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A top-down fMRI scan of the brain shows neuronal activity (red and yellow) in the left hemisphere’s motor cortex as the person moves a hand.

THE SEARCH FOR
BETTER BRAIN IMAGES

Researchers are working to improve one of neuroscientists’ favourite tools:

functional magnetic resonance imaging. By Diana Kwon

ast October, the neuroimaging

community was abuzz with excitement.

Researchers in South Korea seemed to

have overcome one of the biggest limita-

tions of functional magnetic resonance
imaging (fMRI), apopular method for studying
the human brain'.

Jang-Yeon Park, an author of the study, had
been pondering the limitations of fMRI since
his graduate student days at the University
of Minnesota in Minneapolis. While con-
ducting his PhD in medical physics, Park had
developed afascination for neuroscience.He
found himself in seminars where researchers
described studies ofthe human brainthey had
conducted with fMRI.

The technique works by picking up on
changes in blood oxygen levels, which
fluctuate with neuronal activity. But these
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blood-flow-related — or haemodynamic —
changes are relatively slow compared with the
neuronsthat they represent. To Park, thiswas a
clearlimitation. Toreveal how the brain works,
he thought, fMRI had to become much faster.

Typically, fMRI acquires brain slices as
complete images — a process that limits
how quickly the method can gather data.
Instead, Park and his team at Sungkyunkwan
University in Seoul tweaked the software to
capture brain image data in segments, then
used a computer algorithm to reconstruct
the image. Using this modification — and
a powerful MRI scanner — the researchers
could track brain activity on the millisecond
timescale, atemporal precision much greater
that of conventional fMRI. This enabled them
to detect the activity of mouse neurons from
repeated stimulation of their whisker pads.
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The researchers published their technique',
whichthey dubbed directimaging of neuronal
activity (DIANA), in October 2022.

Therise of fMRI

DIANA s just one approachresearchers have
developed to improve fMRI. Some, such
as Park, are devising ways to get closer to
the neurons they wish to measure, rather
thanrelying on the proxy measure of blood
flow through the brain. Others have found
improvements to fMRI’s spatial and temporal
resolution — still relying on the blood-based
signal — to capture more accurate snapshots
ofthe braininaction.

“There are many promising avenues” that
researchers have been exploring, says Noam
Shemesh, aninterdisciplinary MRIscientist at
the Champalimaud Centre for the Unknown
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inLisbon. “It’s all very exciting.”

The foundational principle of fMRIis neuro-
vascular coupling —theideathat brainactivity
andblood flow are linked? In 1880, the Italian
physiologist Angelo Mosso, studying blood-
flow variations in people with skull defects,
observed that cognitive tasks could induce
changesinblood flow®. Tenyears later, British
scientists Charles Roy and Charles Sherrington
observed theeffects of injecting brainextracts
intothebloodstreams of animals. They hypoth-
esized that metabolites produced by neuronal
activity couldincrease blood flow to the brain®.

In 1990, Seiji Ogawa, then an investigator
at AT&T Bell Laboratories in Murray Hill, New
Jersey, and his colleagues noticed darklinesin
theimages of brains of rats and mice they had
takenusing MRI. These lines, they discovered,
wereblood vessels —the shadowy contours had
formed because of deoxygenated haemoglo-
bin (a protein that, when oxygenated, trans-
ports oxygen to cells throughout the body)°.
Oxygenated and deoxygenated haemoglobin
have different magnetic properties, and the
dropinoxygenatedblood led toanaccompany-
ing decreasein the MRIsignal where the vessels
were found. Theresearchers proposed that this
blood-oxygen-level dependent (BOLD) signal
could be exploited to measure brain activity”.

Afew years later, three groups — including
Ogawa and his colleagues — independently
demonstrated that BOLD could detect brain
activationinhumans in MRIscanners®8, yield-
ing the method researchers now call fMRI.

It provided a clear advantage over other
neuroimaging techniques. Although electro-
encephalography (EEG), which measures brain
electrical activity, and magnetoencephalo-
graphy (MEG), which records magnetic fields
produced by neuronal activity, collect data
much more rapidly than fMRI does — picking
up signals on a millisecond, rather than sec-
ond, timescale — fMRIlisbetter at pinpointing
where in the brain the activity occurred. And
unlike with positron emission tomography,
there is no need to inject radioactive sub-
stancesinto the bloodstream.

MRIwas already a popular tool for creating
detailed anatomical images in medicine, and
MRIscannerswere available in hospitals around
the world. fMRI could be conducted simply
by applying new software to these existing
machines. “We could just ride on the back of
thesuccess that MRIwas already experiencing,”
says Peter Bandettini, a physicist and neurosci-
entist at the National Institute of Mental Health
in Bethesda, Maryland. “The field propagated
so quickly and easily because of that.” Now,
researchers publish more than 10,000 aca-
demic articles mentioning fMRI annually.

