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Brain scientists have identified
nerve cells that monitor performance,
detect errors and govern the ability

to learn from misfortunes
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April 26, 1986: During routine testing, reactor number 4 of the Chernobyl nuclear

power plant explodes, triggering the worst catastrophe in the history of the civilian use

of nuclear energy.

September 22, 2006: On a trial run, experimental maglev train Transrapid 08 plows

into a maintenance vehicle at 125 mph near Lathen, Germany, spewing wreckage over

hundreds of yards, killing 23 passengers and severely injuring 10 others. -

Human error was behind both accidents. Of
course, people make mistakes, both large and
small, every day, and monitoring and fixing slip-
ups is a regular part of life. Although people un-
derstandably would like to avoid serious errors,
most goofs have a good side: they give the brain
information about how to improve or fine-tune
behavior. In fact, learning from mistakes is likely
essential to the survival of our species.

In recent years researchers have identified a
region of the brain called the medial frontal cor-
tex that plays a central role in detecting mistakes
and responding to them. These frontal neurons
become active whenever people or monkeys
change their behavior-after the kind of negative
feedback or diminished reward that results from
errars,

Much of our ability to learn from flubs, the
latest studies show, stems from the actions of the

neurotransmitter dopamine. In fact, genetic vari-
ations that affect dopamine signaling may help
explain differences between people in the extent
to which they learn from past goofs. Meanwhile
certain patterns of cerebral activity often fore-
shadow miscues, opening up the possibility of
preventing blunders with portable devices that
can detect error-prone brain states.

Error Detector

Hints of the brain’s error-detection apparatus
emerged serendipitously in the early 1990s. Psy-
chologist Michael Falkenstein of the University
of Dortmund in Germany and his colleagues
were monitoring subjects’ brains using electroen-
cephalography (EEG) during a psychology ex-
periment and noticed that whenever a subject
pressed the wrong button, the electrical potential
in the frontal lobe suddenly dropped by about 10
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IDENTIFIES THE DYNAMICS OF PERFORMANCE MONITORING,”

The medial frontal cortex in the brain spots our slipups
and governs our ability to learn from them.

in Southampton, England, and our colleagues,
showed that the medial frontal cortex is the
probable source of the ERN, In this study, sub-
jects performed a so-called flanker task [see box
on page 57], in which they specified the direc-
tion of a central target arrow in the midst of sur-
rounding decoy arrows while we monitored their
brain activity using EEG and fMRI simultane-
ously. We found that as soon as an ERN occurs,
activity in the medial frontal cortex increases
and that the bigger the ERN the stronger the
fMRI signal, suggesting that this brain region
does indeed generate the classic error signal.

Learning from Lapses

In addition to recognizing errors, the brain
must have a way of adaptively responding to
them. In the 1970s psychologist Patrick Rabbitt
of the University of Manchester in England, one
of the first to systematically study such reactions,
observed that typing misstrikes are made with
slightly less keyboard pressure than are correct
strokes, as if the typist were attempting to hold
back at the last moment.

More generally, people often react to erross
by slowing down after a mistake, presumably to
more carefully analyze a problem and to switch
to a different strategy for tackling a task. Such
behavioral changes represent ways in which we
learn from our mistakes in hopes of avoiding
similar slipups in the future.

The medial frontal cortex seems to govern
this process as well. Imaging studies show that
neural activity in this region increases, for ex-
ample, before a person slows down after an ac-
tion error. Moreover, researchers have found re-
sponses from individual neurons in the medial
frontal cortex in monkeys that implicate these
cells in an animal’s behavioral response to nega-
tive feedback, akin to that which results from an
error.

In 1998 neuroscientists Keisetsu Shima and
Jun Tanji of the Tohoku University School of
Medicine in Sendai, Japan, trained three monkeys
to either push or turn a handle in response to a
visual signal. A monkey chose its response based
on the reward it expected: it would, say, push the
handle if that action had been consistently fol-
lowed by a reward. But when the researchers suc-
cessively reduced the reward for pushing—a type
of negative feedback or error signal—the animals
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would within a few trials switch to turning the
handle instead. Meanwhile researchers were re-
cording the electrical activity of single neurons in
part of the monkeys’ cingulate.

