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Abstract—This study investigated acquisition of a mirror-
reading skill via imagery training, without the actual perfor-
mance of a mirror-reading task. In experiment |, healthy vol-
unteers simulated writing on an imaginary, transparent
screen placed at eye level, which could be read by an exper-
imenter facing the subject. Performance of this irrelevant
motor task required the subject to imagine the letters in-
verted, as if seen in a mirror from their own point of view
(imagery training). A second group performed the same im-
agery training interspersed with a complex, secondary spell-
ing and counting task. A third, control, group simply wrote
the words as they would normally appear from their own
point of view. After training with 300 words, all subjects were
tested in a mirror-reading task using 60 non-words, con-
structed according to acceptable letter combinations of the
Portuguese language. Compared with control subjects, those
exposed to imagery training, including those who switched
between imagery and the complex task, exhibited shorter
reading times in the mirror-reading task. Experiment Il em-
ployed a 2x3 design, including two training conditions (im-
agery and actual mirror-reading) and three competing task
conditions (a spelling and counting switching task, a visual
working memory concurrent task, and no concurrent task).
Training sessions were interspersed with mirror-reading test-
ing sessions for non-words, allowing evaluation of the mir-
ror-reading acquisition process during training. The subjects
exposed to imagery training acquired the mirror-reading skill
as quickly as those exposed to the actual mirror-reading task.
Further, performance of concurrent tasks together with ac-
tual mirror-reading training severely disrupted mirror-reading
skill acquisition; this interference effect was not seen in sub-
jects exposed to imagery training and performance of the
switching and the concurrent tasks. These results unequiv-
ocally show that acquisition of implicit skills by top-down
imagery training is at least as efficient as bottom-up
acquisition. © 2005 Published by Elsevier Ltd on behalf of
IBRO.
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Baddeley and Hitch (1974) proposed a working memory
model to describe the temporary maintenance and manip-
ulation of information in memory. This model and its dis-
sociable sub-components were supported by a large body
of experimental evidence obtained from normal, healthy
volunteers performing dual-tasks. The subjects performed
a main task, concurrently with a secondary task; the
greater the similarities between the two tasks, and presum-
ably of the underlying processing resources, the greater
the interference on performance. This approach allowed
the fractioning of working memory into three major com-
ponents (see Baddeley, 1986, 1992). The phonological
loop, specialized in verbal material, comprises a storage
buffer capable of holding phonological information for one
or two seconds, coupled with an articulatory control process
responsible for refreshing the stored information by sub-vo-
cal, “internal” speech. The visuo-spatial (VS) sketchpad, spe-
cialized in maintaining visual-spatial material, seems to
entail a component involved with color and shape, and
another dealing with location. The central executive com-
ponent, specified as relying on the supervisory attentional
system (SAS) component, as described in Norman and
Shallice’s (1980) model for attentional control of action
(see Shallice, 1988), is required for performance of less
routine tasks dealing with novelty, decision making, resist-
ing temptation, or dealing with danger; it is also involved in
producing willed actions. The dorsal-lateral portions of the
frontal cortex are considered to underlie SAS functions
(Baddeley, 1986; Berman, 1995; Cowey and Green, 1996;
D’Esposito et al., 1995; Fuster, 1984; Petrides et al., 1993;
Roland, 1984).

Working memory is considered critical for performing a
variety of cognitive functions, including reasoning, problem
solving, language understanding and imagery (Baddeley,
1986, 1992; Just and Carpenter, 1992; Malouin et al.,
2004).

Long-term memory may be divided into explicit (or
declarative) knowledge of facts and events, expressed by
the deliberate recollection of information, and implicit (or
procedural) knowledge, which is expressed as improved
performance in previously trained tasks, including percep-
tual and motor skills, habits and priming, without the need
for conscious recollection of prior exposure to such tasks
(Squire and Zola-Morgan, 1991).

Imagery

Imagery corresponds to a dynamic state in which repre-
sentations of perceptions or actions, including those stored
in long-term memory, are reactivated, maintained and ma-
nipulated within working memory, without the actual occur-
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rence of sensory stimulation or of observable motor
performance.

Neuro-imaging (Goldenberg et al., 1989; Le Bihan et
al., 1993; Roland and Gulyas, 1995; Ishai and Sagi, 1995;
Kosslyn et al., 1999a,b; Klein et al., 2000; Lambert et al.,
2002) and electrophysiological studies (Farah et al., 1988)
have shown that visual imagery and visual perception
share functional similarities. For instance, the enactment of
visual imagery, like visual perception, is associated with
activation of the occipitoparietal and occipitotemporal vi-
sual association regions (Roland and Gulyas, 1995; Mellet
et al., 1995; D’Esposito et al., 1997) and the primary visual
cortex (Le Bihan et al., 1993; Kosslyn et al., 1999a; Klein et
al., 2000; Lambert et al., 2002), suggesting that generation
of visual images involves representations associated with
these brain regions. Further, part of the network underlying
imagery includes the prefrontal and the anterior cingulate
cortex (Decety et al., 1992), brain regions that are also
involved in working memory and attention (Roland, 1984;
Smith and Jonides, 1995).

Most studies of imagery involve mental practice aiming
at motor learning (Yaguez et al., 1998). Decety (1996)
showed that imagined and executed actions share neural
mechanisms in part. Vogt (1996) analyzed mediation of
perception—action, showing that the representational basis
for motor control is already formed during model observa-
tion. Mental practice involves repeated motor imagery, i.e.
covert rehearsal of motor performance in the absence of
observable movement, and improves motor performance
(e.g. Vandell et al., 1943; Twining, 1949; Clark, 1960; Feltz
and Landers, 1983; Denis, 1985; Decety, 1996; Yaguez
et al., 1998). These abilities, usually classified as implicit
knowledge, are apparently linked to specific processing
structures and procedures engaged by learning the tasks,
and requiring gradual, cumulative modifications of these
elements, expressed as the facilitated performance of the
skill rather than a detailed verbal report of the procedures
involved (Cohen, 1984). The acquisition of motor skills
may thus include learned connections between stimuli and
responses (e.g. Tulving, 1985).