Still, the technique has limitations. One is
that it does not directly measure brain activ-
ity. It can take seconds for blood oxygenation
changes to occur, whereas neurons fire on mil-
lisecond timescales. This raises the question

of how exactly neural activity leads to changes
inblood oxygen levels —and whether the rela-
tionship between neuronal activity and blood
oxygenationisthe same throughoutthe brain.
fMRI also struggles to image diseases in
whichblood flowis affected, such as cardiovas-
cular disease or Alzheimer’s disease. Because
BOLD-based fMRI measures changesinblood
flow, it cannot distinguish a vascular abnormal-
ity from aneuronal one. This poses a problem
for both understanding and treating disease,
says ShellaKeilholz, an MRI physicist and neu-
roscientist at Emory University and the Georgia
Institute of Technology, bothin Atlanta.

Imaging at the neuronal level

Someresearchers are searching for alternative
ways to measure brain function — and espe-
cially, to detect neuronal activity directly.
Onemethod, neural currentimaging, meas-
ures the electromagnetic fields generated by
neuronal electrical activity, similar towhat EEG
or MEG can do. The fields produced are much
smaller than that created by the BOLD effect,
says Bruce Rosen, a physicist and radiologist
at Harvard Medical School in Boston, Mas-
sachusetts, making them hard to spot using
MRI.Researchers have demonstrated that the
approachistheoretically possible —showing,

“We saw signals that
arejusttoofasttobe
related toblood flow.”

forexample, that electromagnetic signals can
be detected using MRI in post-mortem turtle
brains®°. In humanbrains, however, scientists
have had little success.

Researchers have also tried to detect neu-
ronal function by tracking physiological
changes. When neurons receive input from
otheractivated neurons, they swell temporar-
ily. This can be detected using diffusion MRI,
atechnique that measures the movement of
water molecules. Denis Le Bihan, a neurosci-
entist and physicist at NeuroSpin, aresearch
institute in Parisaimed atadvancing MRI, says
that although the exact mechanism through
which diffusion MRI detects changes in neu-
ronal swelling remains an open question, one
potential explanationis that cell swelling alters
how water molecules organize around neu-
ronal membranes.

Diffusion MRI, which Le Bihan developedin
the1980s", is used in the clinic to detect strokes
and other braindiseases. Itis also the basis for
diffusion tensor imaging, which researchers
use to map the organization of white matter
inthe brain. But the ability to detect neuronal
function with this method, dubbed diffusion
fMRI—which Le Bihan and his colleagues first
reported in the 2000s'>** — has faced scepti-
cism. Researchers have questioned whether
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diffusion fMRIis identifying the morphological
changes that occur with neuronalfiring, or if it
is simply picking up on changes inblood flow.

Le Bihanand others have worked to convince
the neuroimaging community that diffusion
fMRI can indeed pick up on cell swelling that
is linked to neuronal activity. Shemesh, for
instance, says that work from his group in
the past few years® provides clear evidence of
this. “We saw signals that are just too fast to be
related to blood flow — and they coincide with
measurements of morphological changes of
activity,” he explains.

Still, the technique has yet to be adopted
widely. For one thing, diffusion fMRI produces
a weaker signal than BOLD-based imaging
does.Italsorequires scientists tolearnhowto
use new software. Moreto the point, research-
ers have yet to be convinced of the utility of
diffusion fMRI, says Keilholz. Demonstrating
that this technique produces different results
to BOLD in patients with diseases such as
Alzheimer’s could drive adoption, she says.

A new view of the brain

For her part, Keilholz is convinced of diffu-
sion fMRI’s potential. She says she regarded
the method as the most promising for directly
detecting neuronal activity — until Park’s
method from South Korea came along, thatis.

AsParkexplains, the technical background
for hisapproach datesback to 2014. Soon after
he joined the faculty at Sungkyunkwan Uni-
versity in Seoul, he came across a paper by
researchers at the National Institute of Neu-
rological Disorders and Stroke in Bethesda
thatreported a unique way of acquiring fMRI
data™. It enabled the researchers to gather
data with 40- to 50-millisecond resolution —
much faster than conventional f/MRI —and they
used it to study neuronal activity in specific
corticallayers of therat brain. Park thought he
might be able to apply the method to pushthe
temporal resolution further, up to the speed
at which neuronal firing occurs.

His modifications to the imaging software
led to anincrease in temporal resolution to
5milliseconds. This enabled the team to detect
neuronal activity generated by repeatedly
stimulating the animal’s whisker pads in two
regions — the somatosensory cortex, which
processes sensory inputs, and the thalamus,
arelay station for sensory and motor inputs’.

According to Yen-Yu Shih, a neuroimaging
scientist at the University of North Carolina
School of Medicine in Chapel Hill, DIANA
could represent a breakthrough in temporal
resolutionin fMRI. Although more work needs
to be done before the method can be widely
adopted, Shih says, “even showing that there’s
apossibility isalready atremendous contribu-
tion to the field”.