Shima and Tanji found that four types of neu-
rons altered their activity after a reduced reward
but only if the monkey used that reduction as a
cue to push instead of turn, or vice versa. These
neurons did not flinch if the monkey did not de-
cide to switch actions or if it did so in response to
a tone rather than to a lesser reward. And when
the researchers temporarily deactivated neurons
in this region, the monkey no longer switched
movements after a dip in its incentive. Thus,
these neurons relay information about the de-
gree of reward for the purpose of altering behav-
ior and can use negative feedback as a guide to
improvement.

In 2004 neurosurgeon Ziv M. Williams and
his colleagues at Massachusetts General Hospi-
tal reported finding a set of neurons in the human
anterior cingulate with similar properties. The
researchers recorded from these neurons in five
patients who were scheduled for surgical remov-
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This map of the
scalp shows the
distribution of
electrical poten-
tials at the mo-
ment of a mistake.
Goofs generate
negative potentials
in the middle of
the head (blue) but
not at the sides.

Just after a slipup,
the brain's electri-
cal potential sud-
denly becomes
more negative (red
peak after re-
sponse), whereas
correct actions
(blue and green
lines) do not cause
big voltage drops.
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When a person
makes an error,
activity surges in
the medial frontal
cortex (blue spots
on brains), the
brain's primary
error detector.

* Human erroris a’

major cause of ©
technical catastro-... ©
phes such as the.

fatal crash of the

Transrapid 08 .
maglev train near’:
Lathen, Getmany,
in-2006.

al of that brain region. While these neurons were
tapped, the patients did a task in which they had
to choose one of two directions to move a joy-
stick based on a visual cue that also specified a
monetary reward: either nine or 15 cents. On the
nine-cent trials, participants were supposed to
change the direction in which they moved the
joystick.

Similar to the responses of monkey neurons,

activity among the anterior cingulate neurons
rose to the highest levels when the cue indicated
a reduced reward along with a change in the di-
rection of movement. In addition, the level of
neuronal activity predicted whether a person
would act as instructed or make an error, After
surgical removal of those cells, the patients made
more errors when they were cued to change their
behavior in the face of a reduced payment. These
neurons, therefore, seem to link information
about rewards to behavior. After detecting dis-
crepancies between actual and desired outcomes,
the cells determine the corrective action needed
to optimize reward.

But unless instructed to do so, animals do not
generally alter their behavior after just one mis-
hap. Rather they change strategies only after a
pattern of failed attempts. The anterior cingulate
also seems to work in this more practical fashion
in arbitrating the response to errors. In a 2006
study experimental psychologists Stephen Ken-
nerley and Matthew Rushworth and their col-
leagues at the University of Oxford taught rhesus
monkeys to pull a lever to get food. After 25 tri-
als, the researchers changed the rules, dispensing
treats when the monkeys turned the lever instead
of pulling it. The monkeys adapted and switched
to turning the lever. After a while, the researchers
changed the rules once more, and the monkeys
again altered their behavior.

Each time the monkeys did not immediately
switch actions, but did so only after a few false
starts, using the previous four or five trials as a
guide. After damage to the anterior cingulate,
however, the animals lost this longer-term view
and instead used only their most recent success
or failure as a guide. Thus, the anterior cingulate
seems to control an animal’s ability to evaluate a
short history of hits and misses as a guide to fu-
ture decisions.

