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Perceptual learning is an improvement in one’s sensory abilities
after training and is thought to help us to better adapt to the
sensory environment. Here, we show that perceptual learning also
can lead to misperceptions, such that subjects actually perceive
stimuli when none are physically presented. After learning, subjects not only showed enhanced performance when tested with
the motion direction of the trained stimulus but also often reported seeing dots moving in the trained direction when no
stimulus was displayed. We further show that these misperceptions are not attributable to a response bias. These results show
that there are costs as well as benefits to perceptual learning and
that performance enhancements for a specific feature also can be
accompanied by misperceptions of the visual environment.
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central issue in neuroscience is how the adult brain selectively
adapts to important environmental changes. Although the
brain needs to adapt to new environments, its architecture must
protect itself from modification from the continual bombardment
of undesirable information. How the brain solves this so-called
stability–plasticity dilemma (1, 2) in its sensory areas is largely
unresolved.
Plasticity in the early sensory systems has traditionally been
thought to occur only during early development and then to be
hard-wired in adults (3). This view has been substantiated by studies
of critical period development in which gross plasticity of early
sensory areas only occurs for a brief period after birth (4, 5). These
data were used to support the hypothesis that as opposed to
higher-level perceptual stages, the low-level sensory stages need to
consistently process primitive sensory features, such as in vision
orientation, spatial frequency, and local motion. The stabilization
of sensory systems after birth is important because plasticity in
sensory areas would alter the input to higher-level processing areas
and fundamentally affect our perceptions as well as the comparison
between new perceptions and learned templates.
Recently, the view that once sensory systems are stabilized they
never change has been challenged by studies of perceptual learning
(6–11), which show that even in adults, perceptual abilities can be
sharpened with repeated exposure or training. For example, experts
such as radiologists develop with training refined abilities to distinguish subtle patterns of tumors in images that show no pattern to
the untrained eye (12). Psychophysical studies of visual plasticity
have demonstrated that detection or discrimination thresholds can
be reduced and usually show a high degree of specificity with
respect to the orientation (9, 13, 14), direction (15, 16), retinotopic
location (9, 13, 17), and ocularity (13) of the trained visual stimuli.
The specificity of perceptual learning has been regarded as a
manifestation of plasticity in sensory cortical processes including
very low-level stages of processing (18–21), although this does not
exclude the involvement of higher-level processing stages (6, 7, 22).
This low-level plasticity has been confirmed by studies of electrophysiology in animals and functional imaging in humans. In the
case of vision, single-unit recording studies have shown activity
changes of cells in the early visual cortex of monkeys (11, 23–26),
and functional imaging in humans shows changes in V1 (27, 28) and
9080 –9085 兩 PNAS 兩 June 21, 2005 兩 vol. 102 兩 no. 25

the human middle temporal (MT) homologue (29), in correlation
with perceptual learning. Learning of features in other modalities
such as audition (30–32), somatosensation (33, 34), and motor
functions (35, 36) also implicates neural changes in the primary
cortical areas for these modalities.
The utility of this sensory plasticity is that it allows our sensory
systems to adapt and reflect changes in the surrounding environment. To prevent this plasticity from leading to instability, it has
been proposed that focused attention is required gate-learning and
thereby selects which features are to be learned. Because attention
is usually directed to important features in the environment, it has
been presumed that sensory plasticity is a well regulated and
controlled process. However, recently it has been found that
perceptual learning does not always require attention (16, 18) and
can occur from unattended, task-irrelevant stimuli if they are
temporally correlated with task-relevant stimuli (37). This finding
suggests that perceptual learning may arise through an automatic
reinforcement process similar to conditioning.
A natural question to ask when evaluating studies of perceptual
learning is, what are the costs of perceptual learning? If there are
no costs, why wouldn’t sensory processing already be at its maximal
level of performance? The standard answers to this question are
based on concepts of limited resources. For instance, plasticity that
occurs to best fit a given environment may be at the expense of
performance in different environments. To date, however, studies
of perceptual learning have concentrated only on its benefits, and
the possible costs of such learning are ignored.
Here, we report the result that a sensitivity increase for a visual
stimulus is associated with a cost (in this case, a misperception) for
that same stimulus. We temporally paired a subliminal motion
stimulus, which was too dim to be detected by the subjects, with the
targets of an unrelated letter task. We made the discovery that,
after training, subjects reported seeing motion in the same direction
as the subliminally paired motion when presented with blank
displays. A careful control experiment indicates that this result is
not due to a response bias. We conclude that perceptual learning,
in some cases, has a cost in the sense that improvements of task
performance for a particular feature can lead to perceptual biases
by which subjects misperceive of the visual environment.
Methods
Subjects. Subjects were 18–35 years old and had normal or cor-