On discussing skill acquisition by mental practice, De-
nis (1985) noted that “. . . we are confronted with what may
legitimately be considered ‘paradoxical’ effects, in that a
mental activity which apparently does not involve motor
effectors in a direct way nevertheless has a significant,
measurable impact on later motor performance” (p. 7).
This statement underscores a critical issue related to ac-
quisition of implicit knowledge by imagery training: can it
be accounted for purely in terms of top-down-induced
changes in the central structures involved in skill acquisi-
tion by way of their active manipulation in working memory,
or does it require some form of bottom-up peripheral feed-
back? Electrophysiological recordings demonstrate sub-
liminal activation of neuromuscular units during imagined
movement (Jacobson, 1932; Shaw, 1940) with vivid imag-
ery leading to higher levels of subliminal muscular activa-
tion (Shaw, 1940); such activation is sufficient to generate
kinesthetic stimulation capable of providing feedback cor-
responding to the actual movement (Feltz and Landers,

1983; Johnson, 1982; Kohl and Roenker, 1983). These
findings favor the notion that bottom-up processes contrib-
ute to acquisition via motor imagery. However, Kohl and
Roenker (1980; 1983) showed that, to a certain extent, the
performance improvement that follows from motor imagery
involving one limb may be transferable to the contralateral
limb. Further, interference of motor imaging on actual,
future performance may be inhibited by the introduction of
a visually distracting task during imagery enactment (John-
son, 1982). Interpretation of these findings in terms of
proprioceptive feedback is difficult; they favor the notion
that cognitive operations generated during imagery enact-
ment, in a top-down fashion, contribute to the actual per-
formance of the task. The nature of this contribution is not
clear: imagery may help develop motor programs used in
future task performance.

The present investigation aimed to evaluate the hy-
pothesis that imagery training leads to acquisition of im-
plicit knowledge via top-down processes. We examined to
what extent an automatic perceptual skill can be acquired,
i.e. mirror-reading, considered a typical example of implicit
perceptual knowledge (see Cohen, 1984), by means of
imagery enactment alone, without visual feedback that
might contribute to such acquisition. The effect of visual
imagery training with inverted letters embedded in an irrel-
evant motor task on the later performance of a mirror-
reading task was assessed in a group of healthy volun-
teers. Further, considering the critical involvement of work-
ing memory in imagery, and given that it relies on limited
capacity resources (Baddeley, 1986), we also examined
the impact of switching and of concurrent tasks on acqui-
sition of this perceptual skill via imagery. The choice of a
perceptual skill task, as opposed to a motor skill task,
derives from its potential for controlling peripheral visual
feedback associated with the imagery, thus revealing skill
acquisition via top-down processes.

Experiment I. Acquisition of implicit knowledge by
extensive imagery training and impact of a
concurrent task

This experiment included two separate phases: (1) an
imagery training phase in which subjects imagined each
letter of individually presented, correctly written, seven-
letter words; and (2) an actual mirror-reading test, involving
non-words. To assure that during imagery training the
subjects did imagine the letters as being inverted (i.e. as if
seen in a mirror), they performed an irrelevant motor task,
the outcome of which depended on that imagery. Thus, the
subjects simulated the actual motion of writing the imag-
ined letters on an imaginary, transparent screen held at the
eye level, such that the experimenter facing the subject
would be able to read; this task was performed with the
eyes closed, and visual feedback from the hand move-
ments was thus avoided (this procedure will be termed
“simulation”). The outcome of the imagery training was
evaluated in a separate, actual mirror-reading (perceptual
skill) task.
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EXPERIMENTAL PROCEDURES
Subjects

The study group consisted of 30, healthy, right-handed, under-
graduate biology students (15 men and 15 women), enrolled at the
University of Sdo Paulo. Subjects were aged between 19 and 27
years (23.1+2.2), had normal or corrected vision, and had no prior
experience in mirror-reading. All students voluntarily provided in-
formed consent forms to participate in the study. The procedures
were approved by the Ethics Committee of the Biomedical Insti-
tute of the University of Sao Paulo.

The volunteers were assigned to three groups of 10 subjects
each, matched by age, gender and education level.

Training

Subjects were seated individually in front of a computer screen
positioned 57-cm distant at eye level. Seven-letter, Portuguese
words, formatted as 3x4-cm Courier font small capitals, were
individually presented on the computer screen. Subjects were
previously instructed to close their eyes after cache reading and to
perform the simulation. Thus, they imagined the letters as being
inverted, as if seen through a mirror from their own point of view
(imagery training). Keeping their eyes closed assured that the
volunteers did not receive visual feedback during performance of
the inverted-letter imagery task (Group ). Accompanying their
performance, the experimenter confirmed that each letter was
imaged correctly, and assured that the subjects were committed to
the imagery training. The subjects in the “imagery and switching
attention” group proceeded like Group |; however, they also had to
alternate imagery with a spelling and counting task (SC), involving
stating aloud, after writing each single letter, the number of vowels
and consonants already written for the specific word (Group I-SC).
The control subjects were instructed to close their eyes after
cache reading and simulate the motion of writing the word simply
as it would normally appear to them from their own point of view
(Group C).

Subjects simulated writing 100 words per day for three con-
secutive days, totaling 300 words) (see Table 1).

The time taken between the presentation of each word on the
computer screen and the end of the simulation was recorded
(writing time).

Testing

Shortly after the third day of training, testing began. During the
actual mirror-reading test, the subjects individually read mirrored
non-words constructed according to acceptable letter combina-
tions in Portuguese language. Since the Portuguese language has
a transparent orthography, non-words that follow the orthographic
rules may be read directly. Sixty, seven-letter, non-words were
used (see Table 1). Non-words were chosen for this phase to
render the task more difficult. Subjects read each non-word as
quickly and correctly as possible. The time from the presentation
of an inverted non-word to the end of reading was recorded
(reading time).

