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Abstract

Recent study of [Sugita, Y. (1996) Global plasticity in adult visual cortex following reversal of visual input. Nature, 380, 523–526.]
demonstrated that prism adaptation to reversed retinal input generates the transfer of neuronal activities in monkey V1 to the opposite
visual cortex. This raises the question if perceptual learning on one side of the visual field can transfer to the other side. We tested this in
using the Gabor lateral masking paradigm. Before adaptation, long-range interaction was induced vertically on one side (i.e., the right) of
the visual field with training (perceptual learning). Prism adaptation was achieved by wearing right-left reversing goggles. During adap-
tation period, perceptual learning transferred to a mirror symmetrical region across the vertical meridian. Results in the post adaptation
period revealed that both learning and transfer persisted for over three months. These results provide direct evidence of transferred per-
ceptual plasticity across the visual field, the underlying mechanism of which is supported by the mirror symmetrical connection between
the right and left cortices.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Gabor lateral interaction; Perceptual learning; Transfer; Prism adaptation; Mirror symmetry
1. Introduction

Human observers who adapt their vision by wearing
prism spectacles which optically inverts images are able
to restore normal visual perception after a certain period.
This is referred as the phenomenon of prism adaptation
and it has been studied for over a century (Harris, 1965;
Stratton, 1896; Von Helmholz, 1962). The mechanism
responsible for such a drastic change in perception has
been of great interest to researchers. It has conventionally
been argued that prism adaptation occurs at a relatively
high-level processing stage such as that in visuomotor link
(Held, 1961; Welch, 1978; Redding & Wallace, 1992), the
mechanism for which was recently found in the parietal
cortex (Andersen, 1997; Clower et al., 1996; Cunningham
& Welch, 1994) and in the cerebellum (Imamizu et al.,
0042-6989/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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2000). Recent research by Sugita (1996) challenged this
notion; his study demonstrated that the function of prism
adaptation to reverse visual images occurs as early as in
the primary visual cortex (V1). The neural activities in
monkey V1 elicited on one side of the visual field (within
a receptive field; Hubel & Wiesel, 1968) transferred to the
other side at the mirror symmetrical location with
adaptation to right-left reversed images (Sugita, 1996). This
suggests that the process of prism adaptation already
begins at an early stage of visual processing, contrary to
the belief that the mechanism for adaptation lies in high-
level visuomotor coordination. The involvement of early
vision during adaptation was recently confirmed in humans
using functional magnetic resonance imaging (fMRI)
(Miyauchi et al., 2004).

However, the relationship between low-level neural
activities during adaptation and their behavioural conse-
quences remained unclear. One example that may demon-
strate functional plasticity in low-level vision is
perceptual learning. Perceptual learning is defined as
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improvement, with training, of visual (behavioural) perfor-
mance such as visual detection or discrimination (Fioren-
tini & Berardi, 1980; Karni & Sagi, 1991). Perceptual
learning was also found in neurophysiology, demonstrated
by enhanced neuronal activities in a particular receptive
field in the monkey or cat V1, after training of orientation
discrimination tasks (Ghose, Yang, & Maunsell, 2002;
Kapadia, Ito, Gilvert, & Westheimer, 1995; Schoups,
Vogels, Qian, & Orban, 2001). Similar enhancement in
V1 was recently found with human brain imaging (Schoups
et al., 2001; Shwartz, Maquet, & Frith, 2002). As learning
has occurred at retinotopically specific locations, no trans-
fer has been assumed at non-retinotopic locations. Yet, as
described above, Sugita (1996) demonstrated the transfer
of neuronal activities across the visual field from one side
to the other side of the visual field with adaptation. There-
fore, if we assume there is a causal link between neural
plasticity and its behavioural consequences on perception,
especially if we consider Sugita’s (1996) results, it is possi-
ble to expect prism adaptation to induce the transforma-
tion of retinotopic perceptual learning in the other
non-retinotopic side of the visual field.

The goal of this study was to explore the relationship
between perceptual learning and prism adaptation. We
assumed that the effect of perceptual learning on one side
of the visual field could transfer to other side with adapta-
tion. To test this, we set up the combined paradigm of per-
ceptual learning and prism adaptation. First, perceptual
learning of long-range interaction was rapidly induced on
one side of the visual field by a technique which was recent-
ly developed, temporal cueing (Tanaka & Sagi, 2000b).
This technique was applied to Gabor lateral interaction
(Adini, Sagi, & Tsodyks, 1997; Polat & Sagi, 1993, 1994).
Note this type of learning occurs rapidly within hours, sig-
nificantly faster than previous slow learning which tasks
weeks (Polat & Sagi, 1994). Then, we employed prism
adaptation for a week (see Fig. 1). Effects of prism adapta-
tion were tested everyday during the adaptation period
measuring the contrast detection on each side of the visual
field. Furthermore, persistence of prism adaptation was
examined after adaptation. We found that prism adapta-
tion produced the transfer of retinotopic perceptual learn-
ing from one side of visual field to the other. The effect
persisted for months, demonstrating an involvement of
visual plasticity.
2. Methods
2.1. Visual stimuli

Visual stimuli were generated as grey modulation on a 17-in. colour
monitor (Sony Inc., Trinitron Multiscan 17se II, Tokyo, Japan). The video
format was 60.0-Hz non-interlaced refresh rate (VSINC, HSINC =
48.3 kHz) with a resolution of 1024 · 768 pixels occupying a visual area
of 17.8 (vertical) · 10.9 (horizontal) degrees. The stimulus generation
was controlled by a graphic board (Radeon 7200, ATI technologies Inc.
Ontario, Canada) with 10-bit luminance resolution, which was Gamma
corrected. The images were controlled by a conventional Pentium II pro-
cessor (Intel, Co., Ltd, California USA). The stimuli consisted of Gabor
patches defined as a spatial luminance distribution described by:

GSðx; y; tÞ ¼ cos½2p=kfðx� x0Þ cos hþ ðy � y0Þ sin hg� exp½�fðx� x0Þ2

þ ðy � y0Þ
2g=r2�T ðt � t0; duÞ: ð1Þ

The location of the GS is determined by x0 and y0, the initial time present-
ed t0 = 0, its duration du, its orientation h (in radius), and wavelength x.
The standard deviation of the Gaussian envelope is given by r = 1/x, and
T (t) for the temporal square pulse function. The stimuli used in the exper-
iment were x = 5 cycles per degree (cpd) and r = k = 0.2 degrees, which
were kept constant. The luminance distribution of the three GSs is de-
scribed by:

Iðx; y ;tÞ ¼ I0 þAtGSðx; y; tjx0; y0;tÞ þAf1GSðx; yjx0; y0 þ y1;tÞ
þAf2GSðx; yjx0; y0 þ y2;tÞ: ð2Þ

with At representing the target amplitude and Af(1,2) representing those of
the two flankers. The flanker amplitudes Af(1,2) in all the experiments were
31% of the mean luminance (0.31I0) and the background luminance
I0 = 30 cd/m2. Under non-flanker conditions, Af(1,2) = 0, only the target
GS was presented. The target GS was presented on one side (left or right)
of the visual field on the horizontal meridian with an eccentricity of 3.2
degrees. The flanker GSs were presented both above and below the target
at an equal distance defined by k. Both target and flanker orientations
were vertical in the collinear configuration. The target orientation was ver-
tical and the flanker orientation was horizontal in the orthogonal config-
uration. Four peripheral crosses (Fig. 1), which were presented at each
quadrant at a diagonal direction of ±45 deg at a distance of 7.2 degrees
from the central spot (size: 0.46 by 0.46 deg, luminance: 60 cd/m2) served
as the temporal cue. The local orientation of the peripheral crosses was
randomized between 0 and 90 degrees on each trial to reduce possible spa-
tial attention effects to fixed cues. Fixation was maintained on a central
white circle throughout the trial (luminance: 60 cd/m2 and diameter:
0.34 degrees). Each stimulus was viewed binocularly in a dark room.
The observation distance was 100 cm. A chin-head rest (Eye Instruments,
Handaya Co., Ltd., Tokyo, Japan) was used to minimize the subjects’
head motion as well as misalignment of their head positions relative to
the video display. This was particularly important to reduce the noise from
visuomotor discordance during adaptation.

2.2. Goggles

The prism goggles were hand-made using two right-angled (dove)
prisms made of acrylic resin. The prisms were attached to balsa wood
carved to match the shape of each subject’s nose and forehead. This was
done to place the prism in front of each eye precisely and to obtain accu-
rate reversed optical images for each subject. A rubber band was used to
tightly fix the prisms and the balsa on each subject’s head. A right-left
reversed image was obtained with the right-left reversing goggles. The ret-
inal images were reversed mirror symmetrically (from left to right and vice
versa) across the vertical meridian. Upside-down reversing goggles were
made of one dove prism that covered both the left and right eyes. The
viewing angles extended 65 degrees vertically and 71 degrees horizontally
for the right-left reversing goggles and 80 degrees vertically and 40 degrees
horizontally for the upside-down reversing goggles.

2.3. Participants

Nine volunteers participated in the experiments. All subjects were free
of pathology related to the senses or the nervous system, and had normal
(KM, NO, YD, KI, HH, and MI) or corrected-to-normal (AS, TF, and
YT) visual acuity with spectacles on a routine clinical ophthalmologic
measure using an auto kerato-refractometer (KR-8100, Topcon, Japan).
Subjects, except YT (the first author), were college students who were
naı̈ve in terms of the purpose of the experiment. Informed consent was
acquired from all subjects following procedures in accordance with the



Fig. 1. (a) Time course of combined paradigm of learning and adaptation. The upper part shows the paradigm of learning and the lower part shows the
paradigm of adaptation. Both went parallel from day 1 to day 91. In the pre-adaptation period (day 1), fast learning was induced by practice with temporal
cues. Prism adaptation was employed with wearing the reversing goggles on days 2–6. Our assumption was that adaptation would produce the transfer of
learning from on one to the other side. To examine the effect of learning and adaptation, detection threshold was measured on each side of the visual field
every day. In the post-adaptation period (days 7 and 91), the goggles were removed and the detection threshold was measured 1.5 h after as well as 3
months after adaptation. (b) Sequence of temporal cueing. A temporal cue (high-contrast peripheral crosses, eccentricity of 7.2 degrees) was presented for
100 ms in each quadrant, followed by a blank background (delay period), and target and flanker GSs presented simultaneously for 100 ms on one side of
the visual field. Subjects fixated at the centre of the screen (fixation spot) throughout trials. SOA was defined by the difference between the onset of the cue
and the onset of target presentation (Section 2). In the figure, r and k are not equal for demonstration purpose. Training with temporal cues was done to
induce fast perceptual learning. (c and d) Detection sensitivity during pre-adaptation period. Data from seven subjects (KM, NO, YD, HH, MI, KI, and
AS) were averaged and presented (c) for the trained and (d) untrained side of the visual field. The error bars indicate standard errors of the mean (SEM,
this and succeeding graphs) derived from approximately 1400 trials of the temporal 2AFC task. (c) The threshold reduced with temporal cues (indicated by
an arrow) on the trained side, which persisted after cueing (Post), thus learning effect was preserved. (d) No threshold reductions occurred on the untrained
side without temporal cues.
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1964 Declaration of Helsinki, which was approved by the Ethical Commit-
tee of the National Institute of Information and Communications
Technology.

