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ORKING MEMORY AND ACQUISITION OF IMPLICIT KNOWLEDGE

Y IMAGERY TRAINING, WITHOUT ACTUAL TASK PERFORMANCE
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bstract—This study investigated acquisition of a mirror-
eading skill via imagery training, without the actual perfor-
ance of a mirror-reading task. In experiment I, healthy vol-
nteers simulated writing on an imaginary, transparent
creen placed at eye level, which could be read by an exper-
menter facing the subject. Performance of this irrelevant

otor task required the subject to imagine the letters in-
erted, as if seen in a mirror from their own point of view
imagery training). A second group performed the same im-
gery training interspersed with a complex, secondary spell-
ng and counting task. A third, control, group simply wrote
he words as they would normally appear from their own
oint of view. After training with 300 words, all subjects were
ested in a mirror-reading task using 60 non-words, con-
tructed according to acceptable letter combinations of the
ortuguese language. Compared with control subjects, those
xposed to imagery training, including those who switched
etween imagery and the complex task, exhibited shorter
eading times in the mirror-reading task. Experiment II em-
loyed a 2�3 design, including two training conditions (im-
gery and actual mirror-reading) and three competing task
onditions (a spelling and counting switching task, a visual
orking memory concurrent task, and no concurrent task).
raining sessions were interspersed with mirror-reading test-

ng sessions for non-words, allowing evaluation of the mir-
or-reading acquisition process during training. The subjects
xposed to imagery training acquired the mirror-reading skill
s quickly as those exposed to the actual mirror-reading task.
urther, performance of concurrent tasks together with ac-
ual mirror-reading training severely disrupted mirror-reading
kill acquisition; this interference effect was not seen in sub-
ects exposed to imagery training and performance of the
witching and the concurrent tasks. These results unequiv-
cally show that acquisition of implicit skills by top-down

magery training is at least as efficient as bottom-up
cquisition. © 2005 Published by Elsevier Ltd on behalf of
BRO.

ey words: mental practice, attention, supervisory atten-
ional system, skills, procedural memory, central executive.
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iation; C, control; I, imagery; I-SC, imagery and spelling and counting
omplex task; I-VS, imagery and visuo-spatial working memory task;
n
AS, supervisory attentional system; SC, complex spelling and count-

ng; VS, visuo-spatial.
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addeley and Hitch (1974) proposed a working memory
odel to describe the temporary maintenance and manip-
lation of information in memory. This model and its dis-
ociable sub-components were supported by a large body
f experimental evidence obtained from normal, healthy
olunteers performing dual-tasks. The subjects performed

main task, concurrently with a secondary task; the
reater the similarities between the two tasks, and presum-
bly of the underlying processing resources, the greater
he interference on performance. This approach allowed
he fractioning of working memory into three major com-
onents (see Baddeley, 1986, 1992). The phonological

oop, specialized in verbal material, comprises a storage
uffer capable of holding phonological information for one
r two seconds, coupled with an articulatory control process
esponsible for refreshing the stored information by sub-vo-
al, “internal” speech. The visuo-spatial (VS) sketchpad, spe-
ialized in maintaining visual–spatial material, seems to
ntail a component involved with color and shape, and
nother dealing with location. The central executive com-
onent, specified as relying on the supervisory attentional
ystem (SAS) component, as described in Norman and
hallice’s (1980) model for attentional control of action

see Shallice, 1988), is required for performance of less
outine tasks dealing with novelty, decision making, resist-
ng temptation, or dealing with danger; it is also involved in
roducing willed actions. The dorsal–lateral portions of the
rontal cortex are considered to underlie SAS functions
Baddeley, 1986; Berman, 1995; Cowey and Green, 1996;
’Esposito et al., 1995; Fuster, 1984; Petrides et al., 1993;
oland, 1984).

Working memory is considered critical for performing a
ariety of cognitive functions, including reasoning, problem
olving, language understanding and imagery (Baddeley,
986, 1992; Just and Carpenter, 1992; Malouin et al.,
004).

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

magery

magery corresponds to a dynamic state in which repre-
entations of perceptions or actions, including those stored

n long-term memory, are reactivated, maintained and ma-

ipulated within working memory, without the actual occur-
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ence of sensory stimulation or of observable motor
erformance.

Neuro-imaging (Goldenberg et al., 1989; Le Bihan et
l., 1993; Roland and Gulyas, 1995; Ishai and Sagi, 1995;
osslyn et al., 1999a,b; Klein et al., 2000; Lambert et al.,
002) and electrophysiological studies (Farah et al., 1988)
ave shown that visual imagery and visual perception
hare functional similarities. For instance, the enactment of
isual imagery, like visual perception, is associated with
ctivation of the occipitoparietal and occipitotemporal vi-
ual association regions (Roland and Gulyas, 1995; Mellet
t al., 1995; D’Esposito et al., 1997) and the primary visual
ortex (Le Bihan et al., 1993; Kosslyn et al., 1999a; Klein et
l., 2000; Lambert et al., 2002), suggesting that generation
f visual images involves representations associated with
hese brain regions. Further, part of the network underlying
magery includes the prefrontal and the anterior cingulate
ortex (Decety et al., 1992), brain regions that are also
nvolved in working memory and attention (Roland, 1984;
mith and Jonides, 1995).

Most studies of imagery involve mental practice aiming
t motor learning (Yaguez et al., 1998). Decety (1996)
howed that imagined and executed actions share neural
echanisms in part. Vogt (1996) analyzed mediation of
erception–action, showing that the representational basis
or motor control is already formed during model observa-
ion. Mental practice involves repeated motor imagery, i.e.
overt rehearsal of motor performance in the absence of
bservable movement, and improves motor performance
e.g. Vandell et al., 1943; Twining, 1949; Clark, 1960; Feltz
nd Landers, 1983; Denis, 1985; Decety, 1996; Yaguez
t al., 1998). These abilities, usually classified as implicit
nowledge, are apparently linked to specific processing
tructures and procedures engaged by learning the tasks,
nd requiring gradual, cumulative modifications of these
lements, expressed as the facilitated performance of the
kill rather than a detailed verbal report of the procedures
nvolved (Cohen, 1984). The acquisition of motor skills

ay thus include learned connections between stimuli and
esponses (e.g. Tulving, 1985).