rected-to-normal vision. All subjects were naı̈ve as to the purpose
of the experiments. A group of eight subjects participated in a pilot
study, and a separate group of eight subjects participated in the
main experiment. Informed consent was obtained from all participants, and the study conformed to the tenants of the Declaration
of Helsinki.
This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: RSVP, rapid serial visual presentation; MT, middle temporal; RMS, root
mean squared.
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Stimuli. Stimuli were presented on 19-inch cathode-ray tube mon-

itors at a resolution of 1,280 ⫻ 768 at 75 Hz controlled by Macintosh
G4 computers running OS 9.2.2. Experiments were run using custom
software. Subjects viewed the display at a distance of 3 feet, and
their movements were constrained with a chin rest. Motion stimuli
consisted of 200 dots that moved with a speed of 12°兾sec. Each dot
had a three-frame lifetime. At each frame transition, a new subset
of dots was chosen to move in the coherent direction while the rest
of the dots moved in random directions.
Design. The pilot study and each of the main experiments consisted
of three phases (Fig. 1). In phase 1, pretests were conducted in
which each subject’s performance on low-luminance contrast displays was evaluated. This phase was done for 1 day in the pilot study
and for 2 days in the main experiment. In phase 2, the training
phase, subjects completed 8–10 sessions in the pilot study and 8
sessions in the main experiment of the letter-pairing task. Each
session was conducted on a separate day, and the entire training
phase lasted 4 weeks in the pilot study and 2 weeks in the main
experiment. In phase 3, posttests were conducted in which each
subject’s performance was reevaluated with tests that were identical
to those used in the pretest phase. Within the test phases, each test
type was run in a separate block, and the order of the test types was
counterbalanced across subjects (with the exception that warm-up
was always run first). Within each test, all conditions (direction and
contrast or coherence) were randomly interleaved.
Pilot Study. For testing sessions, subjects’ performance on eight
directions (25°, 70°, 115°, 160°, 205°, 250°, 295°, and 340°) of motion
was evaluated. In each trial, for all of the three tasks (detection,
contrast, and coherence), a fixation point first appeared, and then
a motion stimulus was presented for 500 ms, with the fixation point
on. Subjects were then cued with a response screen to report their
answer. The order of tasks within each testing phase was randomized across subjects.
In the detection task, subjects were presented with 100% coherence motion at 10 randomly interleaved contrasts (chosen to
straddle the average threshold on the detection task of a separate
group of subjects) and were asked to report, with a key press, the
presence or absence of the motion stimulus. Each contrast level was
presented 20 times, and thus each subject completed 300 trials for
each session.
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Main Experiment. For testing sessions, subjects’ performance on