Table 1. Number and type of stimuli used during three training ses-
sions, one per day, and in a subsequent testing session, run immedi-
ately after training on the third day

Training Testing
Day First Second Third Third
Number of stimuli 100 100 100 60
Stimulus type Words Words Words Non-words

Statistics

Data are expressed as writing time values (mean=S.E.M.) in five
blocks of 20 words for each day of training, over three days, and
of reading time values in blocks of 10 non-words tested. The
results were analyzed using a repeated measures analysis of
variance (ANOVA) with “Group” as the “between subjects” factor,
and “days” and “blocks” as the “within subjects” factors. Post hoc
analysis included the Tukey honest significant differences test.

RESULTS
Training

Fig. 1 shows the latency for the simulation over 3 days of
training. ANOVA revealed significant Group (F2,27=14.74,
P<0.0001), Days (F2,54=137.68, P<0.0001) and Blocks
(F4,108=78.16, P<0.0001) effects, and Group vs Days
(F4,54=10.27, P<0.0001), Groups vs Blocks (F8,108=
6.51, P<0.0001), Days vs Blocks (F8,216=36.17, P<
0.0001) and Groups vs Days vs Blocks (F16,216=6.5,
P<0.0001) interaction effects. Post hoc comparisons re-
vealed that the scores for Groups | (imagery) and I-SC
differed (Group effect, F1,18=9.24, P<<0.01) but paralleled
each other throughout training [Group vs Day (F2,26=
0.81, P>0.40), Group vs Block (F4,72=0.60, P>0.65) and
Group vs Day vs Block (F8,144=0.70, P>0.68) interaction
effects], showing that although the Group I-SC subjects
performed a concurrent task, which led to a substantial
increase in writing times, their acquisition rate for the ability
to simulate writing inverted words was not disrupted. Fur-
ther, the scores of both Groups | and I-SC were signifi-
cantly longer than those for Group C, particularly in the
early stages of task acquisition. This suggests that (1)
previous writing experience promptly transfers to the task
of simulating writing on a imaginary, transparent screen
and benefits its performance (see Fig. 1, Group C scores);
and (2) the use of inverted-letter imagery to simulate writ-
ing demands more time, particularly in the early stages of
task acquisition, reflecting these subjects lack of experi-
ence with this task; however, as training proceeded, the
Groups | and I-SC subjects improved substantially, indi-
cating task acquisition. Interestingly, post hoc analysis also
revealed that the performance of the Group | did not differ
significantly from that of Group C over all five blocks for
day 3 (F1,18=2.41, P>0.10); these findings suggest that
although Group | subjects had to invert letters through
imagery to perform the inverted writing task, while Group C
subjects simply simulated ordinary writing, both groups
achieved the same level of performance. Group I-SC ex-
hibited the longest training latencies. In addition to simu-
lating writing through visualization of inverted letters, sub-
jects in this group performed the additional task of stating
aloud, after writing each letter, the number of vowels and
consonants already written.

Note that Group | reached a level of performance
equivalent to Group C by the end of the training phase (Fig.
1); this shows that the Group | subjects reached a profi-
cient and asymptotic level of performance, having mas-
tered inverted-letter imagery for simulating writing. Further,
although Group I-SC subjects switched between the per-
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Fig. 1. Mean (£S.E.M.) writing times per word (in seconds) for imagery and simulation of writing inverted words (Groups | and I-SC) or as used
normally (Group C), over a 3-day training period, each day comprising five blocks of 20 words, for all groups in experiment I.

formance of a spelling and counting task and imagery of
inverted letters and writing simulation, and thus exhibited
longer writing times (Fig. 1), their acquisition rate was
similar to that of Group |. This shows that the attention
deviation imposed by this task did not interfere with acqui-
sition of the ability to imagine inverted letters so as to
simulate their writing.

Testing

Subjects were individually tested in an actual mirror-reading
task. Fig. 2 shows the mean reading times per non-word
exhibited by Groups C, | and |-SC over six blocks of 10
non-words each. ANOVA revealed significant Group
(F2,27=5.61, P<0.01) and Blocks (F2,135=10.39, P<
0.0001) effects, and a significant Group vs Block interaction
effect (F10,135=2.57, P<0.01). Post hoc comparisons re-
vealed that while Groups | and I-SC did not differ signifi-
cantly (F1,18=0.02, P=0.95), both differed significantly
from Group C (F1,18=9.13, P<0.01). Fig. 2 reveals that
the reading times for Group C in the early stages of testing
were substantially longer than those of Groups | and I-SC.
Further, as testing proceeded, reading time decreased
markedly in Group C, but not in Groups | and I-SC. These
findings indicate that while Group C was acquiring the
mirror-reading task during the testing phase, Groups | and
I-SC had already acquired it previously to a markedly
higher level of performance, during imagery training. This
was the first mirror-reading experience for all subjects;
their only experience with inverted letters was not real but
had occurred during imagery training. Also, the asymptotic

level of performance achieved by Group C at the end of
mirror-reading testing corresponded to the level of perfor-
mance achieved by Groups | and I-SC during the first block
of this test (Fig. 2). Together, these results show that
imagery training with inverted letters leads to acquisition of
the ability to mirror-read, and that attention deviation, as
imposed by the switching task used here did not interfere
with this acquisition.

DISCUSSION

The present finding show that inverted-letter imagery train-
ing leads subjects to a high proficiency level in a mirror-
reading task not previously experienced. Thus, repetitive
manipulation of information in working memory to imagine
inverted letters, without visual sensory feedback, leads to
top-down-induced modifications in brain mechanisms usu-
ally modified by bottom-up repetitive training such as oc-
curs in implicit memory tasks; these changes underlie a
proficient performance in the mirror-reading task.

This study used an irrelevant motor task to stimulate
the subjects to perform the inverted-letter imagery; this
task was performed with closed eyes to prevent subjects
from receiving visual feedback from their own simulated
“drawing” of the letters. Thus, the possibility that any im-
provement achieved by the subjects is related to bot-
tom-up visual processes can be discarded.

