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VERNIGHT VERBAL MEMORY RETENTION CORRELATES WITH THE

UMBER OF SLEEP SPINDLES
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. CLEMENS,* D. FABÓ AND P. HALÁSZ

ational Institute of Psychiatry and Neurology, Department of Neurol-
gy, H-1021 Budapest, Hűvösvölgyi út 116, Hungary

bstract—Despite strong evidence supporting a role for
leep in the consolidation of newly acquired declarative
emories, the contribution of specific sleep stages remains

ontroversial. Based on electrophysiological studies in ani-
als, synchronous sleep oscillations have been long
roposed as possible origins of sleep-related memory im-
rovement. Nevertheless, no studies to date have directly

nvestigated the impact of sleep oscillations on overnight
emory retention in humans. In the present study we provide

vidence that overnight verbal memory retention is highly
orrelated with the number of sleep spindles detected by an
utomatic algorithm over left frontocentral areas. At the same
ime, overnight retention of newly learned faces was found to
e independent of spindle activity but correlated with non-
apid-eye-movement sleep time. The data strongly support
heories suggesting a link between sleep spindle activity and
erbal memory consolidation. © 2005 Published by Elsevier
td on behalf of IBRO.

ey words: memory consolidation, sleep, sleep spindles.

here is growing evidence supporting a role for sleep in the
onsolidation of newly acquired memory traces (Stickgold,
998). However the issue of the relative contribution of
ifferent stages of sleep to this process has remained
ontroversial for a number of memory domains.

Some discrepancies among results notwithstanding, de-
larative memory is generally believed to rely on slow-wave
leep (SWS; non-rapid-eye-movement [NREM] stages 3 and
), since deprivation of early sleep, dominated by SWS,

eads to greater memory loss when compared with late
ight sleep deprivation dominated by rapid-eye-movement
REM) sleep (Plihal and Born, 1997, 1999). In contrast,
EM deprivation consistently produced no effect on reten-

ion of declarative memory contents, such as word lists,
aired associates or the Rey-Osterrieth complex figure
Smith, 1995).

According to the two-stage model suggested by
uzsáki (1989), memory consolidation relies on the com-
unication between the hippocampus and neocortex.
ewly acquired memory traces, after temporary storage in

he hippocampus, are transferred to more permanent neo-
ortical stores during postlearning sleep. Based on studies
n rats, this process is suggested to involve sharp waves

Corresponding author. Tel: �36-1-391-5435; fax: �36-1-391-5438.
-mail address: clemens@opni.hu (Z. Clemens).
i
bbreviations: NREM, non-rapid-eye-movement sleep; REM, rapid-
ye-movement sleep; SWS, slow-wave sleep.
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nd superimposed high frequency ripples in the CA1 re-
ion of the hippocampus (Sutherland and McNaughton,
000). Two recent studies (Siapas and Wilson, 1998;
irota et al., 2003) also demonstrated that hippocampal
harp waves and neocortical sleep spindles tend to occur

n close temporal correlation, indicating a role for sleep
pindles in the reprocessing of hippocampally dependent
emories. The hypothesis of a functional relationship be-

ween spindles and memory processes also received
ome support from a study demonstrating increased spin-
le density following intensive verbal learning (Gais et al.,
002). In that study verbal memory performance was also
hown to moderately correlate with spindle density; how-
ver, the overnight effect was not assessed. In fact, no
revious studies have investigated the impact of sleep
pindles on overnight memory retention so far.

The present study was carried out to examine whether
vernight retention of verbal and visual memory contents
orrelates with the total number of sleep spindles during
he same night. To carry out a detailed analysis with regard
o spindle topography, sleep spindles were detected and
ounted for all 21 scalp locations corresponding to the
raditional EEG recording sites, and times spent in different
leep stages were also determined in order to examine the

ssue of whether sleep spindles or sleep stages per se
ight be important for memory retention.