four directions (70°, 160°, 250°, and 340°) of motion was evaluated.
In each trial, for all of the tasks (detection, contrast, and warm-up),
a fixation point first appeared, and then a motion stimulus was
presented for 500 ms, with the fixation point on. Subjects were then
cued with a response screen to report their answer. The order of
detection and contrast tasks was randomized across subjects, but
the warm-up task was always run first. The detection, contrast, and
RSVP tasks were the same as those used in the pilot study, but a
different set of parameters was chosen.
In the detection tasks, subjects were presented with 100%
coherent motion at 10 randomly interleaved contrasts (0, 0.14, 0.2,
0.28, 0.42, 0.6, 0.9, 1, 1.9, and 11.8 RMS contrast in cd兾m2). Each
contrast level was presented 30 times, and thus each subject
completed 300 trials for each session.
In the contrast tasks, subjects were presented with 100% coherent motion at 10 randomly interleaved contrasts (0, 0.14, 0.2, 0.28,
0.42, 0.6, 0.9, 1, 1.9, and 11.8 RMS contrast in cd兾m2). Each
direction at each contrast level was presented 30 times, and thus
each subject completed 1,200 trials for each session.
In the warm-up task, subjects were presented with the same trial
structure as in the contrast task, but no motion stimuli were
presented. In each trial, they were asked to choose, with a mouse
click, one of four arrows that corresponded to the direction of the
perceived motion stimulus. Subjects were instructed that the stimuli
would be difficult to see because the task was conducted while they
were still adjusting to the dim lighting conditions. Each subject
completed 160 trials for each session.
All subjects conducted a practice session with the contrast and
detection tasks. This session was conducted on a separate day
before the pretests and also to minimize the impact of the testing
effects that resulted in the large directionally independent effect
found in the contrast task of the pilot study. These sessions also
allowed us to choose an appropriate set of contrast levels to use for
each pretest by which to capture the dynamic range of all of the
subjects.
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Fig. 1. Schematic of experimental procedure. All subjects conducted pretests,
eight training sessions, and then posttests. In the contrast task, subjects were
presented with motion stimuli and reported direction of each stimulus. In the
detection task, subjects were presented with the identical stimuli as in the
contrast task but reported whether or not they saw the motion stimulus. In RSVP
sessions, a sequence of eight foveally (central 1°) presented letters was displayed,
and the subject reported the two target letters after the sequence. Subliminal
motion stimuli were presented in an annulus (see Methods), one motion direction
temporally overlapped each target letter (paired direction), and other directions
temporally overlapped the distractors (nonpaired directions).

In the contrast task, subjects were presented with 100% coherence motion at 10 randomly interleaved contrasts (chosen to
straddle the average threshold on the detection task of a separate
group of subjects) and were asked to choose, with a mouse click, one
of eight arrows that corresponded to the direction of the motion
stimulus. Each direction at each contrast level was presented 20
times, and thus each subject completed 1,600 trials for each session.
In the coherence task, subjects were presented with 10% coherence motion at root mean squared (RMS) contrast of ⬇50 cd兾m2
and were asked to choose, with a mouse click, one of eight arrows
that corresponded to the direction of the motion stimulus. Each
direction was presented 30 times, and thus each subject completed
240 trials for each session.
In the training sessions, a rapid serial visual presentation (RSVP)
sequence of eight letters was presented in a central (1°) circle, after
which the subject reported the two target letters. The target letters
were either light letters in a series of dark distractors or dark letters
in a series of light distractors. Letter presentation time was 375 ms
temporally centered in a 500-ms motion presentation. Light letters
had 5% Michelson contrast, and dark letters had ⫺5% contrast.
While letters were presented, 100% coherent motion was presented
in a peripheral annulus (1–10°). One motion direction temporally
overlapped each target letter (paired direction), and the other
directions temporally overlapped the distractors (nonpaired directions). For each subject, four different directions were presented an
equal number of times. The paired direction was randomly chosen,
from the testing set, for each subject. Each direction was presented
for 500 ms at each time. The moving dots were at a contrast where
subjects performed at chance level in the contrast task and reported
motion on ⬍10% of trials on the detection task (same rate as for
0 contrast).

In the RSVP task, the moving dots had 0.14 cd兾m2 RMS contrast.
At this contrast, subjects showed chance-level performance in the
contrast task and reported motion on ⬍10% of trials on the
detection task (same rate as for 0 contrast).
Contrast. For motion stimuli, RMS contrast for the motion stimuli

was calculated as the standard deviation of the mean luminance of
the stimulus (38, 39): sum[p(i) ⫻ (L(i) ⫺ Lm)2]1/2, where p(i) is the
proportion of pixels with luminance L(i), and Lm is the mean
luminance of the stimulus. Lm is sum[p(i) ⫻ L(i)].
Analysis. To test for learning of each direction in the coherence task