On discussing skill acquisition by mental practice, De-
is (1985) noted that “. . . we are confronted with what may

egitimately be considered ‘paradoxical’ effects, in that a
ental activity which apparently does not involve motor
ffectors in a direct way nevertheless has a significant,
easurable impact on later motor performance” (p. 7).
his statement underscores a critical issue related to ac-
uisition of implicit knowledge by imagery training: can it
e accounted for purely in terms of top-down-induced
hanges in the central structures involved in skill acquisi-
ion by way of their active manipulation in working memory,
r does it require some form of bottom-up peripheral feed-
ack? Electrophysiological recordings demonstrate sub-

iminal activation of neuromuscular units during imagined
ovement (Jacobson, 1932; Shaw, 1940) with vivid imag-
ry leading to higher levels of subliminal muscular activa-
ion (Shaw, 1940); such activation is sufficient to generate
inesthetic stimulation capable of providing feedback cor-

esponding to the actual movement (Feltz and Landers, s
983; Johnson, 1982; Kohl and Roenker, 1983). These
ndings favor the notion that bottom-up processes contrib-
te to acquisition via motor imagery. However, Kohl and
oenker (1980; 1983) showed that, to a certain extent, the
erformance improvement that follows from motor imagery

nvolving one limb may be transferable to the contralateral
imb. Further, interference of motor imaging on actual,
uture performance may be inhibited by the introduction of
visually distracting task during imagery enactment (John-

on, 1982). Interpretation of these findings in terms of
roprioceptive feedback is difficult; they favor the notion
hat cognitive operations generated during imagery enact-
ent, in a top-down fashion, contribute to the actual per-

ormance of the task. The nature of this contribution is not
lear: imagery may help develop motor programs used in
uture task performance.

The present investigation aimed to evaluate the hy-
othesis that imagery training leads to acquisition of im-
licit knowledge via top-down processes. We examined to
hat extent an automatic perceptual skill can be acquired,

.e. mirror-reading, considered a typical example of implicit
erceptual knowledge (see Cohen, 1984), by means of

magery enactment alone, without visual feedback that
ight contribute to such acquisition. The effect of visual

magery training with inverted letters embedded in an irrel-
vant motor task on the later performance of a mirror-
eading task was assessed in a group of healthy volun-
eers. Further, considering the critical involvement of work-
ng memory in imagery, and given that it relies on limited
apacity resources (Baddeley, 1986), we also examined
he impact of switching and of concurrent tasks on acqui-
ition of this perceptual skill via imagery. The choice of a
erceptual skill task, as opposed to a motor skill task,
erives from its potential for controlling peripheral visual
eedback associated with the imagery, thus revealing skill
cquisition via top-down processes.

xperiment I. Acquisition of implicit knowledge by
xtensive imagery training and impact of a
oncurrent task

his experiment included two separate phases: (1) an
magery training phase in which subjects imagined each
etter of individually presented, correctly written, seven-
etter words; and (2) an actual mirror-reading test, involving
on-words. To assure that during imagery training the
ubjects did imagine the letters as being inverted (i.e. as if
een in a mirror), they performed an irrelevant motor task,
he outcome of which depended on that imagery. Thus, the
ubjects simulated the actual motion of writing the imag-

ned letters on an imaginary, transparent screen held at the
ye level, such that the experimenter facing the subject
ould be able to read; this task was performed with the
yes closed, and visual feedback from the hand move-
ents was thus avoided (this procedure will be termed

simulation”). The outcome of the imagery training was
valuated in a separate, actual mirror-reading (perceptual

kill) task.
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EXPERIMENTAL PROCEDURES

ubjects

he study group consisted of 30, healthy, right-handed, under-
raduate biology students (15 men and 15 women), enrolled at the
niversity of São Paulo. Subjects were aged between 19 and 27
ears (23.1�2.2), had normal or corrected vision, and had no prior
xperience in mirror-reading. All students voluntarily provided in-

ormed consent forms to participate in the study. The procedures
ere approved by the Ethics Committee of the Biomedical Insti-

ute of the University of São Paulo.
The volunteers were assigned to three groups of 10 subjects

ach, matched by age, gender and education level.

raining

ubjects were seated individually in front of a computer screen
ositioned 57-cm distant at eye level. Seven-letter, Portuguese
ords, formatted as 3�4-cm Courier font small capitals, were

ndividually presented on the computer screen. Subjects were
reviously instructed to close their eyes after cache reading and to
erform the simulation. Thus, they imagined the letters as being

nverted, as if seen through a mirror from their own point of view
imagery training). Keeping their eyes closed assured that the
olunteers did not receive visual feedback during performance of
he inverted-letter imagery task (Group I). Accompanying their
erformance, the experimenter confirmed that each letter was

maged correctly, and assured that the subjects were committed to
he imagery training. The subjects in the “imagery and switching
ttention” group proceeded like Group I; however, they also had to
lternate imagery with a spelling and counting task (SC), involving
tating aloud, after writing each single letter, the number of vowels
nd consonants already written for the specific word (Group I-SC).
he control subjects were instructed to close their eyes after
ache reading and simulate the motion of writing the word simply
s it would normally appear to them from their own point of view
Group C).

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

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

esting

hortly after the third day of training, testing began. During the
ctual mirror-reading test, the subjects individually read mirrored
on-words constructed according to acceptable letter combina-
ions in Portuguese language. Since the Portuguese language has
transparent orthography, non-words that follow the orthographic

ules may be read directly. Sixty, seven-letter, non-words were
sed (see Table 1). Non-words were chosen for this phase to
ender the task more difficult. Subjects read each non-word as
uickly and correctly as possible. The time from the presentation
f an inverted non-word to the end of reading was recorded
reading time).