EXPERIMENTAL PROCEDURES

ubjects

ineteen male volunteers, paid for participation, between the ages
f 26 and 54 (mean age: 37�7.6 years) participated in the study.
ll subjects were right-hand dominant (Edinburgh Handedness

nventory) and right-legged. To ensure relative homogeneity in
earning experience during previous life stages, subjects’ educa-
ion level was limited to 12 years of education. IQ (Raven) was
etween 95 and 134 (mean: 116.6�10.2). Participants had no
rior history of neurological and psychiatric disorders, alcohol or
rug abuse. They were regular sleepers and reported no sleep
isturbances. They were not taking any medication during the
tudy period. Subjects spent two consecutive nights, an adapta-
ion and an experimental night in the sleep laboratory. Participants
pent the whole study period in the monitoring unit and at the
earby areas. They were not allowed to have daytime naps.
uring daytime, they were restricted in activities requiring major
hysical and mental effort. They spent time with filling out psycho-
etric questionnaires, reading, watching TV, chatting and walk-

ng. Subjects were allowed to sleep according to their preferred
chedules between 10:00 p.m. and 7:00 a.m. The study was
pproved by the local ethical committee and subjects gave written
nformed consent to participation.
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emory tests

face-name association test with an evening and a morning
erbal free recall and a morning visual (facial) recognition task
ere used. Since visual recognition can be applied only once for

he same material, evening visual memory was tested by another
isual recognition test. These memory tests were specifically de-
igned for the present study. Testing was carried out before and
fter the second night spent in the sleep laboratory. Both evening
nd morning testing sessions were held at fixed times: the evening
ession began at 8:00 p.m., while the morning session began at
:00 a.m. After finishing the evening session no instruction was
iven to remember the material for later recall.

vening session

Face-name association test. The subjects had to learn 10
isually presented names (first and second names) and corre-
ponding faces. The items were presented on a computer screen,
uring three consecutive sessions with no interruption between
essions. During the first session, only the names were presented,
hen during the second and third sessions names and correspond-
ng faces were presented together. Each item (a name alone or a
ame with a face) was presented for 10 s. After 3 min of distrac-
ion, which participants spent drawing, they were asked to free-
ecall the names. Ten points were given for each properly recalled
ull name (both first and second names) and four points were
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ig. 1. Sleep spindle detection (A) raw EEG trace with two spindles (B
re indicated with blue background. The amplitude criterion is indicate
riterion and exceeding the duration of 0.5 s. These epochs were ide
iven if a participant could recall only the first or the second name T
roperly. The sum of the points served as a measure of verbal
emory. Then faces were presented and subjects were asked to

ecall the corresponding names. This time subjects were allowed
o think as long as they liked but each face was presented only for
0 s. Finally, names and corresponding faces were presented
gain and the experimenter confirmed the proper answers and
evealed or corrected those which were missing or wrong.

Short-term visual recognition test. Subjects were asked to
emember 10 abstract figures presented on cards for 45 s. After 3
in of distraction they were presented 30 figures, out of which 10
ad been presented during the learning period as well. Subjects
ere asked to determine whether the figures presented were

amiliar or not. The percentage of correct recognitions (true
ositives�true negatives/30) and the percentage of true positive
esponses served as measures of evening visual memory.

orning session

Face-name association test. Next morning subjects were
rst asked to free-recall the names again. Overnight verbal mem-
ry retention, defined as the difference between evening and
orning verbal free recall scores, was calculated for each subject.
hen, 30 faces were presented, including those 10 which had
een presented during the evening session as well. The subjects
ad to determine whether the faces presented were familiar or not.

6 8 10

c
ltered between 11 and 16 Hz (C) peaks above the amplitude criterion
ed line. In red frame are the epochs with peaks above the amplitude
the algorithm as spindles.
se
) trace fi
d as a r
he percentage of correct morning facial recognitions (true
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ositives�true negatives/30) and the percentage of true positive
acial recognitions served as morning visual scores.

EEG recordings, sleep spindle count and sleep scoring.
uring sleep, EEG was recorded using Brain Quick System II.
wenty-one Ag/AgCl electrodes (F7, T3, T5, Fp1, F3, C3, P3, O1,
pz, Fz, Cz, Pz, Oz, Fp2, F4, C4, P4, O2, F8, T4 and T6) were
laced according to the 10–20 International system. Scalp elec-
rodes were referenced against the contralateral mastoid. Elec-
rooculogram, electromyogram and electrocardiogram electrodes
ere also placed. All signals were sampled at 128 Hz. AD con-
ersion was 12 bit.