Still, experts caution that itis still too early
to determine how useful the technique will be.

First, there are its limitations, Bandettini

Nature | Vol 617 | 18 May 2023 | 641



Work / Technology & tools

says. The signal that DIANA produces is small
relative to BOLD-based fMRI, meaning it can
be difficult to detect. The technique is also
highly sensitive to motion — the animals in
Park’s study were anaesthetized — and requires
the stimulus (in this case, the electrical stim-
ulation of whisker pads) to be precisely syn-
chronized with data acquisition. That could
limit the method’s applications to processes
such as vision, hearing or touch, in whichitis
possible to provide stimuli at regular inter-
vals. Higher-level cognitive functions, such
asmemory, might be more difficult to capture
in this manner.

There is also the question of what the
researchers are detecting with DIANA. Park
and his colleagues suggest that they are pick-
ing up on changes to the water molecules on
the surface of neurons. Park says that changes
inthe membrane ‘potential’ — the concentra-
tionof chargedions oneither side of the cellu-
lar membrane — alter the hydrationonthe cell
surface. An MRIscanner, which senses changes
in water molecules, might be able to detect
that difference. Another possibility, he says,
is cell swelling, which diffusion MRI can also
detect.Le Bihan notes that both effects could
be happening, because cell swelling might be
related to the water layer around the cell mem-
brane. However, he and other specialists say
that the jury is still out on which, if either, of
these factors underlies the effects that Park
and his team observed.

Technicalimprovements could theoretically
resolve these issues, Bandettini says, but the
biggest question right now is whether other
groupsareabletoreplicate Park’s resultsinde-
pendently. “Ithink the enthusiasm about this
should be tempered until we know more about
thenature of the signal we'relooking atand we
cangetsome reproducing results,” Bandettini
says. However, he adds, “if we figure out a way
to make DIANA work well, it would be huge”.

Park says he and his team are now working to
optimize data acquisition and analysis — and
toimplement DIANA fMRIin humans. “That’s
the highest priority,” he says.

Building better BOLD

Inthe meantime, researchers have also devised
ways to improve fMRI without abandoning
neurovascular coupling.

One key advance comes down to the hard-
ware. More powerful magnets meanresearch-
erscancollectbetter data, because they reduce
the signal-to-noise ratio and enable images to
be obtained at higher spatial and temporal res-
olutions. Some of the firsthuman fMRI studies
were done using magnets with field strengths
of1.5tesla, about 30,000 times stronger than
Earth’s magnetic field. Scientists have now
used magnets of up to 10.5 tesla in human
neuroimaging studies, and ever more power-
ful ones are being built. In February, a consor-
tiumofresearchinstitutionsin the Netherlands
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Increasingly powerful scanners for magnetic resonance imaging are becoming available,
enabling improved resolution in brain scans.

announced thatit would construct theworld’s
strongest human MRIscanner so far,amachine
with amagnetic field strength of 14 tesla.
Researchers have also varied the ways in
which they observe blood flow through the
brain. Because BOLD depends on changes
in blood oxygen levels, it’s more sensitive to
blood flow through large veins, which drain
deoxygenated blood away from the sites where
brainactivity occurred, than through regions
with smaller vessels, such as capillaries. This
becomes an issue when researchers want to
look at the brainin finer detail. To get around
this problem, researchers developed tech-
niques such as vascular space occupancy®,
which measure changes in blood volume

“You’llsee where the
activity is happening,
but youdon’tknow what
theactivityis.”

rather than blood oxygenation. Such tools
have enabled neuroscientists to obtain better
spatial resolution than with standard BOLD
fMRI, making it possible to look at differences
inneuronal activity across variouslayers of the
brain’s cortex’.

Other improvements include updating
data-collection techniques and using machine
learning to improve image reconstruction.
Some scientists are working on improving
their understanding of the BOLD signal itself.
Even after 30 years, many questions about
BOLD-based imaging remain, Shih says, such
as whether neurovascular coupling occursin
the same way across brain regions, and how
thehaemodynamicsignalisinfluenced by the
activity of different cell types or molecules
such as neurotransmitters.
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Anna Devor, a biomedical engineer at
Boston University in Massachusetts, and her
colleagues arelooking at how changesinblood
flow are linked to fluctuations in neurotrans-
mitters. “Today, if you look at the functional
MRImaps, you'llsee where the activity is hap-
pening, but you don’t know what the activity
is,” Devor says. “We're trying to figure out how
these patterns of haemodynamics are related
to specific neuronal circuits.”

The reality is that, although techniques
such as DIANA stir up excitement in the
neuroimaging field, BOLD is here to stay, at
least for the foreseeable future. “We’re always
looking for something that works better than
BOLD,” Bandettini says. But BOLD has been
“amazingly robust” for so many neuroscience
questions. “Ithink that there will stillbe more
surprises and insights to be gained,” he says.

Diana Kwon is a freelance science journalist
based in Berlin.
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