The actual simulation of the motion of writing letters in
an inverted fashion could have contributed to the percep-
tual skill acquisition because of the somatosensory feed-
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Fig. 2. Mean (+S.E.M.) mirror-reading times per non-word (in seconds) over six blocks of 10 non-words each for groups exposed to imagery and

simulation of inverted writing in the training phase of experiment I.

back provided. This would corroborate observations by
Amedi et al., (2002) showing that a region within the lateral
occipital complex is preferentially activated by both visual
and haptic presentations of objects, revealing that vision
and touch share shape representations. However, it is
questionable whether the sensorimotor feedback from to
the movements of drawing inverted letters might have
provided any relevant, specific information to the visual
system to aid in the acquisition of the mirror-reading task,
such as occurs when haptic and (object) visual stimulation
are involved. When simulating writing inverted letters,
hand movement was linear and continuous, including the
space where no imaginary line was drawn in both (1) the
transition between one line and the next within a given
letter, and (2) in the transition between letters. Sensorimo-
tor feedback included both movements related to the imag-
inary drawing of the lines that composed a given letter,
interspersed with movements associated with the transi-
tion between “empty” spaces where no imaginary lines
were drawn. Thus, it seems unlikely that this somatosen-
sory feedback could have provided information sufficiently
specific to the visual system to assist in the mirror-reading
task. Further, many volunteers reported that the only way
they could perform the required motor task was to visually
imagine the inverted letters, lending support to the inter-
pretation that, to perform the required irrelevant motor
task, the subjects depended on visually imagined inverted
letters.

During imaging and simulation of the motion of writing
inverted letters, the subjects may also have exhibited a
corresponding pattern of eye movements; this could help
later with the mirror-reading task. In some subjects, we
observed movements of the eyes beneath the eyelids,

which apparently followed the hand movements. Specific
measurements would be required to evaluate to what ex-
tent such eye movements followed the hand movements
either (1) over their linear and continuous trajectory, or (2)
only during the movements related to the imaginary lines
corresponding to the letter-drawing but not during the
movements corresponding to the empty space where no
imaginary line was drawn (see above). However, letter
identification by subjects having frequent reading habits,
including the university students participating in this study,
is most likely holistic processing (see Pelli et al., 2003).
Thus, continuous patterns of eye movement possibly
learned during imagery training may be of no help for
mirror-reading. However, as emphasized by Pelli et al.
(2003), holistic processing seems to occur only with exten-
sively exposed materials. Further experiments are neces-
sary to evaluate this hypothesis.

The results of the current experiment support the hy-
pothesis that the acquisition of the mirror-reading skill oc-
curred via top-down processes. That is, manipulation of
information in working memory was effective in promoting
brain changes which apparently correspond to those re-
sulting in the acquisition of implicit knowledge via repetitive
actual practice.

Imagery training requires that subjects maintain and
manipulate visual information in their working memory.
Thus, impairment or interference in working memory may
disrupt the ability to engage successfully in imaging, and
interfere with skill acquisition (Malouin et al., 2004). Sub-
jects in the I-SC condition switched between the perfor-
mances of two tasks. The parallel learning curves for
Group | show that these subjects exhibited similar im-
provements during imagery training, independently of ex-
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posure to the double-task condition (Fig. 1). This shows
that exposure to a switching task condition interfered with
performance but not with acquisition of the ability to imag-
ine inverted letters and to simulate their writing.

Test scores for I-SC subjects were similar to those for
the | condition subjects. This suggests that the type of
attention deviation imposed by the switching task was not
effective in interfering with the acquisition of implicit knowl-
edge by imagery training (see below).

Such interference may have occurred, but was masked
by the extensive imagery training. That is, imagery training
involved 300, seven-letter words, and thus a total of 2100
letters. The subjects in the control group achieved an
asymptotic level of mirror-reading performance after about
40, seven-letter, non-words (Fig. 2), i.e. after reading about
280 inverted letters. Even though the acquisition rates by
imagery and actual performance may differ, limiting this
comparison, these findings suggest that if the degree of
imagery training had been less, an interference effect may
have been revealed during testing. The shorter mirror-
reading times in the groups subjected to imagery training
compared with Group C support this hypothesis. A further
explanation for the lack of interference by the spelling and
counting task concerns its nature. Previous studies on
working memory sub-components reveal that, the greater
the similarities between the main and the concurrent tasks
(and presumably of their underlying processing resources)
the greater the interference on performance. In contrast,
when the concurrent tasks involve distinct processing re-
sources, interference is absent (see Baddeley, 1986,
1992). While the main task in the present experiment
involved inverted-letter imagery and writing simulation, the
spelling and counting task involved stating aloud the num-
ber of vowels and consonants already written after writing
each single letter. The underlying processing resources
involved in these functions may be different, with the VS
sketchpad processing the main task, and the phonological
loop processing the concurrent task; this may explain the
lack of interference by the concurrent task. However, the
present data do not allow evaluation of this hypothesis.

Experiment |l was designed to evaluate these pos-
sibilities.

Experiment Il. Testing acquisition of implicit
knowledge through imagery training, and the impact
of concurrent task performance involving spelling
and counting or visual working memory

Experiment | shows the performance of a mirror-reading
task not previously experienced. Surprisingly, performance
of a distracting task did not seem to interfere with acquisi-
tion of implicit knowledge via imagery. Several tentative
hypotheses can be raised to explain this unexpected re-
sult. First, the interference effect may have been masked
by the substantial degree of imagery training. Second, the
concurrent task demanded processing resources not en-
gaged in performance of the visual imagery task, avoiding
competition for limited capacity resources. Third, the spell-
ing and counting task was not an actual concurrent task
since subjects could switch between imagery and this task.

The present experiment addresses these possibilities.
The testing sessions were interspersed with training ses-
sions to continuously monitor the acquisition process, thus
eliminating the risk that a possible interference effect might
go undetected by the amount of training. Further, the dual-
task approach was employed to evaluate the effect of
attention deviation on the acquisition of implicit knowledge
either by imagery or by actual training. The concurrent
tasks included (1) performance in a modified version of the
Brooks matrix (adapted from Phillips and Christie, 1977)
aimed at producing VS attention deviation, and (2) the
spelling and counting task used in experiment I. An addi-
tional control group not exposed to any concurrent task
was included. The effectiveness of these procedures in
promoting attention deviation was additionally investigated
by asking the subjects to perform a free recall test and a
recognition test for the words used during either the imag-
ery or the actual mirror-reading training (depending on the
group). Since attention plays a critical role in the acquisi-
tion of declarative memory (Moray, 1959; Norman, 1969;
Glucksberg and Cowan, 1970), it was expected that sub-
jects performing concurrent tasks would exhibit an inferior
performance compared with their corresponding controls
not subjected to a concurrent task.