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

Training Testing

ay First Second Third Third

umber of stimuli 100 100 100 60
a

tatistics

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

RESULTS

raining

ig. 1 shows the latency for the simulation over 3 days of
raining. ANOVA revealed significant Group (F2,27�14.74,
�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�
.51, P�0.0001), Days vs Blocks (F8,216�36.17, P�
.0001) and Groups vs Days vs Blocks (F16,216�6.5,
�0.0001) interaction effects. Post hoc comparisons re-
ealed that the scores for Groups I (imagery) and I-SC
iffered (Group effect, F1,18�9.24, P�0.01) but paralleled
ach other throughout training [Group vs Day (F2,26�
.81, P�0.40), Group vs Block (F4,72�0.60, P�0.65) and
roup vs Day vs Block (F8,144�0.70, P�0.68) interaction
ffects], showing that although the Group I-SC subjects
erformed a concurrent task, which led to a substantial

ncrease in writing times, their acquisition rate for the ability
o simulate writing inverted words was not disrupted. Fur-
her, the scores of both Groups I and I-SC were signifi-
antly longer than those for Group C, particularly in the
arly stages of task acquisition. This suggests that (1)
revious writing experience promptly transfers to the task
f simulating writing on a imaginary, transparent screen
nd benefits its performance (see Fig. 1, Group C scores);
nd (2) the use of inverted-letter imagery to simulate writ-

ng demands more time, particularly in the early stages of
ask acquisition, reflecting these subjects lack of experi-
nce with this task; however, as training proceeded, the
roups I and I-SC subjects improved substantially, indi-

ating task acquisition. Interestingly, post hoc analysis also
evealed that the performance of the Group I did not differ
ignificantly from that of Group C over all five blocks for
ay 3 (F1,18�2.41, P�0.10); these findings suggest that
lthough Group I subjects had to invert letters through

magery to perform the inverted writing task, while Group C
ubjects simply simulated ordinary writing, both groups
chieved the same level of performance. Group I-SC ex-
ibited the longest training latencies. In addition to simu-

ating writing through visualization of inverted letters, sub-
ects in this group performed the additional task of stating
loud, after writing each letter, the number of vowels and
onsonants already written.

Note that Group I reached a level of performance
quivalent to Group C by the end of the training phase (Fig.
); this shows that the Group I subjects reached a profi-
ient and asymptotic level of performance, having mas-
ered inverted-letter imagery for simulating writing. Further,
timulus type Words Words Words Non-words

lthough Group I-SC subjects switched between the per-
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ormance of a spelling and counting task and imagery of
nverted letters and writing simulation, and thus exhibited
onger writing times (Fig. 1), their acquisition rate was
imilar to that of Group I. This shows that the attention
eviation imposed by this task did not interfere with acqui-
ition of the ability to imagine inverted letters so as to
imulate their writing.

esting

ubjects were individually tested in an actual mirror-reading
ask. Fig. 2 shows the mean reading times per non-word
xhibited by Groups C, I and I-SC over six blocks of 10
on-words each. ANOVA revealed significant Group
F2,27�5.61, P�0.01) and Blocks (F2,135�10.39, P�
.0001) effects, and a significant Group vs Block interaction
ffect (F10,135�2.57, P�0.01). Post hoc comparisons re-
ealed that while Groups I and I-SC did not differ signifi-
antly (F1,18�0.02, P�0.95), both differed significantly
rom Group C (F1,18�9.13, P�0.01). Fig. 2 reveals that
he reading times for Group C in the early stages of testing
ere substantially longer than those of Groups I and I-SC.
urther, as testing proceeded, reading time decreased
arkedly in Group C, but not in Groups I and I-SC. These

ndings indicate that while Group C was acquiring the
irror-reading task during the testing phase, Groups I and

-SC had already acquired it previously to a markedly
igher level of performance, during imagery training. This
as the first mirror-reading experience for all subjects;

heir only experience with inverted letters was not real but

ig. 1. Mean (�S.E.M.) writing times per word (in seconds) for imag
ormally (Group C), over a 3-day training period, each day comprisin
ad occurred during imagery training. Also, the asymptotic t
evel of performance achieved by Group C at the end of
irror-reading testing corresponded to the level of perfor-
ance achieved by Groups I and I-SC during the first block
f this test (Fig. 2). Together, these results show that

magery training with inverted letters leads to acquisition of
he ability to mirror-read, and that attention deviation, as
mposed by the switching task used here did not interfere
ith this acquisition.

DISCUSSION

he present finding show that inverted-letter imagery train-
ng leads subjects to a high proficiency level in a mirror-
eading task not previously experienced. Thus, repetitive
anipulation of information in working memory to imagine

nverted letters, without visual sensory feedback, leads to
op-down-induced modifications in brain mechanisms usu-
lly modified by bottom-up repetitive training such as oc-
urs in implicit memory tasks; these changes underlie a
roficient performance in the mirror-reading task.

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

The actual simulation of the motion of writing letters in
n inverted fashion could have contributed to the percep-

simulation of writing inverted words (Groups I and I-SC) or as used
cks of 20 words, for all groups in experiment I.
ual skill acquisition because of the somatosensory feed-



b
A
o
a
a
q
t
p
s
s
a
h
s
t
l
t
i
i
t
w
s
s
t
t
i
p
t
l

i
c
l
o

w
m
t
e
o
c
m
i
i
i
i
T
l
m
(
s
s

p
c
i
b
s
a

m
T
d
i
j
m
G

F ds) over
s

A. F. Helene and G. F. Xavier / Neuroscience xx (2006) xxx 5

ARTICLE  IN  PRESS
ack provided. This would corroborate observations by
medi et al., (2002) showing that a region within the lateral
ccipital complex is preferentially activated by both visual
nd haptic presentations of objects, revealing that vision
nd touch share shape representations. However, it is
uestionable whether the sensorimotor feedback from to
he movements of drawing inverted letters might have
rovided any relevant, specific information to the visual
ystem to aid in the acquisition of the mirror-reading task,
uch as occurs when haptic and (object) visual stimulation
re involved. When simulating writing inverted letters,
and movement was linear and continuous, including the
pace where no imaginary line was drawn in both (1) the
ransition between one line and the next within a given
etter, and (2) in the transition between letters. Sensorimo-
or feedback included both movements related to the imag-
nary drawing of the lines that composed a given letter,
nterspersed with movements associated with the transi-
ion between “empty” spaces where no imaginary lines
ere drawn. Thus, it seems unlikely that this somatosen-
ory feedback could have provided information sufficiently
pecific to the visual system to assist in the mirror-reading
ask. Further, many volunteers reported that the only way
hey could perform the required motor task was to visually
magine the inverted letters, lending support to the inter-
retation that, to perform the required irrelevant motor
ask, the subjects depended on visually imagined inverted
etters.