Chemical Incentive

Such evaluations may depend on dopamine,
which conveys success signals in the brain. Neu-
rophysiclogist Wolfram Schultz, now at the Uni-
versity of Cambridge, and his colleagues have
shown over the past 15 years that dopamine-pro-
ducing nerve cells alter their activity when a re-
ward is either greater or less than anticipated.
When a monkey is rewarded unexpectedly, say,
for a correct response, the cells become excited,
releasing dopamine, whereas their activity drops
when the monkey fails to get a treat after an er-
ror. And if dopamine quantity stably altered the
connections between nerve cells, its differential
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In a task used to stud)!J: how people react to errors, a participant first sees a set of flanker, or decoy, arrows
{1). Next, a central target arrow appears (2). The subject then presses a button to indicate the perceived di-
rection of the target arrow, sometimes making a goof. If the response is too slow, a racing figure appears
(4). After a delay (5), the participant repeats the sequence. The pattern of arrows may vary hetween trials.

release could thereby promote learning from suc-
cesses and failures.

Indeed, changes in dopamine levels may help
to explain how we learn from positive as well as
negative reinforcemént. Dopamine excites the
brain’s so-called Go pathway, which promotes a
response while also inhibiting the action-sup-
pressing “NoGo” pathway. Thus, bursts of dop-
amine resulting from positive reinforcement pro-
mote learning by both lactivating the Go channel
and blocking NoGo. In contrast, dips in dop-
amine after negative outcomes should promote
avoidance behavior by inactivating the Go path-
way while releasing inhibition of NoGo.

In 2004 psychologist Michael J. Frank, then
at the University of Colorado at Boulder, and his
colleagues reported evidence for dopamine’s in-
fluence on learning in a study of patients with
Parkinson’s disease, who produce too little of the
neurotransmitter. Frank theorized that Parkin-
son’s patients may have trouble generating the
dopamine needed to learn from positive feedback
but that their low dopamine levels may facilitate
training based on negative feedback.

In the study the researchers displayed pairs
of symbols on a computer screen and asked 19
healthy people and 30 Parkinson’s patients to
choose one symbol from each pair. The word
“correct” appeared whenever a subject had cho-
sen an arbitrarily correct symbol, whereas the
word “incorrect” flashed after every “wrong”

selection. (No symbol was invariably correct or
incorrect.) One of them was deemed right 80
percent of the time, and another 20 percent. For
other pairs, the probabilities were 70:30 and
60:40. The subjects were expected to learn from
this feedback and thereby increase the number
of correct choices in later test runs.

As expected, the healthy people learned to
prefer the correct symbols and avoid the incor-
rect ones with about equal proficiency. Parkin-
son’s patients, on the other hand, showed a stron-
ger tendency to reject negative symbols than to
select the positive ones—that is, they learned
more from their errors than from their hits, show-
ing that the lack of dopamine did bias their learn-
ing in the expected way. In addition, the patients’
ability to learn from positive feedback outpaced
that from negative feedback after they took med-
ication that boosted brain levels of dopamine,
underscoring the importance of dopamine in
positive reinforcement.

Dopamine-based discrepancies in learning
ability also appear within the healthy population.
Last December, along with psychology graduate
student Tilmann A, Klein and our colleagues, I

(The Author)
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Many mistakes are surprisingly predictable, foreshadowed
by gradual changes in the activation of two brain networks.

showed that such variations are partly based on
individual differences in a gene for the D2 dop-
amine receptor. A variant of this gene, called A1,
results in up to a 30 percent reduction in the den-
sity of those receptors on nerve cell membranes.

We asked 12 males with the A1 variant and
14 males who had the more common form of this
gene to perform a symbol-based learning test
like the one Frank used. We found that Al car-

Subconscious Blunders

e are aware of many of our mistakes, but we also
W goof up without knowing it. Do our brains react

the same way to errors we do not no-
tice as to the ones of which we are painfully
aware? The brain and body’s responses to
subconscious and conscious errors share
some common features as well as some
differences. In a 2001 study cognitive psy-
chologist Sander Nieuwenhuis, now at the ;
University of Leiden in the Netherlands, and his

The subjects then pressed a key to indicate whether they
thought they had responded correctly. Subjects

riers were less able to remember, and avoid, the
negative symbols than were the participants who
did not have this form of the gene. The A1 carri-
ers also avoided the negative symbols less often
than they picked the positive ones. Noncarriers
learned about equally well from the good and
bad symbols.

