region, and
hemoglobin becomes
deoxygenated as it
gives oxygen to the
cells that need it. (B) To
replenish this energy,
more oxygenated
blood is transported to
that brain region.

all this through networks of tiny cells called neurons , which process
NEURONS

Nerve cells that send
and receive electrical
and chemical signals
across long distances,
especially in the brain.

and transmit information between the brain and the rest of the body
[3]. When the brain is faced with a task, such as remembering an
idea, neurons responsible for that activity become more active than
other neurons around them. They do this by creating chemical and
electrical signals and transferring them from one neuron to another.
This process is referred to as neural activity or brain activity.

HOWDOES FMRI MEASURE BRAIN ACTIVITY?

Neural activity requires energy. Like other cells in the body, neurons
generate energy by using oxygen to break down sugar. When
neural activity increases in a part of the brain, more energy is
used. To replenish this energy, more oxygen-carrying blood is
transported to that brain region. The blood transports oxygen using
a molecule called hemoglobin. Hemoglobin contains iron, which

HEMOGLOBIN

Iron-containing protein
inside red blood cells
that captures oxygen
and transports it to the
tissues of the body.

gives it magnetic properties, like a tiny iron filing. Depending on
whether hemoglobin is carrying oxygen or not (that is, whether it
is oxygenated or deoxygenated), it has slightly di�erent magnetic
properties. Thus, greater neural activity results in greater flow of
oxygenated blood (Figure 3), so that brain regions that are more active
are slightly more magnetic. This results in slightly di�erent patterns of
electromagnetic waves.

fMRI detects brain activity by measuring the changes in both the
amount of oxygen in the blood and the amount of blood flow
[4, 5]. This measurement is known as blood-oxygen-level-dependent
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Figure 4

Figure 4

Brain activity in dogs
when they are
expecting a reward [6].
(A) A side view of a
dog’s head. The blue
plane shows the plane
in which the brain
images were obtained.
(B) The BOLD activity in
two healthy female
dogs named Callie and
McKenzie was
measured while they
watched their handler’s
hand signals for reward
vs. no-reward. fMRI
images are on the left,
and the structural MRI
images are on the right.
The images are a
top-down view of the
brain taken at the plane
shown in (A). The
caudate region (CD)
lights up in the fMRI
images, meaning that it
is activated, and the
green arrow shows the
location of the CD in
the corresponding
structural MRI images.
R and L denote the
right and left sides of
the dog. The color bar
indicates the level of
activity, with red being
highest and blue being
lowest.

activity (BOLD activity). In other words, BOLD activity is a convenient
stand-in for brain activity: fMRI measures brain activity indirectly by
measuring BOLD activity. This is somewhat akin to figuring out where
and when lightning happened by listening to the thunder.

“BOLD” INSIGHTS INTO BRAIN FUNCTION

Over the last three decades or so, researchers have using BOLD MR
imaging to begin to answer Joy’s question about what is going on
inside people’s heads. The power of fMRI to peer into the otherwise
impenetrable depths of brain function, in humans or animals, is
illustrated beautifully by the work of Dr. Gregory Berns and his
colleagues. They compared the BOLD activity in the brains of dogs
in response to two di�erent hand signals by their handlers: one that
told the dogs they were going to get a tasty food reward, and another
that told them they would not get a reward (Figure 4A).
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They found that a region deep in the brain, the caudate nucleus (CD),
CAUDATE NUCLEUS

A region of the brain
which, among other
things, responds
to rewards.

was more active when the dogs saw the signal for the reward than
when they saw the no-reward signal (Figure 4B). Previous studies in
humans and other species have shown that the same brain region
is activated in humans when we are expecting a reward. So, there
is an answer to Joy’s question in this example: what goes on in a
dog’s head is remarkably similar to what goes on in our own heads
in similar situations, and can be imaged using fMRI in both cases [6].
This remarkable insight would not have been possible without being
able to “read” the dogs’ brains using fMRI!

IMPACT ONOTHER FIELDS, INCLUDINGMEDICINE

The development of MRI and fMRI has allowed us to make major
strides in understanding brain function. Part of this is because MRI
and fMRI, unlike X-rays for instance, do not damage the brain cells
with harmful radiation, and can determine the location of brain activity
with more precision. Furthermore, MRI can be used to study a wide
variety of things in addition to humans, including animals, plants, other
organisms, and even fossils that do not have blood.

However, the biggest impact ofMRI and fMRI, outside of pure research,
has been in understanding brain diseases. For instance, just a few
years ago, we were only able to track Alzheimer’s disease in the
later stages, when most of the damage to the brain is irreversible.
With the development of fMRI, early detection of Alzheimer’s is
becoming increasingly possible. Individuals with Alzheimer’s tend to
have less activity in certain parts of their brains compared to healthy
people. Hence, doctors can use fMRI to diagnose Alzhiemer’s early, by
detecting abnormal or lower levels of activity in these regions of the
brain before the disease worsens.

Also, fMRI scans are now able to distinguish between a brain
with or without autism, with 97% accuracy [7]. fMRI studies have
shown patterns of decreased activity in the part of the brain
important for planning, problem solving, and interpreting social
interactions. Moreover, scans of patients with autism have shown
fewer connections between the two halves of the brain. Thus,
by systematically comparing brain function in patients with certain
brain-related diseases to the brain function of healthy patients, rapid
progress is being made in understanding these diseases.

WHAT IS NEXT?

Despite all the progress, a number of challenges remain. For instance,
we still know very little about how the brain develops in early
childhood. Currently, fMRI machines are dark, noisy, and scary,
making them unsuitable for infants and people scared of cramped
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spaces. They also take too long to create images and their “cameras”
are extremely sensitive to movement, making the images blurry.
Furthermore, fMRI is expensive, not portable, and requires a lot of
training for doctors and scientists to use. Researchers are working
to solve these problems. Another major challenge is to improve the
speed of the MR imaging process and to improve the quality of
the images. These and several other remaining challenges can seem
forbidding, but they are really future opportunities for today’s young,
aspiring minds.
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