and the biases in the contrast and warm-up tasks, we compared the
performance difference between the pretest and posttest with a null
learning rate of 0 by using one-tailed t tests. For the contrast
psychometric curves, a two-way ANOVA was used to compare
performance between the pretest and posttest.
It is important to note that for the 0-contrast trials in the various
tests, there is no correct answer. Thus, instead of calculating a value
of performance, the bias was established by counting the number
of choices made of each direction. For comparison with conditions
where a percent-correct value could be calculated, the number of
choices for each direction was divided by the total number of trials
and then multiplied by the number of direction choices. The
0-contrast value plotted in the contrast psychometric curve (Fig. 3)
thus represents a bias, not an actual percent-correct value.
Results
Pilot Study. The results of the RSVP task used in the training phase
indicate that this task was attentionally demanding. Although the
stimulus onset asychrony of 500 ms between the letters in the RSVP
task was rather slow, the low (5%) contrast of the letters made the
task difficult. Initial performance on the letter task averaged 69.5%
(standard deviation, 18.5%) and improved to 77% (standard deviation, 21%) for the final session.
To ensure that the motion stimuli were presented subliminally
during the training, the contrast of the dots for the RSVP task
was chosen to match a value where subjects performed at chance
level in the contrast task and reported motion on ⬍10% of trials
on the detection task (for the pilot study, this luminance was
below the 2 cd兾m2 floor that could be detected by the available
spectrophotometer).
The results of the tests in the pilot study indicate that a subliminal,
low-luminance motion stimulus can result in specific learning for
the motion direction that was paired with the targets of the RSVP
task. In the coherence task, there was a statistically significant
improvement for the paired direction of motion (P ⬍ 0.05 t test vs.
0; P ⬍ 0.01 paired t test vs. other directions) but not for the other
motion directions (Fig. 2A). One aspect of this finding is that even
though the exposed stimulus was at 100% motion coherence, an
improvement can be seen in a task by using bright dots with low
motion coherence. Although the results of the contrast task show
the same tendency, most subjects showed improvement of performance not only for the paired direction but also for the other
directions (data not shown). This change in performance of 14.4%
(average across directions and subjects) largely obscured the slightly
greater directionally specific improvement for the paired direction.
However, a surprising result of the contrast task was that
improved performance was shown for the paired direction, even on
the 0-contrast condition, in which no motion stimulus was displayed.
To better understand this result, we checked how the bias changed
between the pretest and the posttest. We found a dramatic increase
of 43% in the number of reports for the paired direction from the
pretest to the posttests. This result was significant for the paired
direction (P ⬍ 0.05 t test vs. 0; P ⬍ 0.05 paired t test vs. other
directions) but not for the nonpaired directions (Fig. 2B). This
effect was highly consistent across subjects, in that seven of eight
9082 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0501026102

Fig. 2. Results from the pilot study. (A) Coherence task results. The graph
represents the percent of responses for each direction that were correct on the
second test minus those from the first test aligned on the paired direction for
each subject (0 is the paired direction). (B) Directional bias in contrast task. The
graph represents the percent change in the number of reports on the 0contrast trials for each direction between the first and second tests aligned on
the paired direction for each subject (0 is the paired direction). Error bars
represent standard errors.

subjects chose the paired direction more times on the posttest than
the pretest.
The results of the contrast task from the pilot study show a clear
bias for subjects to report the paired direction when no stimulus is
presented but do not rule out the possibility that the subjects’
improved performance on the suprathreshold contrast trials resulted in a response bias to report that same direction on the
subthreshold trials of that task. To control for this possibility, we ran
a new experiment using a different set of subjects. For this experiment, we added a task (warm-up) in which no stimuli were
presented, and subjects were asked to make their best guess of the
direction they perceived. Subjects were informed that the stimuli
would be difficult to see because the task was conducted while they
were still adjusting to the dim lighting conditions. The warm-up task
was always run first. This order prevents from the warm-up tasks
from being influenced by any response bias that could have
developed through performing the other tasks. In addition, to
minimize directionally nonspecific baseline changes, such as those
found in the contrast task of the pilot study, a practice session for
the contrast and detection tasks was given to the subjects on a day
before the pretests so that subjects would be familiarized with the
experimental procedure.
Main Experiment. Performance during the training phase was com-