EXPERIMENTAL PROCEDURES
Subjects

Forty-eight, normal, right-handed, undergraduate biology students
(21 men and 27 women) enrolled at the University of Sdo Paulo
participated in this study. Subjects were aged between 21 and 35
years old (24.3+3.1 years), had normal or corrected vision, and
no previous experience in mirror-reading. All students provided
voluntary, informed consent to participate in the study. The pro-
cedures were approved by the Ethics Committee of the Biomed-
ical Institute of the University of Sao Paulo.

The volunteers were assigned to six groups of eight subjects
each, matched for age, gender and educational level, and sub-
mitted to a one-day experiment.

Training and testing

The equipment, and training and testing conditions were similar to
those described in experiment |.

A 2X3 design, involving two training conditions (imageryXxactual
training) and three concurrent-task conditions (VSXxspelling and
countingxno concurrent task; see below) was used, resulting in six
independent groups, with eight volunteers each.

The imagery training was similar to that used in experiment I.
The actual performance of the mirror-reading task involved the
individual presentation of inverted seven-letter words, as if seen
through a mirror, on a computer screen; the subject’s task was to
read them as quickly and correctly as possible. The time spent by
the subjects to perform these tasks for each word was recorded
(training time per word).

Two groups, one subjected to imagery training (Group 1) and
the other subjected to the actual mirror-reading task (Group A),
included subjects not exposed to a concurrent task. The remaining
four groups were trained using the dual-task technique. The VS
concurrent task involved performance in a modified version of the
Brooks matrix (see Phillips and Christie, 1977). In short, a 3X3
array with five of its cells containing a black circle was presented
for 3 s before the presentation of each single training word (infor-
mation matrix). After training with a specific word, the subjects
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were asked to indicate, on a new 3X3 array, which of two black
circles had changed to a new array location (comparison matrix).
The accuracy of this response provided an index for this VS
working memory task; thus, it was also possible to evaluate
whether concurrent performance of the visual imagery task per-
formed in this study caused greater interference compared with
the concurrent performance of actual mirror-reading, as predicted
by the working memory model. Different pairs of information and
comparison matrixes were used for each training word. The sub-
jects were previously informed that they should execute the visual
working memory task as accurately as possible. The task was
performed by two groups, one concurrently with imagery training
(Group I-VS) and the other concurrently with actual training
(Group A-VS). The number of correct matrix identifications was
also recorded to evaluate whether imagery of the actual training
interfered with performance of this visual, working memory task.
The concurrent spelling and counting task required the subjects to
state aloud, the number of vowels and consonants already written
for that specific word, after (1) simulation of writing each syllable
for the group subjected to imagery training (Group I-SC), or (2)
reading each syllable aloud for the group subjected to actual
training (Group A-SC). Thus, this task was performed by two
groups, one concurrently with imagery training (Group I-SC) and
the other concurrently with actual training (Group A-SC).

Testing sessions were interspersed with training sessions
allowing the acquisition process to be accompanied. Eight testing
sessions, each involving the mirror-reading of three, 12-letter,
non-words, were interspersed with seven training sessions of
either imagery or actual training (according to the group), each
involving 12, seven-letter, words. Thus, performance in testing
sessions revealed the acquisition of the mirror-reading skill
throughout the training process, allowing detection of possible
interference effects that might otherwise pass undetected (see
experiment ).

The time taken from the presentation of each word until it was
completely written (by the imagery groups), or read (by the actual
mirror-reading training groups) in the training sessions corre-
sponded to the training time. The time spent from the presentation
of the mirrored non-word until it was read in the testing sessions
corresponded to the reading times.

NO

Free recall

Immediately after the last testing session, without prior notice, the
subjects were asked to freely recall and write down as many
words as possible seen during training, for 5 min. The number of
recalled words was used to express performance in this task.

Recognition test

Soon after the free recall test, the subjects received a printed list
of 60, seven-letter words; 30 of these words had been presented
during training; the remaining 30 words were new and had not
been used during training. The previously presented words and
the new words were randomly combined. Subjects were asked to
indicate which words had or had not been presented during train-
ing. The number of correctly indicated words was used to express
performance in this task.

Statistics

Data are expressed as the mean (+S.E.M.) values of (1) training
time in seven blocks of words; (2) reading time in eight blocks of
non-words; (3) number of words correctly recalled; and (4) number
of words correctly recognized. The results were compared using a
two-way repeated measures ANOVA having “training condition”
as one factor (actual vs imagery training) and “concurrent task” as
the other factor (phonological vs VS vs no concurrent task), and
“blocks” as the “within subjects” factor.

RESULTS
Training

Fig. 3 shows the time spent by independent groups of
subjects to perform either imagery or actual training (1)
without a concurrent task (left panel), (2) with a spelling
and counting task (middle panel) or (3) with a VS concur-
rent task (right panel), for seven blocks of 12 seven-letter
words. ANOVA revealed significant training condition (im-
agery vs actual training) (F1,42=59.64, P<0.0001), concur-
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rent-task condition (SC vs VS vs NO) (F2,42=39.112,
P<0.0001) and block (F6,252=81.14, P<0.0001) effects,
and training condition vs block (F6,252=15.44, P<0.0001),
concurrent-task condition vs block (F12,252=4.28, P<
0.0001) and training condition vs concurrent-task condition vs
block (F12,252=3,78, P<0.0001) interaction effects.

