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The present study was designed to explore mechanisms of amnesia for meaningful auditory material 
presented during the sleep onset transition. Thirty undergraduate subjects (17 female, 13 male) were presented with 
auditory stimuli in an oddball paradigm until sleep onsct. Subjects were allowed to accumulate either 30 seconds 
or 10 minutes of sleep, then awakened and tested on free recall and recognition memory for the meaningful stimuli, 
After 10 minutes of sleep, but not after 30 seconds of sleep, subjects had profound amnesia on free recall for stimuli 
presented in the 4-minute window prior to sleep onset. Increased beta clectroencephalograph (EEG) power during 
the sleep period correlated positively with recall of stimuli in the 4-minute presleep window. Event-related potential 
recordings provided suggestive evidence that subjects continued to process the auditory stimuli to some extent 
during the sleep onset transition. When allowed to sleep for 10 minutes, subjects evidenced a mixed anterograde 
and retrograde amnesia for auditory stimuli presented in the 4-minute window prior to sleep onset. The resulls are 
discussed in terms of stimulus encoding, consolidation, and retrieval. Key Words: Sleep-—Memory—Amnesia— 

  

Event-related potentials—Steep onset, 

There is mounting evidence that information pre- 

sented during the presleep day is further processed 
during subsequent major sleep periods (1-5). How- 

ever, the ability of subjects to demonstrate, explicitly 

or implicitly, long-term retention of meaningful au- 

ditory stimuli presented during sleep has failed to be 
shown (e.g. 6-8}. The study of memory functioning 
dnring the sleep onset transitinn can directly exvam- 

ine wake versus sleep state changes in memory func- 
tion (9-12). 

Our laboratory conducted a two-phased study spe- 
cifically examining the issue of memory for anditary 

stimuli presented immediately prior to sleep onset 

(13) employing current memory-assessment proce- 

dures. In trials where subjects were allowed to sleep 

for 10 minutes following stimulus presentation, they 

had nearly complete amnesia for stimuli presented 
during the 3-minute window prior to sleep onset in 

contrast with trials where they were allowed to sleep 

for only 30 seconds. This finding supported a con- 

clusion that retrograde amnesia had taken place, as 
the difference between the conditions was the 
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amount of sleep that accumulated after the termi- 

nation of the stimulus presentation. However, a com- 

parison group of awake control subjects showed per- 
formance well-above that of the subjects in both 

sleep conditions, suggesting that the decrease in 

arousal level occurring during stimulus presentation 

also contributed to the memory deficits observed. 
Taken together, these results suggested that wutal 

nervous system (CNS) processes both prior to and 

following electroencephalograph (REG) sleep onset 

were related to the degree of memory impairment; 
anterograde aud reiugiads ammcsia, respectively, 
had been observed. 

Recent advances in the field of psychophysiotogy 

have demonstrated the utility of event-related poten- 
tial (BRP) recordings in the study of human memory 
performance. The relative amplitude of one long la- 

tency or late positive component (LPC), P300 or 
P3b, elicited to the initial presentation of meaningful 
verbat stimu im a rote memory task, has been 
shown to be highly predictive of later retrieval 
(14,15). Further, it has been shown that the repetition 

of previously viewed stimuli during various memory 
tasks elicits higher amplitude late positive compo- 

nents than does the presentation of new stimuli (16— 

18). Taken together, these results show the potential 

of employing ERP recordings to yield electrophysi- 
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ological correlates of memory task performance, 

both during encoding and retrieval of stimuli. 
This article reports a conceptual replication and 

expansion of our earlier work. The protocol has been 

supplemented with spectral analysis of the sleep 

EEG, in order to further examine characteristics of 

poststimulus sleep associated with retrieval failure 

(retrograde amnesia component). The protocol was 

also supplemented with ERP recordings during ini- 

tial stimulus presentation, as an index of on-line cog- 

nitive processing (anterograde amnesia component). 

It was hypothesized that the free-recall findings 

would be replicated, that on-line processing would 

appear relatively intact during the presleep stimulus 

presentation, and that some index of sleep depth 
would correlate with the strength of amnesia for the 

presleep stimuli. 