2.4. Procedures and task

Contrast sensitivity was determined by a standard two-alternative tem-
poral forced choice (2AFC) procedure, in which the target GS was flashed
for 100 ms at one of the stimulus intervals presented sequentially. A trial
began with a presentation of a small fixation circle (0.5 degrees in diame-
ter) at the centre of the screen. By pressing a key, the subjects activated a
trial sequence that followed (1) a non-stimulus interval (randomized with-
in a range of 1000 ± 500 ms to reduce the timing effect), (2) a first stimulus
interval, (3) a no stimulus interval (randomized within a range of
1000 ± 500 ms), and (4) a second stimulus interval. The presentation of
the target GS was intermixed between the first and second stimulus inter-
vals on each trial. In the temporal cueing task, both (5) cue intervals
(100 ms) and (6) another non-stimulus interval (200–600 ms) were intro-
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duced between (1) and (2) as well as (3) and (4). The difference in onset
between the cue and target intervals was defined as stimulus onset asyn-
chrony (SOA), and optimized for each subject (see below). After the trial
sequence, subjects were asked to determine which stimulus intervals con-
tained the target by pressing one of the keys. Auditory feedback by means
of a keyboard bell was given immediately for erroneous responses. Using
the staircase method, the target amplitude (At) was increased by 0.1 log
units in trials following an erroneous response, and decreased by 0.1 log
units following three consecutive correct responses. As each block consist-
ed of approximately 50 trials, the staircase took approximately 5 min to
complete. The staircase sequence was terminated after eight amplitude
reversals (a block of trials) with the last six amplitudes averaged, yielding
a threshold estimate. The threshold elevation was calculated relative to the
detection threshold of the target GS in the absence of a cue GS (non-cue
conditions). The amplitude of the target (At) was initially set at about 1.5
times the threshold contrast attempting to reduce such effects as the per-
ceptual memory of low-contrast signals from previous trials or blocks
(Tanaka & Sagi, 1998). Each threshold was estimated four to six times
by averaging them as well as calculating the standard errors. Three exper-
iments were employed in each experimental period of (1) pre-adaptation,

(2) adaptation, and (3) post-adaptation. (1) Pre-adaptation: On day 1,
perceptual learning was carried out during this period on one side of the
visual hemifield, either left or right depending on the subjects, without
them putting on the reversing goggles. The side was fixed to that of the
subdominant eye for each subject. A fixed visual field was used to reduce
spatial uncertainty about target detection in the parafovea (Pelli, Palo-
mares, & Majaj, 2004). The learning sessions consisted of pre-learning,

learning, and post-learning sessions. In the pre-learning session, thresholds
were estimated for (a) a single GS target (non-flanker conditions) and (b) a
GS target with two GS flankers (flanker conditions) located at a distance
of 6k on each side of the visual field at a target eccentricity of 3.2 deg for
the collinear and orthogonal configurations. The temporal cueing para-
digm was used in the learning session. The temporal cue preceded the
GS target and collinear flankers (simultaneously presented for 100 ms)
on one side of the visual field with a flanker distance of 9k. Note that
the flanker-target distance (9k, 1.8 degrees) was set to be outside the crit-
ical range of crowding effects (Bouma, 1970). Previous studies have dem-
onstrated that long-term learning can be rapidly acquired by repeating
optimally primed temporal signals (Tanaka & Sagi, 2000a, 2000b). The
cue-lead time (SOA) was determined for each subject where individual
subjects exhibited a minimal detection threshold in detecting the target.
Different magnitudes of SOA (200, 300, 450, and 600 ms) were tested.
The SOA that gave the minimum detection threshold was chosen as the
one for optimal temporal cueing for each subject and used for the practice
session (Fig. 1b). Practice was carried out by repeating the temporal cue-
ing task for approximately 30–60 min. Thresholds in the post-learning ses-
sion were measured again for the flanker conditions with collinear and
orthogonal configurations as well as non-flanker conditions without using
temporal cues. (2) Adaptation: Prism adaptation started with subjects
wearing the reversing goggles. Seven participants wore them (Fig. 1); four
(KM, NO, HH, and MI) wore the right-left reversed goggles, and three
(YD, KI, and AS) wore the upside-down reversed ones. Two participants
(YT and TF) did the experiments without goggles. They continuously
wore the goggles for either five (KM, NO, YD, YT, and TF) or six
(HH, MI, KI, and AS) consecutive days except for the sleep period (blind-
folded) and experimental sessions. Participants started to wear the goggles
immediately after pre-adaptation, and spent several hours with them on
before their first night’s sleep. The experiment began the following morn-
ing (day 2). The subjects’ hands were hidden behind a black box during the
experiment in an attempt to minimize visuomotor discordance. The gog-
gles were removed during the experimental session, which were worn again
after the session terminated. The experiments were carried out every day
throughout the adaptation period. (3) Post adaptation: On the last day
(day 6), the goggles were taken off and prism adaptation was tested. This
was done to evaluate the short-term after effects of adaptation. The thresh-
olds were also measured three months (91 days) after the goggles were tak-
en off to evaluate the long-term after effects of adaptation. Both flanker
and non-flanker conditions were tested.
3. Results

One typical way of conducting an adaptation experi-
ment is to compare performance during each period of
adaptation. Behavioural modification using prism adapta-
tion can provide an estimate of the transition of perceptual
plasticity. Here, we set up three experimental periods: I. A
pre-adaptation period in which perceptual learning was
induced on one side of the visual field (conducted on the
first day) II. An adaptation period in which subjects wore
reversing goggles (one week) III. A post-adaptation period
in which the subjects removed the goggles and the after-
effects were tested (a) about 1 h, and (b) three months after
adaptation (see Fig. 1a).