For sleep spindle detection, waking epochs and those con-
aining muscle artifacts in any of the scalp electrodes were re-
oved. Spindles were detected and counted for the entire sleep
eriod and for all scalp electrodes using an automatic algorithm in
atlab (Mathworks Co.). For spindle detection, the raw EEG was

rst band-pass filtered between 11 and 16 Hz using a high order
amming window-based FIR filter. Then amplitude was compared
ccording to an amplitude criterion. Since sleep spindle ampli-
udes showed great variability across subjects, we could not use

fixed amplitude criterion. For this reason, a relative amplitude
riterion was introduced, which was defined as the 20% of the
ighest sleep spindle during the whole sleep period. To avoid the
onfounding effect stemming from outlier amplitudes, the four
ighest spindles were ignored and only the fifth highest spindle
as regarded as representing the maximum. This amplitude cri-

erion was determined on the basis of the C3 derivation in each
ubject and was then used for the other 20 derivations as well. A
hird criterion in spindle detection was that of a duration exceeding
.5 s. To demonstrate steps used by the algorithm an example is
iven in Fig. 1.

Our method, being modified from the spindle detection algo-
ithm proposed by Schimicek et al. (1994) had to be compared
ith the results of visual sleep spindle scoring as well. Visual
pindle scoring was carried out blinded to the results of the
utomatic algorithm. Agreement between the two methods re-
ulted in on average 81.3% (�6.8%) for true positive detections
nd 21.4% (�10.3%) for false positives during NREM periods.
he algorithm detected only 0.07�0.1 spindles/min for REM pe-
iods. Whole-night sleep recordings were also scored following the
onventional rules for sleep staging (Rechtschaffen and Kales,
968) for 20-s epochs and times spent in different sleep stages
ere determined.

able 1. Total number of spindles (mean and SD) during the whole s

F7 T3 T5

otal spindle numbers (means) 323 241 265
D 259 167 196

z Cz Pz Oz Fp2 F4

198 1696 1406 228 469 953
473 546 599 315 295 305

able 2. Means and standard deviations of times spent in different sing
ime�NREM�REM)

NREM1 NREM2

ean time spent in different sleep
stages (min) 17.9 160.4

D of time means spent in
tatistical analysis

leep measures and memory retention measures (overnight ver-
al memory retention and morning facial recognition scores) were
orrelated using Pearson product-moment correlation test. The
ollowing sleep measures were examined: the total number of
leep spindles during the whole sleep period for the 21 derivations
nd time spent in the following sleep stages: NREM1, NREM2,
REM3�4, REM, NREM and total sleep time (NREM�REM

ime). To control for possible traitlike relationships with sleep
easures, correlation was also calculated for the evening verbal
nd visual memory scores. Each correlation was controlled for
ge by using partial correlations.

RESULTS

vening verbal free recall scores (for the names) ranged
etween 38 and 88 points (mean: 63.3�14.8) while morn-

ng verbal free recall scores were between 36 and 100
oints (only one subject achieved 100 points, mean was
7.1�18.9). Out of the 19 subjects, 12 showed positive
vernight verbal retention, that is, higher verbal free recall
cores in the morning compared with that in the evening.
orrect morning facial recognitions ranged between 86.7
nd 100% (mean: 96.1�9.5) while morning true positive
acial recognitions ranged between 70 and 100% (mean:
4.7�8.4). Short-term visual recognition scores (in the
vening) ranged between 63.3 and 96.7% (mean: 84.4�
.9) for correct recognitions and between 70 and 100%
mean: 92.2�10) for true positive recognitions.

Largest spindle numbers were found for Cz
1696�546), Pz (1406�599) and Fz (1198�473), followed
y C3 (1224�345) and C4 (1159�514) electrode posi-
ions. Cz, Pz and Fz sites, having midline location, pre-
umably represent both left and right hemispheric spin-
les. Spindle numbers decreased with distance from ver-
ex. Spindle numbers for the 21 electrodes as well as data
n times spent in different sleep stages are presented in
ables 1 and 2.