METHODS 

Subject selection 

Thirty undergraduate subjects enrolled in Intro- 
ductory Psychology courses at the University of Ar 

izona were recruited by a poster advertisement. In- 

clusion criteria were: 1) English as first or primary 

language. 2) no self-report of major sleep pathology 
(i.e. chronic insomnia, sleep apnea, narcolepsy), 3) 

average reported nocturnal and nap sleep latencies 

of 20 minutes or less, 4) average reported total sleep 

time >5 hours and <9 hours, 5) self-reported right 
handedness, and 6) self-reported interest in partici- 

pating in a laboratory-based sleep experiment. Ex- 

clusion criteria were: 1) any current use of nicotine 
by any route of administration. 2) average reported 
weeknight bedtime before 9:00 p.m. or after 1:00 

a.m. 3) self-report of past head injury with or with- 
out concussion, 4) self-report of hearing or memory 

deficit. or 5) current use of any over-the-counter or 
prescription medication possessing stimulant, de- 

pressant, or amnestic properties. 
Subjects were scheduled for two appointments: 

one for standardized memory testing (described be- 
iow) and another on a separate day for the laboratory 

sleep study (also described below), Subjects were 

given a research consent form to sign at the first 
appointment and were asked to canfarm to the fal- 

lowing rules for the 3 days prior to the second ap- 

pointment (sleep study}: 1) no alcohol or illicit drug 

use, 2} no napping, 3) bedtimes to be between 10: 

00 p.m. and 1:00 a.m. and 4) waketimes to be be- 
tween 6:00 a.m. and 9:00 a.m. Subjects were also 

asked to limit their caffeine intake to the equivalent 

of 100 mg or less on the morning of the sleep study, 
prior to 10:00 a.m. 

Apparatus 

Auditory stimulus material 

The target (or rare) auditory stimuli for the study 

were single-syllable, concrete nouns (e.g. “desk” 
and ‘“‘wall’’) culled from Carol, Davies, and Rich- 

man’s (19) book of word frequencics. Words were 
chosen to have moderate to high frequency of oc- 

currence in the normative sample of ninth-graders, 

the closest normative sample available. Words were 
divided into nine matched lists that allowed for three 

presentation-sleep—testing trials per subject, of any 
three lists, one served as target words to be encoded 

during the presleep presentation phase and words 
from the other two lists served as matched distract- 

ers to be presented after sleep during the recognition 

task. The ‘‘frequent”’ auditory stimuli for the pre- 

sentation phase were 1,000 Hz sine wave tones of 
50 msecond duration (risc time and fall time were 

each 10 msecond). 

Audio recording and playback equipment 

The word stimuli were recorded onto an IBM-type 
personal computer, using an AdLib Gold 1000 audio 

card. Individual word recordings were parsed to be 
1,500 mseconds or less and saved as individual tiles 

that could be presented in randomized order. All au- 
ditory stimuli were presented to the subjects from 

the personal computer via two smali bookshelf 
speakers located at the headboard of the bed at a 

distance of approximately 2 feet. 

Electrophysiolegical monitoring equipment 

All electrophysiological signals, the auditory 
stimuli, response button presses, and an event mark- 

er (for auditory stimuli} were simultaneously written 
onto chartpaper by a Grass Instrumeuts Company 

model 8-16E electroencephalograph (hereafter re- 

ferred to as the ‘‘polygraph”’) with AC differential 
amplifiers with low- and high-frequency filters set to 
0.3 Hz and 35 Hz, respectively. Electroencephalo- 

graphic signals were simultaneously digitized at 128 

Hz using a Deli 310 personal computer with a data 

translation NT-2801 A-D hoard governed by Stel- 
late System’s Rhythm software (version 8.0). 

Gold-plated, silver disk-type scalp EEG electrodes 

were placed at sites necessary to conduct both po- 

lysomnographic (PSG) and ERP recordings using 

scalp locations (Fz, C3, Cz, C4, Pz, and O1) mea- 

sured according to the 10-20 system (20). Gold-plat- 
ed, silver disk-type electrodes were placed for 
ground, linked-earlobe reference (A1i—A2 to refer- 
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TABLE 1, 
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Trial instructions 
  

© “Now we are ready to begin. [ would like you to get into your favorite body position for falling asleep” 

Pause for subject to get comfortable 
© “Lam going to play you some words over the speaker now and ask you to help me set the appropriate volume. The words should be 

loud enough so you can hear them clearly but quiet enough for you to be able to fall asleep”. 
Proceed with volume calibration 

© “In a few minutes, T will turn out the light and begin playing you words and tones, You should try to listen to them, but you don’t need 
to concentrate on remembering them. Your primary task is just to relax and not to resist the urge to fall asleep”. 

© “At some point, at which you may or may not be asleep, I will call you over the intercom and ask you some questions. You will answer 
some of the questions verbally and some with the buttons taped to your thumbs. You won't need the buttons until then”. 