3.1. Pre-adaptation: perceptual learning of long-range

interaction

The pre-adaptation period consisted of pre-training,
training, and post-training sessions (upper part of
Fig. 1a). Long-range interaction was tested in the pre-train-
ing session. This interaction is defined as detection thresh-
old facilitation in Gabor lateral masking. It is well known
that the detection threshold of the target decreases (i.e.,
facilitation) when there are two flanking Gabor signals that
have identical orientation to the target (Polat & Sagi,
1993). The effect is limited within a certain range of space
or flanker distance, usually within six times the wavelength
or k. Here, we examined whether detection facilitation
occurred on one side of the visual field (i.e., right) with a
target eccentricity of 3.2 degrees (parafovea). Fig. 1b illus-
trates the configuration: Gabor patches were positioned
vertically. There was no facilitation at flanker distance 6k
(0.05 ± 0.03 log units, mean ± standard error, n.s., paired
t-test, seven subjects). This is consistent with some of pre-
vious results of lateral interaction in periphery (Giorgi,
Soong, Woods, & Peli, 2004; Shnai & Sagi, 2005; see Sec-
tion 4). We attempted long-range interaction to extend
the vertical direction (upper and lower sides) with practice.
Temporal cueing was used to induce fast learning of lateral
interaction (Tanaka & Sagi, 2000b). With this technique,
priming visual signals or temporal cues are given prior to
the appearance of the target, which facilitates its detection
with appropriate timing (Posner & Boies, 1971; Tanaka &
Sagi, 1998, 2000a). The thresholds were measured for all
subjects using temporal cues with SOA chosen from 300,
400, 500, or 600 ms. Maximal facilitation was found at
an average SOA of 371 ± 15 ms (mean ± SEM) from seven
subjects, consistent with our previous study (Tanaka &
Sagi, 2000a). Note that as SOAs effective for maximal facil-
itation differed across subjects, we used different SOAs
depending on each subject (range: 300–500 ms). Assuming
this temporal cueing would be effective for perceptual
learning (Tanaka & Sagi, 2000b) we used this technique
to induce perceptual learning on one side of the visual field
(i.e., left). Under flanker conditions, training was done for
the target with flankers. The flanker distance was set to 9k
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where no detection facilitation had been found before
training. Practice with temporal cues produced perceptual
learning of long-range interaction in periphery. The detec-
tion threshold decreased by 0.14 ± 0.01 log units on the
trained side within an hour (seven subjects, p < 0.0001,
paired t-test, Fig. 1c). Immediately after training, the inter-
action was tested at a flanker distance of 6k without tempo-
ral cues. Facilitation was preserved on the trained side with
a magnitude of 0.13 ± 0.02 log units (seven subjects,
p < 0.0001, paired t-test, Fig. 1c) whereas no facilitation
was found on the untrained side (0.03 ± 0.04 log units,
n.s., paired t-test, Fig. 1d). There were no significant differ-
ences under the non-flanker conditions between pre- and
post-training sessions (i.e., 0.02 ± 0.01 log units on the
trained side, and 0.001 ± 0.01 log units on the untrained
side, both n.s., paired t-test), ensuring that it was indeed
lateral interaction, not the detection threshold, which had
improved in training (Adini et al., 1997; Polat & Sagi,
1994). These results demonstrate that practice with tempo-
ral cueing produced an extension of long-range interaction
in periphery, which is specific to the retinotopic visual field.
This is in accordance with previous lateral masking studies
in fovea (Adini et al., 1997, Adini, Sagi, & Tsodyks, 2002;
Polat & Sagi, 1993, 1994; Tanaka & Sagi, 2000b). In the
following period, we assumed no further learning because
only one flanker distance (6k) was used for the rest of the
period. It is well known that testing various flanker distanc-
es is necessary to achieve learning of long-range interaction
(Adini et al., 1997; Polat & Sagi, 1994). Therefore, the rest
of the period can also be defined as the post learning period
(Fig. 1a).

3.2. Adaptation: transfer of learning

The adaptation period was the next step. Subjects were
exposed to a natural environment wearing the reversing
prism goggles from days 2 to 7 (Lower part of Fig. 1a,
see Section 2.4). During this period, the detection threshold
of the Gabor target was measured every day with (flanker
conditions) and without flankers (non-flanker conditions).
Both trained and untrained visual fields were tested. Note
the goggles were temporally removed during the experi-
mental session (see Section 2). The question was whether
the retinotopic learning effect transferred to the other side
with adaptation.