Fig. 3 shows that the time spent by the subjects sub-
mitted to imagery training was longer than the correspond-
ing scores of the subjects submitted to actual training,
suggesting that the imagery task was more difficult to
perform than the actual mirror-reading task. The data also
show that the concurrent performance of a distracting task
(either spelling and counting or VS) leads to an additional
increase in both imagery and actual training time (Fig. 3,
middle and right panels). This effect was particularly pro-
nounced for the subjects performing the spelling and
counting task (Fig. 3, middle panel), possibly because
switching is time consuming. Conversely, the VS concur-
rent task involved the presentation of a matrix before the
word to be used in training, with later identification of the
change, after the end of training with that specific word;
thus, even though it did not add extra time, procedurally
speaking, to the training time, it led to an increase in training
time for subjects exposed to both imagery and actual training,
particularly in the early stages of training, an effect that was
stronger for subjects exposed to imagery training (Fig. 3,
middle panel). Thus, the mere holding of information con-
cerning the first matrix in working memory, to compare it later
with the second matrix, interfered with imagery.

As expected, subject’s performance improved with re-
petitive training, indicating task acquisition; this effect was
usually stronger in those volunteers subjected to imagery
training, possibly because their initial performance level
was poor compared with that of the groups subjected to the
actual mirror-reading training (Fig. 3).

Testing

Fig. 4 shows the mean mirror-reading times per non-word
exhibited by Groups | and A (left panel), I-SC and A-SC
(middle panel), and I-VS and A-VS (right panel) for eight
blocks of three non-words each. ANOVA revealed significant
training condition (F1,42=8.83, P<0.01), concurrent-task
condition (F2,42=3.37, P<0.04) and block (F7,294=36.28,
P<0.0001) effects, and a training condition vs block
(F14,294=4.65, P<0.0001) interaction effect. The interaction
between training condition vs concurrent-task condition
nearly reached statistical significance (F2,42=2.59, P=0.08).
These findings suggest that even though both imagery and
actual training lead to acquisition of the mirror-reading skill,
subjects submitted to imagery training attained proficiency
quicker (Fig. 4). Further, the results show that performance
of concurrent tasks interferes with the acquisition of the
mirror-reading skill via actual training (Fig. 4); this effect
was stronger when the concurrent task involved VS com-
pared with the spelling and counting information (Fig. 4,
compare middle and right panels). The VS concurrent task
also interfered with acquisition of mirror-reading by imag-
ery training; however, this interference was lesser com-
pared with that seen when acquisition involved actual train-
ing. Thus, mirror-reading acquisition via imagery training
seems more resistant to interference.

Free recall and recognition test

Fig. 5A shows the number of words recalled, and Fig. 5B
the number of words recognized by the subjects for each
training condition and concurrent task condition. With re-
gard to the number of words recalled (Fig. 5A), ANOVA
revealed a virtually significant training condition effect
(F1,42=3.93, P=0.053), but lack of significant concurrent
task effect (F2,42=0.69, P=0.50) and training condition vs
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concurrent task interaction effect (F2,42=2.29, P=0.11).
With respect to the number of words recognized (Fig. 5B),
ANOVA revealed a significant training condition effect
(F1,42=8.40, P<0.01). Fig. 5A and 5B show that as ex-
pected, subjects exposed to imagery training recalled
fewer words compared with the subjects submitted to the
actual mirror-reading training. This suggests that requisite
working memory resources involved in performing the imag-
ery task are greater than that required by actual mirror-read-
ing; consequently, resources available for (declarative) hold-
ing of information about the subject matter (words) used in
training decrease, leading to greater interference. Fig. 5A

reveals that this interference effect was particularly pro-
nounced in subjects submitted to acquisition via visual
imagery training and exposed to the concurrent VS task
suggesting that they compete for limited resources.

Brooks matrix visual working memory test

Fig. 6 shows the number of correct matrix identifications
over seven blocks of testing by subjects performing the
inverted-letter imagery (and simulation of their drawing) or
the actual mirror-reading test between the presentation of
the first (information) and second matrixes. Statistical anal-
ysis revealed significant training condition effects (F1,14=
12.51, P<0.004) and Block (F6,84=135.81, P<0.0001), and
training condition vs block interaction effects (F18.43,
P<0.0001). Fig. 6 reveals that performance of both groups
in the initial testing sessions was poor, improving similarly
as training proceeded to the third block; subsequently,
while performance of the subjects submitted to imagery
training reached a plateau of about 65% correct re-
sponses, performance by the subjects submitted to actual
mirror-reading training improved steadily to block seven,
reaching ~90% correct responses.

DISCUSSION

The session schedule used in this experiment allowed
monitoring the rate of mirror-reading acquisition via differ-
ent training procedures. The results show that in the ab-
sence of a concurrent task, the rate of mirror-reading skill
acquisition via inverted letter imagery was similar to that
achieved with the actual performance of a mirror-reading
task (Fig. 4, left panel), indicating that implicit perceptual
knowledge is acquired by top-down processes as effi-
ciently as by bottom-up processes. Conversely, when a
spelling and counting task or a VS task, is performed
concurrently with actual mirror-reading training, acquisition
of the mirror-reading skill decreased compared with the
corresponding group exposed to imagery training (Fig. 4),
particularly with respect to the concurrent VS task (Fig. 4).
Thus, while performance of distracting tasks together with
training strongly interfered with acquisition of the mirror-read-
ing skill via actual mirror-reading, distraction interfered only
slightly with efficient acquisition via inverted-letter imagery.
This robustness of mirror-reading, perceptual skill ac-
quisition via inverted letter imagery may be related to
quantitative and qualitative differences regarding actual
mirror-reading acquisition. The time invested by the sub-
jects in performing the inverted-letter imagery was greater
compared with the time spent by the corresponding groups
performing the actual mirror-reading (Fig. 3). That is, the
imagery task required detailed manipulation of each indi-
vidual letter to simulate its inverted writing; together with
this performance, the visual image of the letter was actively
maintained in working memory. Thus, the amount of re-
hearsal involving this subject matter was certainly longer
and more in-depth compared with that concerning actual
mirror-reading for the same words. This extensive, imag-
ery-related rehearsal either (1) concurrently with the main-
tenance in working memory of VS information concerning
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the Brooks matrix (Group I-VS) or (2) interspersed with the
spelling and counting task in a task switching situation
(Group I-SC), substantially increased training time (Fig. 3).
The extensive processing of inverted letters via imagery for
inverted writing prevented interference by the concurrent
tasks (Fig. 4), possibly because priority was given to pro-
cessing information related to this task; consequently, pro-
cessing resources available for performance of the Brooks
matrix, VS working memory task were restricted, thus lead-
ing to an inferior performance (Fig. 6, Group I-VS).