@ “Do you have any questions?” 
© “in order for us (0 get a good recording, please lie quietly, with your eyes closed, and try to fall asleep", 
© “Good night”. 
Lights out 
Wait 15 seconds 
Proceed with presentation 
  

ence Fz, Cz, and Pz), individual mastoid reference 

[A1 and A2 to reference horizontal electrooculogram 

(EOG) and C3, C4, and O1], left and right horizontal 

EoG, right vertical to horizontal EOG, and bipolar 

submental electromyogram (EMG). Ail electrodes 
were verified to have impedances below 5 K Ohms. 

Response press equipment 

For obtaining behavioral responses during the rec- 
ognition memory testing, the subjects had miniature, 

momentary switches taped to their thumbs in such a 

position as to be easily pressed by their index fin- 

gers. A computer connected to the switches recorded 

the onset of each stimulus word, the delay until be- 

havioral response, and the accuracy of each re- 
sponse. 

Baseline memory assessment 

Tn order to assess the generalizability of the results 

from this study to the general population and to pro- 

vide a measure of the subjects’ waking explicit- 

memory performance, all subjects were given the 
Weeholer memory ocale  revioed [or WME R (21)] 
during the week prior to the sleep study as a test of 

waking memory performance. All WMS-R admin- 
istrations took place between the hours of 1:00 p.m. 

and 6:00 p.m., the same time period as the laboratory 
testing sessions, to control for possible circadian and 

time of day fluctuations in memory performance and 
subjective and objective arousal. Baseline memory 

testing occurred at least 2 days, but not earlier than 

1 week, prior to the sleep trials. 
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Laboratory procedures 

Orientation and preparation 

On a given study day, the subject arrived at the 

laboratory at 12:00 p.m. or 3:00 p.m. for orientation 
and electrode application. At approximately 1:00 

p.m. (or 4:00 p.m.), the subject was assisted to the 

bedroom for the testing session. The subject re- 
mained lying in bed in the dimly lit bedroom (<50 

lux) for the three presentation-sleep—testing trials, 

lasting a total of approximately 2 hours. 

Pretrial procedures 

Following the aubject calibrations, the subject 
gave verbal feedback about the volume of sample 

auditory presentations. The volume level was ad- 

justed until the subject rated the level as loud enough 
to hear the words clearly, but quiet enough so that 

he/she could fall asleep during the stimuli. Then, the 

subject was read a set of instructions for the trials 

(Table 1). If there were no questions, the experi- 
menter started all recordings and activated the com 

puter program for the presentation phase of the first 
trial. 

Stimulus presentation 

During the presentation phase, the target stimuli 

were presented at a rate of one target word per 
10-second block, yielding a total of six target words 

per minute. Frequents (tones) were presented four 

times per 10-second block, yielding a total of 24 
frequents per minute. The ordering of the frequents 
and the target within each 10-second block was ran- 

domized by the computer such that infrequent stim-
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TABLE 2. 

$15 

Memory testing instructions 
  

Free recall 

© “Speaking slowly and clearly, please tell me any words you remember hearing during this trial”. 
Recognition 
© “You are now going to hear more words. Some of these you've heard before—others are new, When you hear a word you’ve heard 

before, please press the button in your right hand. When you hear a new word, please press the button in your left hand” 
© “When responding to the words, please press the buttons as quickly as possible but without sacrificing accuracy”. 
End 
@ “OK. You will not hear these words again, so you do not need to remember them”. 
  

uli never appeared more than two times in succes- 

sion. 

Each presentation phase was continued until the 

experimenter observed 15 seconds of continuous 
sleep EEG on the polygraph. At that point, the sub- 

ject was allowed to accumulate up to either 30 sec- 
onds or 10 minutes of sleep, determined by random 
selection. Following the sleep period, the experi- 

menter called the subject’s name over the intercom 

loudly and repeatedly until a verbal response was 
obtained from the subject. 

Spectral analysis of the EEG 

The EEG data from the 30 second and 10 minute 

trials were spectrally analyzed in 4-second, nonov- 

erlapping epochs. Sections of the EEG containing 

muscle or other artifacts, based on a visual inspec- 
tion on the computer monitor, were rejected from the 

analyses. Relative spectral power was calculated on 

the following bandwidths: delta (0.75—2.75 Hz), the- 

ta (2.75-7.50 Hz), alpha (7.75-11.75 Hz), sigma 
(12.00 14.00 Hz), and beta (14.25 30.00 Hz). Anal 

yses were conducted on the sleep EEG from sites 

C3, C4, O1, Fz, Cz, and Pz. For the 10-minute con- 

dition, the spectral analyses were limited to the data 
from the first 3 minutes of sleep. This time period 

was selected ad hoc, based on the duration of am- 

nesia observed in previous research (13). Data were 

eliminated from the analyses if the subject did not 
have a valid trial of that sleep condition or if sweat 

artefact skewed the delta band power. 