parable in the main experiment to that found in the pilot. Initial
Seitz et al.
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performance on the RSVP averaged 43% (standard deviation,
27%) and improved to 62% (standard deviation, 19%) for the final
session.
In this experiment, we introduced a practice session for the
contrast task. Between the practice session and the pretest subjects
showed an average increase in performance of 11.8% [practice
mean performance, 46.7% (standard deviation, 13%); pretest mean
performance, 58.5% (standard deviation, 9.6%)]. This baseline
performance change is similar in magnitude to the 14.4% change
found between the pretest and posttest of the pilot, and thus much
of the expected baseline shift was accounted for before the pretest
of the main experiment was conducted.
To ensure that the motion stimuli were presented subliminally
during the training, the contrast of the dots for the RSVP task was
chosen to be 0.14 cd兾m2 RMS contrast, at which level subjects
performed at chance level in the practice contrast task [mean, 23%
(standard deviation, 3%)] and reported motion on ⬍10% of trials
on the practice detection task.
The results of the contrast task, from the main experiment, for
the paired direction and the nonpaired directions before and after
training are shown in Fig. 3 A and B. Although there were still some
baseline changes in this experiment, they were rather small (on
average 2.2% improvement across conditions), and we obtained
nice psychometric curves by subtracting out each subject’s average
daily performance across all contrast levels (this is why performance starts off below 0). Significantly improved performance was
observed for the paired direction (Fig. 3A) after training (P ⬍ 0.01,
ANOVA) but not for the nonpaired directions (P ⫽ 0.92, ANOVA;
see Fig. 3B). Moreover, the change of performance for the paired
direction was significantly different from that of the other directions
(P ⬍ 0.0005, ANOVA). Additionally, we calculated d⬘ and confirmed that sensitivity improved significantly for the paired direction (P ⬍ 0.005, ANOVA).
In the 0-contrast condition of the contrast task, for which no
motion stimulus was displayed, subjects in the main experiment also
showed an increase in bias to report the paired direction after
training. This can be seen in the significant increase (P ⬍ 0.05 t test
vs. 0; P ⬍ 0.05 paired t test vs. other directions) in the number of
reports for the paired direction but not for the nonpaired directions
(Fig. 3C). This effect was consistent across subjects, in that six of
eight subjects chose the paired direction fewer times on the posttest
than the pretest.
To better understand the nature of the bias, we examined how
subjects’ bias changed between the pretest and posttest of the
warm-up task. The average result across subjects shows a trend
favoring the paired direction, but this was not significant. A problem
with this task was revealed through subject interviews showing that
some subjects were very uncomfortable reporting the direction of
dots that they could not see. It is likely that these subjects, who did
not believe our manipulation, resorted to guessing during this task.
Thus, to obtain an independent assessment of whether subjects
believed the warm-up manipulation, we examined the data from the
detection task. Our logic is that if subjects did develop a perceptual
bias, then they also would report the presence of dots in the
0-contrast condition in the detection task. This bias would manifest
as an increased proportion of false positives in the detection task.
Interestingly, a clear bimodal distribution was observed in the
number of false-positive reports for the 0-contrast condition in the
detection posttest (Fig. 5A, which is published as supporting information on the PNAS web site). Whereas half (four of eight) of the
subjects reported ⬇10% false positives for the 0-contrast trials
(low-false-positive subjects), the other half reported ⬎30% false
positives for this condition (high-false-positive subjects). Thus, we
divided the subjects evenly into two categories; high- and low-falsepositive subjects. Although all subjects showed an improvement in
the detection task between the pretest and posttest (Fig. 5 B and C),
most interestingly, the propensity for the high-false-positive subjects
to report dots when none were present (0 contrast) changed

Fig. 3. Contrast tasks results from the main experiment. (A and B) Psychometric
functions for paired (A) and nonpaired (B) directions before and after learning.
The daily mean across all conditions was subtracted to adjust for baseline
changes. The 0-contrast value represents a bias and not an actual percent correct
(see Methods). Contrast is the standard deviation of the mean luminance of the
stimulus (see Methods). (C) Directional bias in contrast task. The graph represents
the percent change in the number of reports on the 0-contrast trials for each
direction between the first and second tests aligned on the paired direction for
each subject (0 is the paired direction). Error bars represent standard errors.

dramatically between the pretest and posttest of the detection task
(Fig. 5B).
We reanalyzed the data from the warm-up task for these
high-false-positive subjects who consistently reported seeing dots
when none were presented in the detection task. In the warm-up
task these subjects had a significant change in bias (P ⬍ 0.001 t test
vs. 0; P ⬍ 0.001 paired t test vs. other directions) favoring the paired
direction (Fig. 4). This change of 39% for the paired direction
means that of 160 possible responses, subjects on average chose the
paired direction 15.5 more times on the second test than the first
(the smallest effect was an increase of 11 reports of the paired
PNAS 兩 June 21, 2005 兩 vol. 102 兩 no. 25 兩 9083