During imaging and simulation of the motion of writing
nverted letters, the subjects may also have exhibited a
orresponding pattern of eye movements; this could help

ater with the mirror-reading task. In some subjects, we

ig. 2. Mean (�S.E.M.) mirror-reading times per non-word (in secon
imulation of inverted writing in the training phase of experiment I.
bserved movements of the eyes beneath the eyelids, p
hich apparently followed the hand movements. Specific
easurements would be required to evaluate to what ex-

ent such eye movements followed the hand movements
ither (1) over their linear and continuous trajectory, or (2)
nly during the movements related to the imaginary lines
orresponding to the letter-drawing but not during the
ovements corresponding to the empty space where no

maginary line was drawn (see above). However, letter
dentification by subjects having frequent reading habits,
ncluding the university students participating in this study,
s most likely holistic processing (see Pelli et al., 2003).
hus, continuous patterns of eye movement possibly

earned during imagery training may be of no help for
irror-reading. However, as emphasized by Pelli et al.

2003), holistic processing seems to occur only with exten-
ively exposed materials. Further experiments are neces-
ary to evaluate this hypothesis.

The results of the current experiment support the hy-
othesis that the acquisition of the mirror-reading skill oc-
urred via top-down processes. That is, manipulation of

nformation in working memory was effective in promoting
rain changes which apparently correspond to those re-
ulting in the acquisition of implicit knowledge via repetitive
ctual practice.

Imagery training requires that subjects maintain and
anipulate visual information in their working memory.
hus, impairment or interference in working memory may
isrupt the ability to engage successfully in imaging, and

nterfere with skill acquisition (Malouin et al., 2004). Sub-
ects in the I-SC condition switched between the perfor-

ances of two tasks. The parallel learning curves for
roup I show that these subjects exhibited similar im-

six blocks of 10 non-words each for groups exposed to imagery and
rovements during imagery training, independently of ex-
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osure to the double-task condition (Fig. 1). This shows
hat exposure to a switching task condition interfered with
erformance but not with acquisition of the ability to imag-

ne inverted letters and to simulate their writing.
Test scores for I-SC subjects were similar to those for

he I condition subjects. This suggests that the type of
ttention deviation imposed by the switching task was not
ffective in interfering with the acquisition of implicit knowl-
dge by imagery training (see below).

Such interference may have occurred, but was masked
y the extensive imagery training. That is, imagery training

nvolved 300, seven-letter words, and thus a total of 2100
etters. The subjects in the control group achieved an
symptotic level of mirror-reading performance after about
0, seven-letter, non-words (Fig. 2), i.e. after reading about
80 inverted letters. Even though the acquisition rates by

magery and actual performance may differ, limiting this
omparison, these findings suggest that if the degree of
magery training had been less, an interference effect may
ave been revealed during testing. The shorter mirror-
eading times in the groups subjected to imagery training
ompared with Group C support this hypothesis. A further
xplanation for the lack of interference by the spelling and
ounting task concerns its nature. Previous studies on
orking memory sub-components reveal that, the greater

he similarities between the main and the concurrent tasks
and presumably of their underlying processing resources)
he greater the interference on performance. In contrast,
hen the concurrent tasks involve distinct processing re-
ources, interference is absent (see Baddeley, 1986,
992). While the main task in the present experiment

nvolved inverted-letter imagery and writing simulation, the
pelling and counting task involved stating aloud the num-
er of vowels and consonants already written after writing
ach single letter. The underlying processing resources

nvolved in these functions may be different, with the VS
ketchpad processing the main task, and the phonological
oop processing the concurrent task; this may explain the
ack of interference by the concurrent task. However, the
resent data do not allow evaluation of this hypothesis.

Experiment II was designed to evaluate these pos-
ibilities.

xperiment II. Testing acquisition of implicit
nowledge through imagery training, and the impact
f concurrent task performance involving spelling
nd counting or visual working memory

xperiment I shows the performance of a mirror-reading
ask not previously experienced. Surprisingly, performance
f a distracting task did not seem to interfere with acquisi-

ion of implicit knowledge via imagery. Several tentative
ypotheses can be raised to explain this unexpected re-
ult. First, the interference effect may have been masked
y the substantial degree of imagery training. Second, the
oncurrent task demanded processing resources not en-
aged in performance of the visual imagery task, avoiding
ompetition for limited capacity resources. Third, the spell-

ng and counting task was not an actual concurrent task

ince subjects could switch between imagery and this task. m
The present experiment addresses these possibilities.
he testing sessions were interspersed with training ses-
ions to continuously monitor the acquisition process, thus
liminating the risk that a possible interference effect might
o undetected by the amount of training. Further, the dual-
ask approach was employed to evaluate the effect of
ttention deviation on the acquisition of implicit knowledge
ither by imagery or by actual training. The concurrent
asks included (1) performance in a modified version of the
rooks matrix (adapted from Phillips and Christie, 1977)
imed at producing VS attention deviation, and (2) the
pelling and counting task used in experiment I. An addi-
ional control group not exposed to any concurrent task
as included. The effectiveness of these procedures in
romoting attention deviation was additionally investigated
y asking the subjects to perform a free recall test and a
ecognition test for the words used during either the imag-
ry or the actual mirror-reading training (depending on the
roup). Since attention plays a critical role in the acquisi-
ion of declarative memory (Moray, 1959; Norman, 1969;
lucksberg and Cowan, 1970), it was expected that sub-

ects performing concurrent tasks would exhibit an inferior
erformance compared with their corresponding controls
ot subjected to a concurrent task.