Fig. 2a and b illustrate the performance during pre-,
during, and post-adaptation periods. The thresholds both
on the trained and untrained sides are plotted against the
experimental periods (days). Note that the data on days 0
and 1 indicate thresholds during pre- and post-training
sessions, respectively. The threshold increased on days 2
to 4 due to noise from visuomotor discordance, possibly
due to external noise from the vestibulo-ocular reflex
(VOR, Gonshor & Melvill-Jones, 1976) in the initial
adaptation phase. Indeed, three participants reported
feelings of jitter and distortion in the visual field during
this period. Despite that, the threshold decreased under
flanker conditions was maintained on the trained side
(Fig. 2a). This means that perceptual learning persisted
on the trained side during the initial stage of adaptation.
Fig. 2b illustrates the untrained side. Threshold began to
decrease on day 3 towards the end of adaptation while
non-flanker (control) conditions yielded to maintain a rel-
atively high threshold. To demonstrate net-facilitation,
data were re-plotted in terms of threshold elevations.
On day 2, the magnitude of facilitation was
�0.12 ± 0.01 log units (threshold reduction: four subjects,
p < 0.0001, paired t-test) on the trained side (Fig. 3a),
while there was no facilitation (�0.01 ± 0.01 log units,
n.s., paired t-test) on the untrained side. Facilitation on
the trained side remained throughout the adaptation ses-
sion. Facilitation on the untrained side started on day 3,
and persisted throughout the adaptation period increas-
ing with a magnitude of 0.13 ± 0.02 log units
(p < 0.001, paired t-test, four subjects) from days 3 to 6
(Fig. 3b). These results demonstrate that the learning
effect on the trained side was persistent, while it trans-
ferred to the untrained side during the course of adapta-
tion. If there is traditional perceptual learning with
repeating lateral interaction, threshold would reduce
day by day. However, facilitation by mere repetition of
task was not observed; no systematic threshold reduction
was found with repeated tasks in this period. Threshold
decreased, increased, or unchanged on days 2 and 3.
Only on day 4 thresholds reduced in each visual field
independent of goggle type, but the trend disappeared
on the next day. Therefore, we consider no perceptual
learning with repeating tasks.

One of the important characteristics of right-left
reversed images is their spatial layout, i.e., symmetry.
The right-left symmetrical structure across the vertical
meridian is often referred to as mirror symmetry (Barlow
& Reeves, 1979; Dakin & Watt, 1994). In previous stud-
ies, transfer was found by accident between the loci,
which composed a mirror symmetrical layout across the
vertical meridian (Sugita, 1996). Here, we tested whether
the locus of transfer was mirror symmetrical between the
left and right visual fields. First, perceptual learning was
induced on one side (3.2 deg. eccentricity) and we tested
whether it transferred to the opposite side at eccentrici-
ties of 2.6 deg, 3.2 deg (symmetrical locus), and 3.8
deg. Two subjects participated in this experiment. The
learning effect (facilitation on day 1: �0.17 ± 0.03 log
units, p < 0.01, paired t-test, two subjects) transferred
to the mirror symmetrical locus at a 3.2 degree eccentric-
ity (average facilitation from days 4 to 6: �0.12 ± 0.01
log units, p < 001, paired t-test, two subjects), while there
was no transfer at the asymmetrical locus (average facil-
itation: �0.02 ± 0.01 log units, n.s. paired t-test) at an
eccentricity of 2.6 degrees, and �0.04 ± 0.01 log units
at an eccentricity of 3.8 degrees, respectively. These
results indicate that the transfer was specific to the mir-
ror symmetrical area within ±0.6 degrees of the spatial
zone across the vertical meridian.



Fig. 2. Detection sensitivity in pre-, during, and post-adaptation periods using right-left reversing goggles. Days 0 and 1 specify the pre-adaptation period
(indicated by ‘‘Pre’’). Days 2 to 6 designate the adaptation period when the goggles were worn (note the goggles were taken off during the experimental
session). The adaptation periods, in these and following graphs, are illustrated in the region between the two dotted lines (the area indicated by
Adaptation). Days 7 and 9 indicate the post-adaptation period when the goggles were removed (indicated by ‘‘Post’’). The data for day 9 were from the
experiments employed three months (91 days) after adaptation. The thresholds under (i) flanker (bold line) and (ii) non-flanker conditions (dotted line)
were plotted according to (a) the trained side and (b) the untrained side of the visual field. (c and d) The detection sensitivity (threshold) was plotted using
the upside-down reversing goggles for the (c) trained and (d) untrained side. Each point has been averaged from approximately 600 to 800 trials. Arrows in
(a and c) indicate perceptual learning. An arrow in (b) indicates the transfer of learning.
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3.3. Post adaptation: learning persistence

To test the persistence of learning and its transfer during
the post-adaptation period, the same type of experiment
was repeated 1.5 h after the goggles were removed. The
results on day 7 are plotted in Fig. 2a and b, in which facil-
itation was persistent on the trained side with a magnitude
of 0.13 ± 0.08 log units (p < 0.01, paired t-test, four sub-
jects). This indicates that learning was preserved after
adaptation. Facilitation on the untrained side was also per-
sistent with a magnitude of 0.12 ± 0.01 log units (p < 0.001,
paired t-test, four subjects), indicating that transfer was
preserved (Fig. 3a and b). We employed the same experi-
ment three months after adaptation to examine the long-
term effects. Both learning and transfer existed three
months after adaptation. Facilitation remained both on
the trained and untrained sides with a magnitude of
0.18 ± 0.02 (p < 0.0001) and 0.16 ± 0.02 (p < 0.0001, both
paired t-tests, four subjects) log units at a distance of 6k.
This demonstrates the consolidation of both learning and
transfer effects with identical magnitude. We also tested
other flanker distances ranging from 3 to 16k. Facilitation
was found up to 16k on the trained side (0.11 ± 0.03 log
units, p < 0.01, paired t-test, four subjects, Fig. 4a) as well
as on the untrained side (0.10 ± 0.03 log units, p < 0.01,
paired t-test, four subjects, Fig. 4b), ensuring that extended
interaction was preserved both on the trained and the
untrained sides.