Memory testing 

Immediately after obtaining a verbal response 

from the subject, he/she was asked over the intercom 

to recall any words heard during the trial (Table 2). 
After the subject stated that no further words were 

tecallable, the recognition task instructions were 

given (Table 2). 

During the recognition task, target words from the 
last 5 minutes prior to sleep onset were presented 

with twice as many matched distracters (1:2 ratio), 

at a rate of one word per 4 seconds. Subjects were 
instructed to press the button strapped to their right 

hand when they heard a word that was presented 

before (repeated) and to press the button on the left 

hand after they heard a novel, unpresented word (un- 
repeated). Subjects were asked to respond as quickly 
as possible without sacrificing accuracy. Following 

this task, the subjects were informed that another 

trial would begin after a brief delay (approximately 
1 minute), during which the experimenter reset the 
computer audio program and EEG acquisition pro- 

gram for another trial. Testing was repeated for a 

maximum of three trials (presentation—sleep~mem- 
ory testing). Suhjects were then debriefed and dis- 
missed. 

RESULTS 

Memory performance 

Waking memory performance 

The meaus aud staudtaid deviations (SD) fur whe 
verbal memory and delayed recall indices were 

99.43 (11.99) and 106.03 (12.42), respectively. 

Based on these results, our subjects were represen- 
tative of the WMS-Rs normative sample (21). 

Free-recall task 

Free-recall responses were scored as correct when 
the subject replied with the exact target word or any 

form of the word (e.g. subject responded ‘walls’ 

for the target “‘wall’’), Incorrect responses consisted 
of etther ine subject tauing to tree recall a given 
target word or recalling a word not presented during 

that trial. Free-recall responses were sorted in terms 

of proximity to sleep onset, into 1-minute bins cor- 
responding to each of the S minutes prior to sleep 

onset (minute 5 to minute 1). Data were omitted for 

all subjects (n = 2) who did not have data for both 

sleep conditions. 

In a within-subjects 2 X 5 analysis of variance 
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FIG. 1. Free-recall task organized by minute prior to sleep onset. 
After being allowed to sleep for up to 10 minutes. subjects were 
nearly completely amnesic for meaningful auditory stimuli presented 
during the 4-minute window prior to sleep onset. Columns represent 
the mean percent (SEM) of correct recall of words presented during 
each of tive 1-minute bins prior to sleep onset. 

(ANOVA) (sleep condition, minute) there was a sig- 

nificant effect of sleep condition, with subjects re- 
calling significantly more words following 30 sec- 
onds of sleep versus 10 minutes of sleep [F(1,27) = 

6.718, p = 0.0152; 30-second mean = 5,25%, 
10-minute mean = 2.03%). Figure 1 shows subjects’ 

recall of words flu cach of the 5 minutes prior vo 

sleep onset. Thns, these results replicate our earlier 
findings. 

Recognition task: explicit responses 

For the recognition task, each target word was 

presented in a three-word group with two randomly 

TABLE 3. 

J. K. WYATT ET AL. 

selected distracter words. To control for response 
bias, an adjusted recognition score for each target 
word was calculated by subtracting the average rec- 
ognition score of the matched distracter words from 
the target-word score. For data analysis, the target- 
word responses were sorted into 1-minute bins ac- 
cording to the target-words’ presleep presentation 
order (as described above for the free-recall task). 

A within-subjects 2 x 5 ANOVA (sleep condition, 
minute) was conducted on the adjusted recognition 
data, as explained above. There were no significant 
effects. However, based on a visual analysis of the 

data, a further analysis was conducted, limited to the 
3-minute window prior to sleep onset. A similar 
within-subjects 2 X 3 ANOVA (sleep condition, 

minute) was conducted. There was only a significant 
main effect of minute, with recognition performance 

being worse for words presented closer to sleep on- 

set (sec means in Table 3). To further explore the 

recognition data, a within-subjects 2 X 3 ANOVA 
(sleep condition, minite) was eanducted an the data 

unadjusted for false-positive rate. Again, there was 
only a significant main effect of minute, as in the 
adjusted data (see means in Table 3 and Fig. 2 for 
unadjusted data) 

Sleep data 

Polysomnography 

All sleep data from the 30-second and 10-minute 

trials were staged in 30-second epochs, based on a 
central EEG lead, according to standard criteria (22). 