Fig. 4. Warm-up task results. The graph represents percent change in the
number of reports on the 0-contrast trials for each direction between the first
and second tests aligned on the paired direction for each subject (0 is the
paired direction). Data represent results from four subjects who reported
seeing motion on ⬎30% of the 0-contrast trials in the second detection test.
Error bars represent standard errors.

direction in one subject). There also was a significant reduction of
number of reports for the direction 90° counterclockwise to the
paired direction (P ⬍ 0.005 t test vs. 0). This reduction of bias for
the nonpaired directions is due to the fact that in a forced-choice
task, the change in number of reports must sum to zero across
conditions, and thus the positive change in the number of reports
for the paired direction must be reflected by a negative change for
the nonpaired directions.
The low-false-positive subjects from the detection task did not
show a significant change in bias for any direction (data not shown).
The likely reason for this is that these low-false-positive subjects
were not confident of their percept in the warm-up task and
resorted to guessing. Importantly, the bias for the paired direction
was significant across all subjects on the 0-contrast condition in the
contrast task (see Figs. 2B and 3C). We suggest that when the
0-contast trials were interleaved with trials in which motion stimuli
were actually displayed, subjects had a lower criterion to report a
motion direction and thus were less likely to resort to outright
guessing, although we cannot rule out the possibility that a response
bias influenced the results of the contrast task.
The results of the warm-up task indicate that subjects had indeed
developed a perceptual, rather than response, bias to see moving
dots when no physical stimulus was presented. In particular, the
conjunction of the results from the detection task and the warm-up
task demonstrates that the subjects who were more likely to report
seeing motion stimuli when none were present also were more likely
to report them moving as the paired direction. These results would
not be expected to be obtained from a response bias, in which a
particular motor response or response object would be favored over
the others. In this light, it should be emphasized that while in the
RSVP task subjects pressed letter keys, in the detection task
subjects pressed number keys, and in the warm-up and detection
tasks subjects moved a mouse to respond. Moreover, in informal
interviews conducted with a subset of subjects, subjects said that
they saw moving dots when presented with a blank display in the
absence of a task. Thus, a bias toward a particular response type
would not explain the consistency that we found across conditions.
Discussion
In the present study, we found that subjects can learn from stimuli
that they did not perceive. Sensitivity improvements were found for
the direction of motion that was temporally paired with the targets
of the RSVP task but not for motion directions presented with equal
frequency but with the RSVP distractors. More importantly, in such
9084 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0501026102