EXPERIMENTAL PROCEDURES

ubjects

orty-eight, normal, right-handed, undergraduate biology students
21 men and 27 women) enrolled at the University of São Paulo
articipated in this study. Subjects were aged between 21 and 35
ears old (24.3�3.1 years), had normal or corrected vision, and
o previous experience in mirror-reading. All students provided
oluntary, informed consent to participate in the study. The pro-
edures were approved by the Ethics Committee of the Biomed-
cal Institute of the University of São Paulo.

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

raining and testing

he equipment, and training and testing conditions were similar to
hose described in experiment I.

A 2�3 design, involving two training conditions (imagery�actual
raining) and three concurrent-task conditions (VS�spelling and
ounting�no concurrent task; see below) was used, resulting in six
ndependent groups, with eight volunteers each.

The imagery training was similar to that used in experiment I.
he actual performance of the mirror-reading task involved the

ndividual presentation of inverted seven-letter words, as if seen
hrough a mirror, on a computer screen; the subject’s task was to
ead them as quickly and correctly as possible. The time spent by
he subjects to perform these tasks for each word was recorded
training time per word).

Two groups, one subjected to imagery training (Group I) and
he other subjected to the actual mirror-reading task (Group A),
ncluded subjects not exposed to a concurrent task. The remaining
our groups were trained using the dual-task technique. The VS
oncurrent task involved performance in a modified version of the
rooks matrix (see Phillips and Christie, 1977). In short, a 3�3
rray with five of its cells containing a black circle was presented
or 3 s before the presentation of each single training word (infor-

ation matrix). After training with a specific word, the subjects
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ere asked to indicate, on a new 3�3 array, which of two black
ircles had changed to a new array location (comparison matrix).
he accuracy of this response provided an index for this VS
orking memory task; thus, it was also possible to evaluate
hether concurrent performance of the visual imagery task per-

ormed in this study caused greater interference compared with
he concurrent performance of actual mirror-reading, as predicted
y the working memory model. Different pairs of information and
omparison matrixes were used for each training word. The sub-
ects were previously informed that they should execute the visual
orking memory task as accurately as possible. The task was
erformed 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
lso recorded to evaluate whether imagery of the actual training

nterfered with performance of this visual, working memory task.
he concurrent spelling and counting task required the subjects to
tate aloud, the number of vowels and consonants already written
or that specific word, after (1) simulation of writing each syllable
or the group subjected to imagery training (Group I-SC), or (2)
eading each syllable aloud for the group subjected to actual
raining (Group A-SC). Thus, this task was performed by two
roups, one concurrently with imagery training (Group I-SC) and
he other concurrently with actual training (Group A-SC).

Testing sessions were interspersed with training sessions
llowing the acquisition process to be accompanied. Eight testing
essions, each involving the mirror-reading of three, 12-letter,
on-words, were interspersed with seven training sessions of
ither imagery or actual training (according to the group), each

nvolving 12, seven-letter, words. Thus, performance in testing
essions revealed the acquisition of the mirror-reading skill
hroughout the training process, allowing detection of possible
nterference effects that might otherwise pass undetected (see
xperiment I).

The time taken from the presentation of each word until it was
ompletely written (by the imagery groups), or read (by the actual
irror-reading training groups) in the training sessions corre-

ponded to the training time. The time spent from the presentation
f the mirrored non-word until it was read in the testing sessions
orresponded to the reading times.

ig. 3. Mean (�S.E.M.) training time per word (in seconds) for six gro

nd A) combined with three, concurrent task conditions (SC, VS working mem
xperiment II.
ree recall

mmediately after the last testing session, without prior notice, the
ubjects were asked to freely recall and write down as many
ords as possible seen during training, for 5 min. The number of

ecalled words was used to express performance in this task.

ecognition test

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

tatistics

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

RESULTS

raining

ig. 3 shows the time spent by independent groups of
ubjects to perform either imagery or actual training (1)
ithout a concurrent task (left panel), (2) with a spelling
nd counting task (middle panel) or (3) with a VS concur-
ent task (right panel), for seven blocks of 12 seven-letter
ords. ANOVA revealed significant training condition (im-
gery vs actual training) (F1,42�59.64, P�0.0001), concur-

ed according to a 2�3 design, consisting of two training conditions (I
ups train

ory or no concurrent task), over seven blocks of 12 words each, in
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ent-task condition (SC vs VS vs NO) (F2,42�39.112,
�0.0001) and block (F6,252�81.14, P�0.0001) effects,
nd training condition vs block (F6,252�15.44, P�0.0001),
oncurrent-task condition vs block (F12,252�4.28, P�
.0001) and training condition vs concurrent-task condition vs
lock (F12,252�3,78, P�0.0001) interaction effects.

Fig. 3 shows that the time spent by the subjects sub-
itted to imagery training was longer than the correspond-

ng scores of the subjects submitted to actual training,
uggesting that the imagery task was more difficult to
erform than the actual mirror-reading task. The data also
how that the concurrent performance of a distracting task
either spelling and counting or VS) leads to an additional
ncrease in both imagery and actual training time (Fig. 3,

iddle and right panels). This effect was particularly pro-
ounced for the subjects performing the spelling and
ounting task (Fig. 3, middle panel), possibly because
witching is time consuming. Conversely, the VS concur-
ent task involved the presentation of a matrix before the
ord to be used in training, with later identification of the
hange, after the end of training with that specific word;
hus, even though it did not add extra time, procedurally
peaking, to the training time, it led to an increase in training
ime for subjects exposed to both imagery and actual training,
articularly in the early stages of training, an effect that was
tronger for subjects exposed to imagery training (Fig. 3,
iddle panel). Thus, the mere holding of information con-

erning the first matrix in working memory, to compare it later
ith the second matrix, interfered with imagery.