Fig. 3. Normalized threshold from Fig. 2(a–d) based on non-flanker conditions (threshold elevation). It is clear from (a) that facilitation persisted on the
trained side during and after adaptation to right-left reversal, while (b) facilitation appeared on the opposite side after a few days of adaptation. Arrows in
(a and c) indicate perceptual learning. An arrow in (b) indicates the transfer of learning.
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3.4. Upside-down reversal, and no reversal without goggles

Up to this stage, we have demonstrated that perceptual
learning indeed transferred with prism adaptation to right-
left reversed images. One aspect of the spatial recognition
of the visual world associated with our body is visual direc-
tion. Since our eyes are positioned in the upper part of the
head, our visual world is not homogeneous between the
upper and lower visual fields. We were interested in the ver-
tical direction because environmental factors influence
human vision and the body, such as sunlight and gravity.
To test whether the right-left direction was critical for
transfer, the same experiment was carried out by a second
group who wore the upside-down reversing goggles (three
subjects). A learning effect due to temporal cues was also
found on the trained side in the pre-adaptation period,
while there was no facilitation on the untrained side (both
are in Fig. 1c and d; also see days 0 and 1 in Fig. 2c and d).
Facilitation on the trained side was observed throughout
the adaptation period with a magnitude of 0.13 ± 0.02
log units (p < 0.01, paired t-test, three subjects, see
Fig. 3c) while there was no facilitation on the other
untrained side (0.01 ± 0.02 log units, three subjects, n.s.;
paired t-test, see Fig. 3d). This indicates that right-left
reversal, but not upside-down reversal, was the crucial fac-
tor in the mirror symmetrical transfer of learning. The
learning effect was persistent on the trained side after sev-
eral months with a magnitude of 0.12 ± 0.04 log units
(three subjects, p < 0.01, paired t-test, Fig. 3c), while there
was no effect on the untrained side (�0.04 ± 0.04 log units,
n.s., paired t-test, three subjects, Fig. 3d). Manipulating the
flanker-target distance also revealed extended long-range
interaction at 6 to 16k on the trained side (average
0.11 ± 0.05 log units, p < 0.01, paired t-test, three subjects,
Fig. 4c) while there was no interaction at distances longer
than 9k on the untrained side (0.02 ± 0.05 log units, n.s.,
paired t-test, three subjects, Fig. 4d), ensuring that learning
of long-range interaction was restricted in the retinotopic
area without transfer. To examine the effect of adaptation,
i.e., the effect of a restricted visual field with goggles, the
same experiment was employed without goggles on two
subjects (YT and TF). Rapid learning was only attained
on the trained side (0.16 ± 0.03 log units, p < 0.01, paired
t-test, two subjects). The learning effect persisted for 5 days
without goggles (0.13 ± 0.02 log units, p < 0.01, paired t-
test, two subjects) and survived after three months. There



Fig. 4. The persistence of long-range interaction three months after prism adaptation. The threshold elevation was plotted against the target-flanker
distance (in k). The top two panels (a and b) reveal the results from the right-left reversed inputs and the bottom two panels (c and d) from the upside-
down reversed images. Distance 0 denotes the control (non-flanker conditions). Extended facilitation was persistent both (a) on the trained and (b)
untrained sides with adaptation to right-left reversal, indicating that the effects of learning and transfer spread to shorter distances than 3k as well as longer
distances up to 16k. A similar extension was found with adaptation to upside-down reversal (c) on the trained side, but (d) not to longer distances on the
untrained side. Note that learning with cueing was conducted with a flanker distance of 9k. Arrows in (a and c) indicate perceptual learning. An arrow in
(b) indicates the transfer of learning.
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was no facilitation on the untrained side of the hemifield
(0.03 ± 0.03 log units, n.s., paired t-test, two subjects) dur-
ing practice or after prism adaptation, indicating there was
no transfer of learning when the goggles were not used.
Therefore, the results reveal the size of the visual field
had no effect during adaptation.

The results demonstrated that perceptual learning
occurred on the trained side irrespective of whether goggles
were worn, whereas transfer only occurred across the visual
field with adaptation to right-left image reversal. Right-left
transfer did not occur with upside-down reversal or with-
out image reversals. These results reject the hypothesis that
simple repetition of the task during the adaptation period is
the main factor responsible for transfer. Rather, the results
point to the fact that adaptation to right-left reversal was
indeed the critical factor to induce transfer.
3.5. Orientation selectivity

We next examined orientation specificity, which is
known to be a basic feature achieved in the primary visual
cortex of primates (Hubel & Wiesel, 1968) as well as
humans (Fiorentini & Berardi, 1980). Lateral interaction
was strongest with the collinear configuration where the
local Gabor orientation and global axis direction were
identical (Polat & Sagi, 1993). However, a previous adapta-
tion study demonstrated that there was no orientation
specificity after adaptation (Sugita, 1996). Here, we tested
orientation specificity by comparing a collinear configura-
tion with an orthogonal configuration (Polat & Sagi,
1993, 1994) where the orientation of the flanker GS was
horizontal while the target orientation remained vertical.
The results obtained from two participants (HH and MI)