od at the 21 recording sites

p1 F3 C3 P3 O1 Fpz

76 932 1224 1076 234 302
51 258 345 458 255 237

C4 P4 O2 F8 T4 T6

1159 969 274 338 238 221
514 623 413 175 178 199

mbined sleep stages (total NREM time�NREM1�2�3�4, total sleep

NREM3�4 REM Total
NREM time

Total
sleep time

123.9 90.6 302.3 392.8
leep peri

F

3
2

le and co

different stages 14.4 42.9 35.4 31.1 46.9 68.2
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Correlation data between memory and sleep measures
re summarized in Tables 3 and 4. There was a significant
ositive correlation between overnight verbal memory re-
ention and the number spindles at electrodes covering left
rontocentral areas, that is at F3 (r�0.725, P�0.0007), C3
r�0.660, P�0.003), Fz (r�0.538, P�0.032) and Cz sites
r�0.516, P�0.034; Fig. 2) but overnight verbal memory
etention did not significantly correlate with time spent in
ither single or combined stage of sleep. Regarding morn-

ng facial memory scores (correct morning facial recogni-
ions and true positive morning facial recognitions), no
ignificant correlation with spindle numbers was found.
owever, correct morning facial recognitions correlated
ignificantly with NREM sleep time (r�0.606, P�0.008)
nd marginally significantly with total sleep time (r�0.483,
�0.042).

Regarding correlations with evening verbal and visual
cores, only one marginally significant correlation
merged, that between T3 spindle number and evening

rue positive visual recognition (Table 3). Given that spin-
le numbers are one of the lowest at that lead and no other
ignificant correlations emerged with evening scores, this
uggests a statistical artifact stemming from multiple

able 3. Correlation measures (r) and significance (P) of the correlati

F7 T3 T5

vernight retention
Overnight verbal

memory retention
r 0.097 �0.08 0.112
P 0.720 0.721 0.679

Correct morning facial
recognitions

r 0.018 0.077 0.281
P 0.946 0.770 0.291

Morning true positive
facial recognitions

r 0.177 0.013 0.425
P 0.511 0.961 0.100

vening memory
Evening verbal

memory
r �0.044 �0.113 �0.129
P 0.872 0.666 0.634

Correct evening visual
recognitions

r �0.042 0.335 0.209
P 0.882 0.189 0.438

Evening true positive
visual
recognitions

r 0.192 0.513 0.193

P 0.492 0.042 0.490

Fz Cz Pz Oz Fp2 F4

0.538 0.516 0.161 0.201 0.156 0.4
0.032 0.034 0.538 0.490 0.564 0.0
0.312 0.424 0.333 0.109 0.233 0.2
0.225 0.089 0.244 0.711 0.384 0.4
0.397 0.386 0.211 0.301 0.373 0.3
0.128 0.126 0.469 0.296 0.154 0.1

0.417 �0.288 �0.266 �0.072 �0.041 0.0
0.108 0.261 0.359 0.807 0.880 0.7
0.071 0.242 0.442 �0.212 �0.114 0.2
0.795 0.350 0.114 0.468 0.675 0.3
0.066 �0.146 0.225 �0.055 �0.105 �0.1
0.814 0.589 0.460 0.851 0.710 0.6

Significant values are indicated in bold.
omparisons. a
DISCUSSION

he overall pattern of significant correlations suggests that
oth verbal and facial overnight memory retention are
elated to postlearning sleep; however, the underlying
echanisms within sleep are different. Overnight verbal
emory retention was shown to be related to sleep spindle
ctivity while facial memory retention seemed to depend
n NREM mechanisms other than sleep spindles. Since
vening memory scores did not significantly correlate with
leep measures, this also points to acute sleep-related
rocesses instead of a trait-like relationship.

The sleep spindle is a relative newcomer in theories
nd experiments addressing sleep–memory interactions.
t the behavioral level, evidence for this relationship
omes from studies looking at sleep EEG changes follow-

ng learning activity. One study reported an increase in the
umber of spindles and NREM2 time following spatial

earning (Meier-Koll et al., 1999) while another found in-
rease in spindle density, as a consequence of intensive
erbal learning (Gais et al., 2002). In this latter study
pindle density during NREM2 was also reported to mod-
rately correlate with learning efficacy both before and

een memory measures and spindle numbersa

F3 C3 P3 O1 Fpz

080 0.725 0.660 �0.014 �0.082 0.103
769 0.0007 0.003 0.956 0.762 0.716
141 �0.157 0.308 0.305 0.251 0.302
603 0.532 0.214 0.218 0.349 0.273
323 0.191 0.233 0.212 0.309 0.425
223 0.447 0.352 0.398 0.244 0.114