As expected, subject’s performance improved with re-
etitive training, indicating task acquisition; this effect was
sually stronger in those volunteers subjected to imagery

raining, possibly because their initial performance level
as poor compared with that of the groups subjected to the

ig. 4. Mean (�S.E.M.) mirror-reading time per non-word (in second
onditions (I and A) combined with three, concurrent task conditions
on-words each in experiment II.
ctual mirror-reading training (Fig. 3). t
esting

ig. 4 shows the mean mirror-reading times per non-word
xhibited by Groups I and A (left panel), I-SC and A-SC
middle panel), and I-VS and A-VS (right panel) for eight
locks of three non-words each. ANOVA revealed significant

raining condition (F1,42�8.83, P�0.01), concurrent-task
ondition (F2,42�3.37, P�0.04) and block (F7,294�36.28,
�0.0001) effects, and a training condition vs block

F14,294�4.65, P�0.0001) interaction effect. The interaction
etween training condition vs concurrent-task condition
early reached statistical significance (F2,42�2.59, P�0.08).
hese findings suggest that even though both imagery and
ctual training lead to acquisition of the mirror-reading skill,
ubjects submitted to imagery training attained proficiency
uicker (Fig. 4). Further, the results show that performance
f concurrent tasks interferes with the acquisition of the
irror-reading skill via actual training (Fig. 4); this effect
as stronger when the concurrent task involved VS com-
ared with the spelling and counting information (Fig. 4,
ompare middle and right panels). The VS concurrent task
lso interfered with acquisition of mirror-reading by imag-
ry training; however, this interference was lesser com-
ared with that seen when acquisition involved actual train-

ng. Thus, mirror-reading acquisition via imagery training
eems more resistant to interference.

ree recall and recognition test

ig. 5A shows the number of words recalled, and Fig. 5B
he number of words recognized by the subjects for each
raining condition and concurrent task condition. With re-
ard to the number of words recalled (Fig. 5A), ANOVA
evealed a virtually significant training condition effect
F1,42�3.93, P�0.053), but lack of significant concurrent

groups trained according to a 2�3 design, consisting of two training
working memory or no concurrent task), over eight blocks of three
s) for six
ask effect (F2,42�0.69, P�0.50) and training condition vs
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oncurrent task interaction effect (F2,42�2.29, P�0.11).
ith respect to the number of words recognized (Fig. 5B),
NOVA revealed a significant training condition effect

F1,42�8.40, P�0.01). Fig. 5A and 5B show that as ex-
ected, subjects exposed to imagery training recalled
ewer words compared with the subjects submitted to the
ctual mirror-reading training. This suggests that requisite
orking memory resources involved in performing the imag-
ry task are greater than that required by actual mirror-read-

ng; consequently, resources available for (declarative) hold-
ng of information about the subject matter (words) used in

ig. 5. Mean (�S.E.M.) number of words (A) recalled and (B) recog-
ized per subject in the free recall and recognition memory tests,
espectively, for six groups previously trained according to a 2�3
esign, consisting of two training conditions (I and A) combined with
hree, concurrent task conditions (SC, VS working memory or no
oncurrent task) in experiment II.
raining decrease, leading to greater interference. Fig. 5A t
eveals that this interference effect was particularly pro-
ounced in subjects submitted to acquisition via visual

magery training and exposed to the concurrent VS task
uggesting that they compete for limited resources.

rooks matrix visual working memory test

ig. 6 shows the number of correct matrix identifications
ver seven blocks of testing by subjects performing the

nverted-letter imagery (and simulation of their drawing) or
he actual mirror-reading test between the presentation of
he first (information) and second matrixes. Statistical anal-
sis revealed significant training condition effects (F1,14�
2.51, P�0.004) and Block (F6,84�135.81, P�0.0001), and
raining condition vs block interaction effects (F18.43,
�0.0001). Fig. 6 reveals that performance of both groups

n the initial testing sessions was poor, improving similarly
s training proceeded to the third block; subsequently,
hile performance of the subjects submitted to imagery

raining reached a plateau of about 65% correct re-
ponses, performance by the subjects submitted to actual
irror-reading training improved steadily to block seven,

eaching �90% correct responses.

DISCUSSION

he session schedule used in this experiment allowed
onitoring the rate of mirror-reading acquisition via differ-
nt training procedures. The results show that in the ab-
ence of a concurrent task, the rate of mirror-reading skill
cquisition via inverted letter imagery was similar to that
chieved with the actual performance of a mirror-reading
ask (Fig. 4, left panel), indicating that implicit perceptual
nowledge is acquired by top-down processes as effi-
iently as by bottom-up processes. Conversely, when a
pelling and counting task or a VS task, is performed
oncurrently with actual mirror-reading training, acquisition
f the mirror-reading skill decreased compared with the
orresponding group exposed to imagery training (Fig. 4),
articularly with respect to the concurrent VS task (Fig. 4).
hus, while performance of distracting tasks together with

raining strongly interfered with acquisition of the mirror-read-
ng skill via actual mirror-reading, distraction interfered only
lightly with efficient acquisition via inverted-letter imagery.

This robustness of mirror-reading, perceptual skill ac-
uisition via inverted letter imagery may be related to
uantitative and qualitative differences regarding actual
irror-reading acquisition. The time invested by the sub-

ects in performing the inverted-letter imagery was greater
ompared with the time spent by the corresponding groups
erforming the actual mirror-reading (Fig. 3). That is, the

magery task required detailed manipulation of each indi-
idual letter to simulate its inverted writing; together with
his performance, the visual image of the letter was actively
aintained in working memory. Thus, the amount of re-
earsal involving this subject matter was certainly longer
nd more in-depth compared with that concerning actual
irror-reading for the same words. This extensive, imag-
ry-related rehearsal either (1) concurrently with the main-

enance in working memory of VS information concerning
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he Brooks matrix (Group I-VS) or (2) interspersed with the
pelling and counting task in a task switching situation
Group I-SC), substantially increased training time (Fig. 3).
he extensive processing of inverted letters via imagery for