Conversely, acquisition of the mirror-reading skill via
the actual performance of the mirror-reading task was
disturbed by the concurrent performance of both distract-
ing tasks (Fig. 4); interestingly, this disturbing effect was
greater when the concurrent task was the Brooks matrix,
VS working memory test (Fig. 4, middle and right panels).
Thus, this interference effect may occur because perfor-
mance of the mirror-reading training task involved limited
resources also required for performance of the concurrent
Brooks matrix, VS working memory task; in this case, the
available resources seem to have been primarily engaged
in performance of this latter task, leading to substantial
improvement in performance (Fig. 6, Group A-VS) and,
consequently, to poorer acquisition of the actual mirror-
reading skill (Fig. 4, right panel).

Landau et al. (2004) used event-related, functional
magnetic resonance imaging to investigate the effects of
practice on working memory for faces. By comparing early
and late session changes in brain activity, these authors

showed that the major influence of practice concerns en-
coding, indicating that this function is “an active process
requiring attention, whereas retrieval processes ... are
more automatic” (p. 217). In the present experiment, per-
formance of the Brooks matrix, VS concurrent task sub-
stantially increased training time, particularly in subjects
exposed to imagery training, demonstrating that deviation
of processing resources from the main imagery task inter-
feres with performance during training. On the other hand,
a slight interference effect was seen for the mirror-reading
skill acquisition. Thus, apparently, the subjects compen-
sated the deviation of working memory resources by in-
creasing the time spent in imagery during training.

The free recall and the recognition memory tests for
words presented together with either imagery training
(Groups 1, I-SC and 1-VS) or actual mirror reading training
(Groups A, A-SC and A-VS) revealed poorer performance
by subjects exposed to imagery training (Fig. 5), suggest-
ing that the concentration of attention in the inverted letter
imagery task partially disrupted memory for this subject
matter. Interestingly, subjects exposed to the actual mirror
reading training concurrently with the spelling and counting
task also exhibited partial disruption of performance in the
free recall test compared with the remaining groups also
exposed to the actual mirror-reading training, including
those subjected to the concurrent VS task (Fig. 5A). Con-
sidering the nature of the imagery and the actual mirror-
reading training used in this study, the imagery task ap-
pears to direct attention to individual letters to a greater
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extent than the actual mirror-reading training, which may
direct attention to the whole words. This may explain why
performance was better in subjects performing actual mirror-
reading training. In addition, the inferior performance of sub-
jects exposed to actual mirror-reading together with the spell-
ing and counting task (Fig. 5A), suggests that performance of
this latter task requires resources also used for word holding
in working memory, and thus interfered with its performance.

General discussion

Acquisition of implicit knowledge by imagery training.
The two experiments in the present study were designed to
evaluate acquisition of mirror-reading implicit perceptual
skills via imagery training, avoiding visual feedback during
performance of the imagery task, thus eliminating this
possible pathway for acquisition. While experiment | in-
volved extensive, inverted-letter imagery training before
testing, and evaluation of the impact of a distracting spell-
ing and counting task on acquisition of the mirror-reading
skill, experiment |l tested acquisition together with imagery
training and evaluation of the impact of an additional concur-
rent task, involving a VS working memory task. The findings
showed that imagery training led to proficient levels of skill
performance (Figs. 2 and 4), demonstrating that mainte-
nance and manipulation of relevant letter information in work-
ing memory during imagery enactment of this subject matter
produce substantial implicit knowledge acquisition.

Long-term memory may be divided into explicit (or
declarative) knowledge of facts and events, expressed by
the deliberate recollection of information, and implicit (or
procedural) knowledge, which is expressed as improved
performance in previously trained tasks, including percep-
tual and motor skills, habits and priming, without the need
for conscious recollection of having been previously ex-
posed to the tasks (Squire and Zola-Morgan, 1991). Atten-
tion or controlled processing allocation to the incoming
information plays a critical role in the acquisition of declar-
ative memory. Conversely, acquisition of implicit knowl-
edge may be tied to the particular processing structures
and procedures engaged in learning the tasks; plasticity
inherent to these systems may lead to cumulative, long-
term modifications of the elements, gradually, through re-
petitive practice (Cohen, 1984).

Kolers (1976) reported that healthy subjects improved
their ability to read inverted text via actual mirror-reading
training, and that this acquisition was independent of re-
membering the contents of the text read, suggesting that
skilled reading involves the application of procedures that
process information at the level of visual patterns.

In the present experiments, implicit knowledge repre-
sented by mirror-reading skills (Kolers, 1976; Cohen,
1984) was acquired via imagery training. Our experimental
design prevented visual feedback; thus, processing struc-
tures and procedures usually engaged in the actual per-
formance of a mirror-reading task must have been en-
gaged by maintenance of imagery information in working
memory, leading to changes in the system and, thus, to
acquisition of knowledge, expressed as the skilled perfor-
mance of a mirror-reading task. However, experiment Il

shows that acquisition rates via imagery and actual training
for subjects not exposed to concurrent tasks are similar
(Fig. 4, left panel), and seem to follow the same rules (e.g.
the need for repetition for acquisition to occur, and acqui-
sition involving gradual, cumulative changes). This sug-
gests that processing structures and procedures involved
in acquisition via imagery and actual training are at least
partially related, despite the fact that in imagery training
their activation occurs by top-down processes.

Attention and acquisition of implicit knowledge by im-
agery training. The role played by attention in the acqui-
sition of implicit knowledge may not be as critical as in the
acquisition of explicit knowledge. For instance, Eysenck
and Thompson (1966) trained independent groups of sub-
jects in a rotary pursuit task, either alone or concurrently
with distracting tasks of variable levels of difficulty; sub-
ject’s performance was later tested without a concurrent
task. Although time on target in the rotary pursuit task de-
creased as the level of difficulty of the distracting task in-
creased during training, no differences in performance were
observed during the post-acquisition test, run without a dis-
tracting task. These authors concluded that distraction inter-
fered with performance but not with acquisition of the task.