Thus, fewer D2 receptors may impair a per-
son’s ability to learn from mistakes or negative
outcomes. (This molecular quirk is just one of
many factors that influence such learning.) Ac-
cordingly, our IMRI results show that the medial
frontal cortex of A1 carriers generates a weaker
response to errors than it does in other people,
suggesting that this brain area is one site at which
dopamine exerts its effect on learning from nega-
tive feedback.

But if fewer D2 receptors leads to impaired
avoidance learning, why do drugs that boast do-
pamine signaling also lead to such impairments
in Parkinson’s patients? In both scenarios, dopa-
mine signaling may, in fact, be increased through
other dopamine receptors; research indicates that
Al carriers produce an unusually large amount of
dopamine, perhaps as a way to compensate for
their lack of D2 receptors. Whatever the reason,
insensitivity to unpleasant consequences may
contribute to the slightly higher rates of obesity,
compulsive gambling and addiction among Al
carriers than in the general population.

failed to register about half of their own errors,
being convinced in these cases that they had,
infact, looked in the right direction when they
had not. The researchers found that the me-
dial frontal cortex nonetheless registered
every mistake,
Other paris of the brain do distinguish be-

colleagues at the University of Amsterdam showed that
the medial frontal cortex monitors subconscious errors
just as it does conscious ones.

In this experiment, volunteers stared at a computer
screen, and when a dot appeared on one side of the
screen, they tried to direct their gaze to the opposite side.

tween conscious and unconscious errors, how-
ever. For instance, last year my colleagues and | showed
that a brain region called the insula remains silent when
we make subconscious slipups, although it does become
alert during mistakes of which we are cognizant. And only
conscious errors produce a bodily reaction, causing us
to break out in a sweat. —M.U.
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The Mind Unwinds

Changes in the brain may predict errors. About
30 seconds befare a person makes a goof, two
regions involved in task-related effort (orange

areas) show a decline in metabolic activity (red

graph). Meanwhile the default mode network
(blue areas), which is usually dormant when
someone is working on a task, becomes more
active (blue graph), indicating mental relaxation.

COURTESY OF MARKUS ULLSPERGER; SOURCE: “PREDICTION OF HUMAN ERRORS BY MALADAPTIVE CHANGES IN EVENT-RELATED BRAIN NETWORKS,” BY T. EICHELE ET AL.,
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Frontal lobe deactivation

Foreshadowing Faults

Although learning from mistakes may help us
avoid future missteps, inexperience or inatten-
tion can still lead to errors. Many such goofs turn
out to be predictable, however, foreshadowed by
telltale changes in brain metabolism, according
to research my team published in April in the
Proceedings of the National Academy of Sci-
ences USA.

Along with cognitive neuroscientist Tom
Eichele of the University of Bergen in Norway
and several colleagues, I asked 13 young adults
to perform a flanker task while we monitored
their brain activity using fMRI. Starting about
30 seconds before our subjects made an error, we
found distinct but gradual changes in the activa-
tion of two brain networks.

One of the networks, called the default mode
region, is usually more active when a person is at
rest and quiets down when a person is engaged
in a task. But before an error, the posterior part
of this network—which includes the retrosple-
nial cortex, located near the center of the brain
at the surface—became more active, indicating
that the mind was relaxing. Meanwhile activity
declined in areas of the frontal lobe that spring
to life whenever a person is working hard at
something, suggesting that the person was also

Activity

Error occurs

becoming less engaged in the task at hand [see
box above].

Our results show that errors are the product
of gradual changes in the brain rather than unpre-
dictable blips in brain activity. Such adjustments
could be used to foretell errors, particularly those
that occur during monotonous tasks. In the fu-
ture, people might wear portable devices that
monitor these brain states as a first step toward
preventing mistalces where they are most likely to
occur—and when they matter most. M
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