nverted writing prevented interference by the concurrent
asks (Fig. 4), possibly because priority was given to pro-
essing information related to this task; consequently, pro-
essing resources available for performance of the Brooks
atrix, VS working memory task were restricted, thus lead-

ng to an inferior performance (Fig. 6, Group I-VS).
Conversely, acquisition of the mirror-reading skill via

he actual performance of the mirror-reading task was
isturbed by the concurrent performance of both distract-

ng tasks (Fig. 4); interestingly, this disturbing effect was
reater when the concurrent task was the Brooks matrix,
S working memory test (Fig. 4, middle and right panels).
hus, this interference effect may occur because perfor-
ance of the mirror-reading training task involved limited

esources also required for performance of the concurrent
rooks matrix, VS working memory task; in this case, the
vailable resources seem to have been primarily engaged

n performance of this latter task, leading to substantial
mprovement in performance (Fig. 6, Group A-VS) and,
onsequently, to poorer acquisition of the actual mirror-
eading skill (Fig. 4, right panel).

Landau et al. (2004) used event-related, functional
agnetic resonance imaging to investigate the effects of
ractice on working memory for faces. By comparing early

ig. 6. Percent correct responses per subject in a Brooks matrix, VS w
ight blocks of 12 working memory trials each.
nd late session changes in brain activity, these authors p
howed that the major influence of practice concerns en-
oding, indicating that this function is “an active process
equiring attention, whereas retrieval processes . . . are
ore automatic” (p. 217). In the present experiment, per-

ormance of the Brooks matrix, VS concurrent task sub-
tantially increased training time, particularly in subjects
xposed to imagery training, demonstrating that deviation
f processing resources from the main imagery task inter-
eres with performance during training. On the other hand,

slight interference effect was seen for the mirror-reading
kill acquisition. Thus, apparently, the subjects compen-
ated the deviation of working memory resources by in-
reasing the time spent in imagery during training.

The free recall and the recognition memory tests for
ords presented together with either imagery training

Groups I, I-SC and I-VS) or actual mirror reading training
Groups A, A-SC and A-VS) revealed poorer performance
y subjects exposed to imagery training (Fig. 5), suggest-

ng that the concentration of attention in the inverted letter
magery task partially disrupted memory for this subject

atter. Interestingly, subjects exposed to the actual mirror
eading training concurrently with the spelling and counting
ask also exhibited partial disruption of performance in the
ree recall test compared with the remaining groups also
xposed to the actual mirror-reading training, including
hose subjected to the concurrent VS task (Fig. 5A). Con-
idering the nature of the imagery and the actual mirror-
eading training used in this study, the imagery task ap-

mory task (VS) performed concurrently with either I or A training, over
ears to direct attention to individual letters to a greater
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xtent than the actual mirror-reading training, which may
irect attention to the whole words. This may explain why
erformance was better in subjects performing actual mirror-
eading training. In addition, the inferior performance of sub-
ects exposed to actual mirror-reading together with the spell-
ng and counting task (Fig. 5A), suggests that performance of
his latter task requires resources also used for word holding
n working memory, and thus interfered with its performance.

eneral discussion

Acquisition of implicit knowledge by imagery training.
he two experiments in the present study were designed to
valuate acquisition of mirror-reading implicit perceptual
kills via imagery training, avoiding visual feedback during
erformance of the imagery task, thus eliminating this
ossible pathway for acquisition. While experiment I in-
olved extensive, inverted-letter imagery training before
esting, and evaluation of the impact of a distracting spell-
ng and counting task on acquisition of the mirror-reading
kill, experiment II tested acquisition together with imagery
raining and evaluation of the impact of an additional concur-
ent task, involving a VS working memory task. The findings
howed that imagery training led to proficient levels of skill
erformance (Figs. 2 and 4), demonstrating that mainte-
ance and manipulation of relevant letter information in work-

ng memory during imagery enactment of this subject matter
roduce substantial implicit knowledge acquisition.

Long-term memory may be divided into explicit (or
eclarative) knowledge of facts and events, expressed by

he deliberate recollection of information, and implicit (or
rocedural) knowledge, which is expressed as improved
erformance in previously trained tasks, including percep-

ual and motor skills, habits and priming, without the need
or conscious recollection of having been previously ex-
osed to the tasks (Squire and Zola-Morgan, 1991). Atten-

ion or controlled processing allocation to the incoming
nformation plays a critical role in the acquisition of declar-
tive memory. Conversely, acquisition of implicit knowl-
dge may be tied to the particular processing structures
nd procedures engaged in learning the tasks; plasticity

nherent to these systems may lead to cumulative, long-
erm modifications of the elements, gradually, through re-
etitive practice (Cohen, 1984).

Kolers (1976) reported that healthy subjects improved
heir ability to read inverted text via actual mirror-reading
raining, and that this acquisition was independent of re-
embering the contents of the text read, suggesting that

killed reading involves the application of procedures that
rocess information at the level of visual patterns.

In the present experiments, implicit knowledge repre-
ented by mirror-reading skills (Kolers, 1976; Cohen,
984) was acquired via imagery training. Our experimental
esign prevented visual feedback; thus, processing struc-
ures and procedures usually engaged in the actual per-
ormance of a mirror-reading task must have been en-
aged by maintenance of imagery information in working
emory, leading to changes in the system and, thus, to
cquisition of knowledge, expressed as the skilled perfor-

ance of a mirror-reading task. However, experiment II i
hows that acquisition rates via imagery and actual training
or subjects not exposed to concurrent tasks are similar
Fig. 4, left panel), and seem to follow the same rules (e.g.
he need for repetition for acquisition to occur, and acqui-
ition involving gradual, cumulative changes). This sug-
ests that processing structures and procedures involved

n acquisition via imagery and actual training are at least
artially related, despite the fact that in imagery training
heir activation occurs by top-down processes.