However, Nissen and Bullemer (1987) showed that the
acquisition of a serial reaction time task is strongly depen-
dent on attentional processing. These authors trained vol-
unteers in a serial reaction time task to react to the pre-
sentation of a light at one of four locations on a video
monitor by pressing a corresponding key located directly
below each light; a repeated sequence of 10 light locations
was used for one of the groups, and a random sequence
was used for another group. In an additional experiment,
some of the subjects in each group performed either the
repeated or the random sequence under dual-task condi-
tions; i.e. subjects performed this task simultaneously with
a tone-counting task in which performance required atten-
tion. Under single-task conditions, the reaction time for
subjects trained with the repeated sequence decreased
substantially with training compared with the corresponding
scores of subjects trained with the random sequence, reflect-
ing learning of the sequence. Under dual-task conditions, the
concurrent performance of a tone-counting task strongly in-
terfered with learning of the repeated sequence, indicating
that attention is required for this acquisition.

Data from our experiment | show that imagery-induced
acquisition of implicit knowledge is not altered by concur-
rent performance of a spelling and counting task (Fig. 2).

The design of experiment Il allowed us to accompany
mirror-reading skill acquisition during the imagery and the
actual mirror-reading training; the results show that the
acquisition rates for these training conditions are similar
(Fig. 4, left panel), indicating that implicit perceptual knowl-
edge is acquired by top-down processes as efficiently as
by bottom-up processes. Further, in addition to the spelling
and counting task, a concurrent VS working memory task
was also performed together with either imagery or actual
training. For subjects exposed to actual mirror-reading train-
ing, concurrent performance of these tasks increased training
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time (Fig. 3), and also disrupted acquisition of the mirror
reading skill. Thus, distraction by a concurrent task inter-
feres with training performance (Fig. 3) and with acquisi-
tion of the task as revealed by testing (Fig. 4). The con-
current spelling and counting task caused greater interfer-
ence with training performance, in terms of training time,
when compared with the concurrent, visual working mem-
ory task; this effect may be related to the fact that perfor-
mance of the spelling and counting task is time consuming
and often involves switching of attention between tasks,
thus differing from the visual working memory task. Con-
versely, the visual, working memory concurrent task in-
duced greater interference with mirror-reading acquisition,
possibly because its performance requires resources also
demanded by the actual mirror-reading task. Thus, similar
to Nissen and Bullemer’s (1987) observations, these find-
ings suggest that attention is required for acquisition. Con-
versely, for subjects exposed to the inverted-letter imagery
training, concurrent performance of either the spelling and
counting task or the VS, working memory task substantially
increased training time (Fig. 3), but only slightly interfered
with acquisition of the mirror reading skill (Fig. 4). To-
gether, these findings indicate that, depending on the pri-
ority given by the subjects to the content of the tasks
concurrently performed, interference may or may not oc-
cur. The working memory model (Baddeley, 1986, 1992)
helps explain these results in terms of the availability of
processing resources regarding the extent of their engage-
ment in other processing tasks.

Inverted letter imagery thus appears to depend on a
system of limited informational capacity, including the cen-
tral executive of the Baddeley (1986) working memory
model and the VS sketchpad. The imagery task demanded
constant intervention of the central executive SAS to invert
the letters; this repeated intervention rendered the pro-
cessing of inverted letters throughout training automatic,
via top-down mechanisms. Since the central executive
was engaged in this process, its availability for other types
of processing was diminished. This helps explain why the
performance of subjects exposed to imagery training in the
Brooks matrix, VS working memory task was inferior com-
pared with that of subjects exposed to actual mirror-read-
ing training (Fig. 6). It also helps explain why subjects ex-
posed to imagery training exhibited poorer performance in
the free recall and recognition tasks (Fig. 5). In other words,
recruitment of resources for performance of inverted-letter
visual imagery interfered with performance in the VS, working
memory task possibly because priority was given by the
subjects, and because these tasks demanded similar
resources.

Imagery may be useful in rehabilitating patients with
either perceptual or motor skill disturbances produced by
brain dysfunctions, neurodegeneration and cerebral dam-
age (see Malouin et al., 2004).

Neuro-imaging and electrophysiological studies have
shown that visual imagery and visual perception share
functional similarities (Farah et al., 1988; Goldenberg et
al., 1989; Le Bihan et al., 1993; Roland and Gulyas, 1995;
Ishai and Sagi, 1995; Kosslyn et al., 1999a; Klein et al.,

2000; Lambert et al., 2002), that is, common neural struc-
tures and mechanisms seem to be activated by both
(Farah, 1988; Kosslyn et al., 1993). Similarly, a number of
studies have shown that most of the cortical and sub-
cortical structures involved in overt performance are also
activated during motor imagery (e.g. Decety, 1996; Decety
and Ingvar, 1990; Jeannerod, 1994), and that perceptual
and motor skills are related to representations of proce-
dural knowledge. Decety (1996) showed that the pattern of
cortical activation, which includes the pre-motor areas and
the supplementary motor area, is strikingly similar to that
observed during the actual execution of the same move-
ment sequence. However, in imagery training, a marked
difference concerns the primary motor cortex which is
activated only if the movements are actually executed
(Ingvar and Philipson, 1977; Annett, 1996; Roland et al.,
1980). Decety et al. (1990) showed that sub-cortical areas,
including the cerebellum and the basal ganglia, are also
activated during motor imagery. Apparently, part of the
network underlying imagery includes the prefrontal and the
anterior cingulate cortex (Decety et al., 1992), brain re-
gions also involved in working memory and attention (Ro-
land, 1984; Smith and Jonides, 1995).

It would be interesting to identify those brain regions
activated by performance of this imagery task. It would not
be surprising if the prefrontal and the anterior cingulate cor-
tex were involved, in addition to visual association regions.
This is a question wide open to experimental scrutiny.
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