096 0.100 �0.196 �0.376 �0.123 �0.058
724 0.692 0.427 0.121 0.650 0.837
363 �0.068 0.340 0.350 �0.042 �0.201
168 0.788 0.100 0.155 0.876 0.472
193 �0.408 �0.100 0.092 0.070 �0.106

492 0.104 0.703 0.725 0.796 0.718

P4 O2 F8 T4 T6

.350 0.015 �0.022 0.191 0.326 0.040

.155 0.952 0.935 0.478 0.276 0.878

.310 0.179 0.146 �0.078 0.197 0.119

.210 0.478 0.591 0.769 0.519 0.650

.274 0.115 0.186 0.191 0.171 0.298

.271 0.648 0.491 0.478 0.576 0.246

.105 �0.277 �0.090 0.025 �0.037 �0.221

.677 0.266 0.739 0.928 0.904 0.394

.281 0.089 �0.196 0.205 0.512 0.189

.259 0.725 0.466 0.446 0.073 0.468

.027 0.090 �0.039 0.151 0.352 0.210

.917 0.731 0.886 0.590 0.261 0.435
ons betw

Fp1

0.
0.
0.
0.
0.
0.

�0.
0.

�0.
0.

�0.

0.

C4

14 0
88 0
06 0
11 0
86 0
14 0

76 �0
63 0
18 0
84 0
33 �0
10 0
fter sleep; however, the overnight effect was not consid-
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red in either of the studies. As far as we know, the present
tudy is the first attempt to investigate the effect of sleep
pindle activity on overnight memory retention.

Sleep spindles are powerful bursts of oscillations in the
1–16 Hz frequency range, lasting for 0.5–3 s and arising

rom thalamocortical circuitries. While the neurophysiolog-
cal mechanism underlying spindle generation was delin-
ated in the past few decades, their functional significance
as remained largely unknown (De Gennaro and Ferrara,
003). Early theories about their functional significance
oncentrated on sleep protective correlates of spindles,
hat is, inhibiting external sensory inputs during sleep
Ehrhart et al., 1981). More recently sleep spindles, to-
ether with other NREM sleep oscillations, were implicated

n theories linking sleep oscillations and memory pro-
esses (Buzsáki, 1989; Steriade and Timofeev, 2003).

able 4. Correlation measures (r) and significance (P) of the correlati

NREM1

vernight retention
Overnight verbal memory retention r �0.344

P 0.061
Correct morning facial recognitions r �0.103

P 0.683
Morning true positive facial recognitions r �0.313

P 0.206
vening memory
Evening verbal memory r 0.356

P 0.147
Correct evening visual recognitions r �0.161

P 0.523
Evening true positive visual recognitions r �0.076

P 0.771

Significant values are indicated in bold.
ig. 2. Topographical maps representing correlation measures (A) of overnight
he level of significance (B) for the correlations at the 21 recording sites. Correlat
In two recent studies neocortically registered spindles
ere reported to occur in temporal correlation with hip-
ocampal sharp waves (Siapas and Wilson, 1998; Sirota
t al., 2003) known for involvement in long-term plastic
hanges at the cellular level. It was suggested that coor-
inated spindle-sharp wave events might feature in com-
unication between the hippocampus and the neocortex,
nderlying sleep-related memory consolidation. There are
lso indications that the high level of synchrony during
pindle oscillations might provide ideal conditions for long-
erm synaptic changes through an intracellular cascade of
iochemical events, activated by massive Ca2� entry dur-

ng spindling in cortical pyramidal cells (Sejnowski and
estexhe, 2000).

Topographical EEG analysis in humans points to the
xistence of two distinct spindle types, a slower one at

een memory measures and time spent in different stages of sleepa

2 NREM3�4 REM Total
NREM time

Total
sleep time

2 0.091 0.091 0.247 0.212
8 0.636 0.720 0.323 0.399
1 0.391 0.149 0.606 0.483
4 0.109 0.554 0.008 0.042
5 0.366 �0.038 0.359 0.224
2 0.135 0.881 0.143 0.372

3 �0.091 0.146 �0.023 �0.198
4 0.719 0.132 0.925 0.431
1 0.009 0.294 0.024 0.161
8 0.970 0.235 0.925 0.523
9 0.057 �0.105 �0.024 �0.066
1 0.828 0.688 0.927 0.800
ons betw