Attention and acquisition of implicit knowledge by im-
gery training. The role played by attention in the acqui-
ition of implicit knowledge may not be as critical as in the
cquisition of explicit knowledge. For instance, Eysenck
nd Thompson (1966) trained independent groups of sub-

ects in a rotary pursuit task, either alone or concurrently
ith distracting tasks of variable levels of difficulty; sub-

ect’s performance was later tested without a concurrent
ask. Although time on target in the rotary pursuit task de-
reased as the level of difficulty of the distracting task in-
reased during training, no differences in performance were
bserved during the post-acquisition test, run without a dis-

racting task. These authors concluded that distraction inter-
ered with performance but not with acquisition of the task.

However, Nissen and Bullemer (1987) showed that the
cquisition of a serial reaction time task is strongly depen-
ent on attentional processing. These authors trained vol-
nteers in a serial reaction time task to react to the pre-
entation of a light at one of four locations on a video
onitor by pressing a corresponding key located directly
elow each light; a repeated sequence of 10 light locations
as used for one of the groups, and a random sequence
as used for another group. In an additional experiment,
ome of the subjects in each group performed either the
epeated or the random sequence under dual-task condi-
ions; i.e. subjects performed this task simultaneously with

tone-counting task in which performance required atten-
ion. Under single-task conditions, the reaction time for
ubjects trained with the repeated sequence decreased
ubstantially with training compared with the corresponding
cores of subjects trained with the random sequence, reflect-

ng learning of the sequence. Under dual-task conditions, the
oncurrent performance of a tone-counting task strongly in-
erfered with learning of the repeated sequence, indicating
hat attention is required for this acquisition.

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

The design of experiment II allowed us to accompany
irror-reading skill acquisition during the imagery and the
ctual mirror-reading training; the results show that the
cquisition rates for these training conditions are similar
Fig. 4, left panel), indicating that implicit perceptual knowl-
dge is acquired by top-down processes as efficiently as
y bottom-up processes. Further, in addition to the spelling
nd counting task, a concurrent VS working memory task
as also performed together with either imagery or actual

raining. For subjects exposed to actual mirror-reading train-

ng, concurrent performance of these tasks increased training
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ime (Fig. 3), and also disrupted acquisition of the mirror
eading skill. Thus, distraction by a concurrent task inter-
eres with training performance (Fig. 3) and with acquisi-
ion of the task as revealed by testing (Fig. 4). The con-
urrent spelling and counting task caused greater interfer-
nce with training performance, in terms of training time,
hen compared with the concurrent, visual working mem-
ry task; this effect may be related to the fact that perfor-
ance of the spelling and counting task is time consuming
nd often involves switching of attention between tasks,
hus differing from the visual working memory task. Con-
ersely, the visual, working memory concurrent task in-
uced greater interference with mirror-reading acquisition,
ossibly because its performance requires resources also
emanded by the actual mirror-reading task. Thus, similar
o Nissen and Bullemer’s (1987) observations, these find-
ngs suggest that attention is required for acquisition. Con-
ersely, for subjects exposed to the inverted-letter imagery
raining, concurrent performance of either the spelling and
ounting task or the VS, working memory task substantially
ncreased training time (Fig. 3), but only slightly interfered
ith acquisition of the mirror reading skill (Fig. 4). To-
ether, these findings indicate that, depending on the pri-
rity given by the subjects to the content of the tasks
oncurrently performed, interference may or may not oc-
ur. The working memory model (Baddeley, 1986, 1992)
elps explain these results in terms of the availability of
rocessing resources regarding the extent of their engage-
ent in other processing tasks.

Inverted letter imagery thus appears to depend on a
ystem of limited informational capacity, including the cen-
ral executive of the Baddeley (1986) working memory
odel and the VS sketchpad. The imagery task demanded

onstant intervention of the central executive SAS to invert
he letters; this repeated intervention rendered the pro-
essing of inverted letters throughout training automatic,
ia top-down mechanisms. Since the central executive
as engaged in this process, its availability for other types
f processing was diminished. This helps explain why the
erformance of subjects exposed to imagery training in the
rooks matrix, VS working memory task was inferior com-
ared with that of subjects exposed to actual mirror-read-

ng training (Fig. 6). It also helps explain why subjects ex-
osed to imagery training exhibited poorer performance in
he free recall and recognition tasks (Fig. 5). In other words,
ecruitment of resources for performance of inverted-letter
isual imagery interfered with performance in the VS, working
emory task possibly because priority was given by the

ubjects, and because these tasks demanded similar
esources.

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

Neuro-imaging and electrophysiological studies have
hown that visual imagery and visual perception share
unctional similarities (Farah et al., 1988; Goldenberg et
l., 1989; Le Bihan et al., 1993; Roland and Gulyas, 1995;

shai and Sagi, 1995; Kosslyn et al., 1999a; Klein et al.,
000; Lambert et al., 2002), that is, common neural struc-
ures and mechanisms seem to be activated by both
Farah, 1988; Kosslyn et al., 1993). Similarly, a number of
tudies have shown that most of the cortical and sub-
ortical structures involved in overt performance are also
ctivated during motor imagery (e.g. Decety, 1996; Decety
nd Ingvar, 1990; Jeannerod, 1994), and that perceptual
nd motor skills are related to representations of proce-
ural knowledge. Decety (1996) showed that the pattern of
ortical activation, which includes the pre-motor areas and
he supplementary motor area, is strikingly similar to that
bserved during the actual execution of the same move-
ent sequence. However, in imagery training, a marked
ifference concerns the primary motor cortex which is
ctivated only if the movements are actually executed
Ingvar and Philipson, 1977; Annett, 1996; Roland et al.,
980). Decety et al. (1990) showed that sub-cortical areas,

ncluding the cerebellum and the basal ganglia, are also
ctivated during motor imagery. Apparently, part of the
etwork underlying imagery includes the prefrontal and the
nterior cingulate cortex (Decety et al., 1992), brain re-
ions also involved in working memory and attention (Ro-

and, 1984; Smith and Jonides, 1995).
It would be interesting to identify those brain regions

ctivated by performance of this imagery task. It would not
e surprising if the prefrontal and the anterior cingulate cor-

ex were involved, in addition to visual association regions.
his is a question wide open to experimental scrutiny.
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