Fig. 5. Results for orthogonal configuration. The threshold elevation was plotted for the pre-, during, and post-adaptation periods. The results are for the
trained and untrained sides, with the right-left reversing goggles (a and b) and the upside-down reversing goggles (c and d). There was no facilitation
during the pre-adaptation period. Facilitation occurred after a few days of adaptation to right-left reversal, but disappeared in the post-adaptation period.
Facilitation was found with adaptation to upside down reversal, but also disappeared after adaptation. The details are described in the text.
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indicated that there was no facilitation after practice with
temporal cues (see day 1 in Figs. 5a and b), demonstrating
that orientation specificity was preserved for learning, in
accordance with the previous studies (Polat & Sagi, 1994;
Tanaka & Sagi, 2000b). During the adaptation period,
the detection threshold increased by 0.09 ± 0.04 (p < 0.05,
paired t-test) log units on day 2, and decreased significantly
on days 4 and 5 both on trained (�0.17 ± 0.03 log units,
p < 0.001, paired t-test, Fig. 5a) and untrained sides
(�0.2 ± 0.02 log units, p < 0.001, paired t-test, Fig. 5b).
Facilitation was thus found on both sides (Fig. 5c and d).
There are two possible factors responsible for facilitation.
The first is loss of orientation specificity in early visual pro-
cessing. This suggests the involvement of high-level visual
processing such as that in the parietal cortex during adap-
tation, i.e., feeding back to V1, as was discussed in Sugita
(1996). The other factor could be visual motor discordance
during adaptation. The misalignment of the direction of
the head may have produced noise in terms of body direc-
tion, which could have caused disturbances in the visuomo-
tor recalibration process during adaptation (Gonshor &
Melvill-Jones, 1976). This can interfere with orientation
selectivity. For the moment, we cannot determine which
one was a main factor. Nevertheless, facilitation disap-
peared after adaptation. This indicates that orientation
selectivity recovered during the post-adaptation period
after visual-motor coordination was restored, suggesting
that perceptual learning at early stages of visual processing.

4. Discussion

The principal aim of our study was to find the causal
link of perceptual learning and prism adaptation. For this,
we devised the paradigm of combination of perceptual
learning and adaptation. First, we used the novel technique
of temporal cueing to achieve fast learning on one side of
the visual field. Prism adaptation was employed using the
reversing goggles. We found direct evidence that prism
adaptation indeed changed the visual functional process.
Perceptual learning, demonstrated by local contrast thresh-
old improvements on one side of the visual field, trans-
ferred to the other side with adaptation to left-right
reversed retinal images. Since Stratton (1896), numerous
researchers have argued that human visual perception is



Y. Tanaka et al. / Vision Research 47 (2007) 1350–1361 1359
reversed with adaptation to reversed retinal images. How-
ever, these were mostly based on introspective reports by
subjects or indirect cognitive tests, and there has been little
evidence in relation to functional aspects of perception
based on visual performance. In the current study, we dem-
onstrated, for the first time, that improved visual contrast
sensitivity, which is a typical psychophysical measurement,
transferred across the visual field with prism adaptation.
Our result points to the fact that a functional plastic pro-
cess is indeed involved during the course of prism adapta-
tion, indicating that perceptual functionality and neuronal
plasticity are closely correlated (Sugita, 1996).

Second, this study extends the scope of perceptual learn-
ing beyond the field of retinotopy. Previous studies on per-
ceptual learning had been limited by local visual fields, i.e.,
the receptive field (RF), which mostly occurs in V1 based
on the effective range, if the commitment of high-level com-
ponents such as attention or working memory is limited
(Hochstein & Ahissar, 2002, review). The learning effect
transferred across the visual field, demonstrating that the
limitation with retinotopy was overcome by means of
prism adaptation. The transferred distance was 6.4 degrees,
much farther from the receptive field properties in V1. This
is probably because the prism adaptation process activates
a vast range of visual fields, i.e., through symmetrical inter-
action with reversed images, producing communication
across visual fields. We will argue this further in the follow-
ing discussion.

Another remarkable characteristic found in the current
study was persistence. The effect of prism adaptation have
been reported to disappear after a certain time, usually
within minutes (e.g., Sugita, 1996 and Miyauchi et al.,
2004), with one exception that demonstrated long-term
persistence with neglect patients (Rossetti et al., 1998). Per-
ceptual learning was rapidly induced within an hour, which
was significantly faster than the time course of convention-
al perceptual learning (Adini et al., 1997; Polat & Sagi,
1994 etc.). Here, e assumed that learning occurred with
temporal cues. Test was done without temporal cues during
the adaptation period, therefore no learning should not be
produced during this period. Learning persisted during the
adaptation period. Moreover, both learning and transfer
persisted in normal humans for as long as three months.
Although long-term persistence has been often found in
the literature on perceptual learning (Karni & Sagi, 1991;
Polat & Sagi, 1994; Tanaka & Sagi, 2000b), it is surprising
that the transfer of learning with adaptation persisted as
much. The difference between the short-term and long-term
characteristics of learning may lie in different processes
concerning adaptation, the former being the visuomotor
link (Andersen, 1997; Kitazawa, Kimura, & Uka, 1997;
Sekiyama, Miyauchi, Imaruoka, Egusa, & Tashiro, 2000)
and the latter being low-level visual processing (Adini
et al., 2002; Karni & Sagi, 1991; Polat, Mizobe, Pettet,
Kasamatsu, & Norcia, 1998). This tendency is consistent
with the previous findings by Sugita (1996) where the
effects persisted for several months, suggesting some feed-
back process from higher cortical area to the lower areas
for the transfer.