a paradigm, we found that subjects developed a bias such that after
training they saw moving dots in the paired direction when none
were physically shown. This bias cannot be expected from any
response bias. We concluded that it is a perceptual bias.
This perceptual bias is an important demonstration of how
perceptual learning can indeed have a cost. After training, subjects
not only showed increased performance for when the paired
direction was displayed, but also misperceived the blank display, in
which no motion stimulus was presented. Almost all theories of
sensory processing assume that sensory adaptation occurs to best
grasp the visual environment (40). However, the present results
indicate that this is not always the case. Conditioning to one visual
feature appears to be an automatic process, the result of which
generalizes to other experimental contexts (for instance, conditioning in the RSVP task generalized to the tests of motion performance). Additionally, in the context of our experiment a misperception of the paired direction yields no advantage either to the
RSVP task or the direction tasks. In the example of a radiologist
learning to diagnose tumors, misperceptions could have very severe
consequences. Thus, misperception as a result of perceptual learning could yield no advantage or be highly misleading.
Although both subject interviews and the posttest results of the
contrast and detection tasks indicate that our directional stimuli
were unseen by the subjects during the RSVP task, it is difficult to
fully prove that no subject ever perceived these stimuli. For instance, standard experimental or internal noise can make dim
stimuli visible on some trials. Even if this were the case, the rapidly
changing letter stimuli with the direction of motion switching
asynchronously with each letter makes it difficult for subjects to
notice the pairing between target letters and the paired direction,
especially with the task requirement to identify and remember the
letter targets. Thus, we find it unlikely that subjects were attending
differently to the paired direction than the nonpaired directions of
motion. Even if subjects had seen the motion stimuli and noticed the
pairing between the motion directions and the target letters, the
resulting perceptual bias would still be interesting. Future work will
be necessary to test whether the observed learning effects differ
when a more salient motion stimulus is used in the pairing.
We believe that neurons in the MT area are likely involved in the
learning observed in these studies. Neurons in the MT area have
robust responses to visual motion stimuli, are very selective for
particular directions of motion (41), and have been shown to be
involved in visual plasticity (26). MT cells also respond to motion
stimuli that are less bright (i.e., lower luminance) than those that
elicit clear responses in earlier stages of the visual pathway (42).
Learning also may involve higher visual areas such as the lateral
intraparietal sulcus, which has strong inputs from the MT area and
contains cells that are modulated strongly both by stimulus attributes and stimulus expectations (43). For instance, cells in the
lateral intraparietal sulcus respond in a directionally selective
manner to ambiguous motion stimuli (44) and respond in a directionally selective manner when no moving stimulus is present but
when motion is inferred (45).
What is the underlying mechanism of the plasticity that results in
the misperception? We suggest that presenting a stimulus that is
relevant to a task can give rise to an internal reward (37) that works
like an external reward in reinforcement learning (46). This reinforcement signal is likely mediated by neurotransmitters such as
acetylcholine, noradrenalin, and dopamine, which are widely released from subcortical brain areas in a task-specific manner (47,
48) and have been implicated in neuronal plasticity (30, 31, 49).
Specifically, we propose that when subjects detect the targets of the
letter task, this internal reinforcement signal results in plasticity of
neurons that are active at that time. Visual neurons (perhaps in the
MT area or the lateral intraparietal sulcus), which are responsive to
the weak visual signal, may thus increase their responses to the
paired direction.
Seitz et al.
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inaccuracies in many perceptual details (52). One contribution to
these inaccuracies of recall is that later experience can contaminate
the old memories (53). Such misattribution of perceptual experience can lead to ‘‘false memories,’’ where subjects actually remember events, typically taking place in childhood, that never occurred
(54, 55). Sensory learning, which updates the sensory system to
better perceive the current environment, may contribute to the
formation of these other errors of memory. For instance, studies of
visual imagery show a role in early visual area processing (56). Thus,
it is possible that plasticity in these areas may alter recalled visual
imagery.
Perceptual learning is generally thought to lead to a better grasp
of the environment. However, here we show that there is at least
some cost to this learning. In addition to improved performance,
training also led to misperceptions. Within the context of our study,
these misperceptions are relatively benign, but it will be important
to examine further the other possible costs of this learning. Future
research should concentrate on the broader impacts of perceptual
learning, beyond the specific feature improvements that have been
studied up to now, to better characterize the full ramifications of this
learning.

Furthermore, these results imply that a sensation can develop as
a conditioned response. We suggest that during the experiment, the
repeated presentation of the dim motion stimuli resulted in a
conditioned perceptual response to see motion. At the same time,
the reinforcement procedure resulted in a strengthening of signals
related to the paired direction. As a result of this rather automatic
processing, when tested, subjects had a conditioned visual response
to perceive moving dots in the paired direction. That is, even when
subjects are not aware of stimuli in the environment, learning can
occur as a result of conditioning reinforced by an internal reward.
This process is automatic, and learning can occur irrespective of
whether it yields behavioral advantage.
Does the learning of an unattended, subliminal feature paired
with a task target indicate that no attention is necessary for
perceptual learning? The answer to this question depends on one’s
definition of attention. For instance, ideas of focused attention in
which attention is oriented only to specific stimulus features at the
expense of others are inconsistent with learning of unattended
features. On the other hand, ideas of nonspecific attention in which
the subject has an increased alertness during key points of the task
do not preclude learning of subliminal features. In fact, neuromodulatory systems such as that also have been implicated in
attention (50, 51).
Judging from the present findings, adult sensory plasticity can be
dangerous not only because it can lead to perceptual errors, as we
have shown here, but also because it can result in misjudgments of
old perceptions. Research of so-called ‘‘flash-bulb’’ memories has
shown that even memories held with strong confidence show