NREM

0.33
0.17
0.32
0.19
0.16
0.51

�0.08
0.74
0.08
0.74

�0.04
0.85
verbal memory retention with the total number of sleep spindles, and
ions were controlled for age. P values are plotted on logarithmic scale.
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pproximately 12 Hz with frontal maximum and a faster
ne at approximately 14 Hz, more prominent over parietal
egions More interestingly, the two types of spindles were
lso reported to be differentially affected by factors such as
ge, maturation, circadian factors, menstruation cycle,
regnancy and pharmacological agents (De Gennaro and
errara, 2003). However, the functional significance of

opographic differences has remained largely unknown so
ar. It is also debated whether the two types of spindles
eflect two separate spindle generators or whether both
re produced by a single generating source and frequency
ifferences might be attributed to regional differences in
halamocortical interactions (De Gennaro and Ferrara,
003). This issue might be particularly important if we want
o interpret results of spindles detected over central areas,
ince we do not know whether central spindles are simply
mixture of frontal and parietal spindles or whether they

eflect intrinsic features of the underlying brain areas.
Our results on overnight verbal memory retention point to

he relevance of local neural processes related to sleep spin-
le activity. It seems that left frontal spindles are predomi-
antly involved but left central, frontal midline and vertex
etected spindles are also related to the verbal consolidation
rocess, indicating that the known left hemisphere domi-
ance for verbal processes in right-handed subjects is also
resent during overnight verbal consolidation.

Interestingly, morning facial recognition scores did not
orrelate with spindle numbers but correlated with NREM
leep time. One potential explanation might be that reten-
ion of facial representations is related to other NREM
scillations, e.g. � or slow oscillations (�1 Hz), which were
ot quantitatively assessed in the present study. Neverthe-

ess this explanation does not seem very likely since morn-
ng facial recognition scores did not correlate significantly
ith time spent in NREM3�4, the stage featuring most �
nd slow waves. As an alternative, facial memories might be
etained independently of the specific form of synchronized
euronal activity but might rely on specific neuromodulatory

evels, for example the low cholinergic tone characterizing
REM sleep, which has been shown to benefit declarative
emory retention (Gais and Born, 2004).

Our results regarding verbal memory retention, com-
ined with earlier studies demonstrating increased spindle
ctivity following learning (Gais et al., 2002), suggest that
he relationship between spindles and verbal consolidation
s bi-directional, that is, learning experience can prime
leep spindles during postlearning sleep, which in turn
acilitate the consolidation of the newly acquired material. It
s also noteworthy that in the study of Gais et al. (2002; who
eported data only on midline electrodes), learning-induced
pindle increase was the greatest for Fz electrodes and a
arginally significant increase was reported for Cz elec-

rodes, similar to our results on highest frontal and moderate
entral correlations with respect to verbal retention.

Some clinical electrophysiological data also seem to
upport a role for spindles in memory processes. For ex-
mple, spindles were reported to decrease in density or
uration in conditions with cognitive decline, such as in

ental retardation (Clausen et al., 1977; Shibagaki et al.,
980), in autism (Godbout et al., 2002), in Alzheimer’s
yndrome (Montplaisir et al., 1995) as well as in normal
geing (Nicolas et al., 2001).

The present study was designed to investigate the
ffect of normal individual variability in sleep spindle num-
ers recorded from multiple scalp sites on memory reten-
ion. The experimental protocol was designed to avoid as
any confounding factors as possible. First, sleep was not
anipulated in any way. Subjects learned and were tested
t the same time, and so circadian factors or the extent of
atigue did not confound results. Baseline performance
efore sleep was also taken into account. The effect of age
as controlled as well. Unlike other studies (Schimicek
t al., 1994) we used relative amplitude criterion for spindle
etection. We suggest that this helped us avoid distorting
ffects stemming from considerable individual differences

n spindle amplitudes and in overall EEG amplitudes,
hich are ignored in methods using fixed amplitude crite-

ion. Reliability of our spindle detecting algorithm was con-
rmed by high agreement with visual scoring of spindles
uring NREM sleep and the very small spindle numbers
etected by the algorithm during REM sleep.

Taken together, our data suggest that sleep spindle
ctivity, specifically left frontocentral spindles are related to
vernight verbal memory consolidation, while time spent in
REM sleep is important for facial memory retention. We
uggest that these results have important implications for
ffective learning.
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