What is the possible mechanism underlying such trans-
fer of learning? One aspect of our findings was that learn-
ing transferred to the mirror symmetrical region across the
vertical meridian. This is in accordance with the fact that
the early visual function is based on the symmetrical layout
of the representation of space (Barlow & Reeves, 1979;
Dakin & Watt, 1994). In our study, as in Sugita (1996),
the eccentricity where learning and transfer took place
was 3.2 degrees to the left or right of the vertical meridian,
which consisted of a mirror symmetrical configuration.
There was no transfer at the asymmetrical locus, which
shifted more than one degree from the symmetrical locus.
Since these symmetrical receptive fields in V1 with an
eccentricity of 3.2 degrees revealed no anatomical commis-
sural connections (Clarke & Miklossy, 1990; Horton &
Hoyt, 1991), the results suggest that the transfer of percep-
tual learning is acquired by a neuronal connection that pro-
jects from the right to the left (or vice versa) visual cortices
outside V1 (corpus callosum: Van Essen & Mauncell,
1983), probably through V2 or V3 (Abel, O’Brien, & Ola-
varria, 2000; Misaki, Miyauchi, Tanaka, & Hashimoto,
2005). This is consistent with the findings on fMRI activi-
ties during prism adaptation for reversed images in MT
(Miyauchi et al., 2004) and V3 using mirror symmetrical
images (Misaki et al., 2005; Tyler et al., 2005; Tanaka,
Miyauchi, & Misaki, in press). The right-left symmetrical
structure in early vision has previously been argued to
contain information on ‘‘bi-orientedness’’ (Welch, 1978).
Rollenhagen and Olson, 2000 found neural activation for
mirror symmetrical images such as ‘‘b’’ and ‘‘d’’ although
they found it at the high-level processing stage of the
inferotemporal cortex. One model to explain our findings,
therefore, would be that visual plasticity or memory traces
of Gabor long-range interaction at one side of the visual
field was produced at relatively high stages of visual pro-
cessing, i.e., V3 or higher areas which have trans-cortical
connection. The memory traces of long-range interaction
achieved by learning might transfer across the opposite side
of the visual field via prism adaptation to the mirror sym-
metrical regions. Since the long-lasting memory traces were
orientation specific, there must be a feedback process from
the higher areas to early visual areas such as V1. The find-
ing that there is no transfer across the upside-down direc-
tion is in accordance with the previous findings of mirror
symmetrical connection between the right and left cortices
(Miyauchi et al., 2004). This is consistent with Linden,
Kallenbach, Heinecke, Singer, and Goebel, 1999 where
there was no change in the visual cortex with adaptation
to 180 degrees of rotated vision.

Finally, we argue psychophysical lateral interaction in a
non-fovea area. Lateral interaction in periphery was con-
troversial in the literature. Long-range interaction in
periphery was reported indeed (Polat & Sagi, 1994; Giorgi
et al., 2004), however, sometimes subjects did not show
facilitation (Giorgi et al., 2004; Shnai & Sagi, 2005), and
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sometimes there was no facilitation at all (Williams & Hess,
1998; Zenger-Landolt & Koch, 2001). The range of facilita-
tion differed between eccentricities of 2 to 6 degrees (Giorgi
et al., 2004; Levi, Hariharan, & Klein, 2002; Polat & Sagi,
1994; Shnai & Sagi, 2005). The main reason for such incon-
sistency might be due to different attention manipulation
across subjects, and across experimental designs, during
task operation. It seems that using the temporal, but not
spatial 2AFC task is necessary for peripheral facilitation
(Giorgi et al., 2004; Zenger-Landolt & Koch, 2001). In
our experiment, the temporal 2AFC paradigm was used.
We took spatial care of manipulating attention, namely
of its temporal factor. We used temporal cues to focus
attention within a specific time window. Repeating the task
with temporal cues produced facilitation, possibly via feed-
back from the high level attention (Tanaka & Sagi, 2000a).
As for the spatial factor, we presented the four peripheral
crosses at each quadrant in each target display (Fig. 1b).
Target and flanker Gabor signals were always presented
on one side of the visual field within sessions (similar to
Giorgi et al., 2004). Both were done to fix the subject atten-
tion spatially. These manipulations successfully produced
stable facilitation at the flanker distance of 6k at an eccen-
tricity of 3.2 degrees after learning. Note that facilitation
was found at further distance up to 16k as well as at nearer
distances to 3k (Fig. 4). It might be that temporal cues
reduced the effect of crowding in periphery (Bouma,
1970; Levi et al., 2002; Pelli et al., 2004; Shnai & Sagi,
2005). [Considering the target eccentricity of 16k (3.2
deg), crowding effect was expected within target-flanker
distance 8k, which is half eccentricity (Bouma, 1970).]
These results are in accordance with previous results that
attention is concerned in lateral interaction (Freeman, Sagi,
& Driver, 2001; Giorgi et al., 2004; Shnai & Sagi, 2005;
Tanaka & Sagi, 2000a) with a special emphasis of temporal
factors (Giorgi et al., 2004; Tanaka & Sagi, 2000a).

In conclusion, we found the transfer of perceptual learn-
ing across mirror symmetrical regions with prism adaptation
to right-left reversed visual images. Learning of long-range
interaction occurred at relatively early level of visual process-
ing, which is still orientation selective. The learning trans-
ferred to the mirror symmetrical visual areas with
adaptation. This may occur via neuronal communication
at higher stages such as in V3 through cortices. The detail
functional mechanism of the transfer is yet to be determined,
thus further research is necessary to elucidate the relation-
ship between visual plasticity and prism adaptation.
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