Sleep scoring was performed by a single trained 
sleep researcher (J.K.W.). 

Each of the 30 subjects had at least one 10-minute 

Memary testing data 

  

Recognition: main effect of minute 
Percent correct for each minute 

prior to sleep onset 

  

     

  

  

    

Minute 3 Minute 2 Minute | 

Adjusted data ; 20.06% 6.79% 5.09% 
Unadjusted data F126) = 7 S64: p = H0014 AQ A0% 20 81% 26 73% 

Correlations: relative EEG power (beta) 
LEG sites? 

Free recall Fy. ce C4 3 al 

Average for r 0451 r= 0.447 0.525 r= 0431 r= 0.482 
all words p = 0.0140 p = 0.0150 0.0035 p — 0.1096 p = 0.0081 

4 Minntes prior 6 — 0368 r— 0497 r— 0479 493 0423 
to sleep p> 0.0498 p_- 0.0061 p__0,0085 0066 0.0036 

  

    
  

“ EEG, electoencephalogram, Data adjusted to account for positive endorsement bias. 
* Scalp locations. 

Sleep, Vat 20, Na 7, 1907
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Minute Prior to Sleep Onset 
FIG, 2, Recognition task organized by minute prior to sleep onset. 
Tu bod sleep condiGuns, subject recuguidua performance was sig- 
nificantly worse for words presented in closer proximity to sleep 
onset. Columns represent the mean percent (SEM) of correct rec- 
ognition of words presented in the three I-minute bins prior to sleep 
onset. 

sleep trial that met the criterion of at least one-half 
of the 30.second epochs heing scared as sleep. With- 
in the 10-minute sleep condition, averaged across 
subjects, 17.07% of the epochs were scored as wake- 

fulness. Within the first 3 minutes of sleep, this per- 

centage of epoch scored as wakefulness rose to 

25.56%. Within the 30-second sleep condition across 
subjects, 100% of the single 30-second sleep epochs 

were scored as sleep. 
The average sleep latency for the 30-second trials 

was 8.8 minutes versus 8.4 minutes for the 10-min- 
ute sleep trials, which were not significantly differ- 
ent (paired ¢ test; df = 27, paired ¢ = 1.39, p = 

0.176). 

Combined results 

Polysomnography as a predictor of free-recall 
performance 

As the results of a previous version of this pro- 
tocol had found o 3 minute window of amnesia in 

the 10-minute sleep condition, it was hypothesized 
that effective memory consolidation might require 
approximately 3 minutes of a sufficiently high level 
of arousa) following the otimuli, We explored the 

relationship between impaired recall of words pre- 
sented immediately prior to sleep onset (the 4-min- 
ute amnesia window) and the subsequent arousal 

state during sleep; the percentage of 30-sccond ep- 
ochs during the first 3 minutes of the 10-minute 

sleep period scored as wakefulness were correlated 
with the recall percentages of words presented in the 

4-minute window prior to slecp. A higher percentage 

of epochs scored as wakefulness was associated with 
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better recall of the words from the window (r = 

0.428 p = 0.0182). 

EEG spectral power as a predictor of free recall 

performance 

Based on the correlation reported above between 
wakefulness during the first 3 minutes of the 10-min- 

ute sleep period and free-recall performance for 
words presented in the 4 minutes prior to sleep on- 

set, similar correlations were performed with the 

spectral EEG data. Only relative power in the beta 

band, in all EEG sites, correlated significantly with 
recall from the 4-minute window (Table 3). In ail 

cases, higher relative beta activity was associated 

with better recall of words from the 4 minutes prior 

to sleep onset. Also, within subjects, higher relative 
beta power correlated significantly with free-recall 

percentage for all words presented in that trial. 

Waking memary performance as a predictar of free 
recall-performance 

Only a small minority of subjects were able to 

recall any words presented during the 4 minutes pri- 
or to the 10 minutes of sleep. To assess whether 

these subjects had recall of material from this period 

due to above-average waking memory performance, 

a stepwise regression was conducted. The relevant 
WMS-R subscale and index scale scores were en- 
tered as predictor variables against the percentage of 
words recalled from the 4 minutes prior to sleep on- 

set. The only variable to enter the regression was 
delayed verbal-paired associates [F(1,27) = 13.99, 

R squared = 0.341]. However, the direction of this 

relationship was counter to expectation; the higher 

the delayed verbal-paired associates score, the lower 
the recall of material from the 4 minutes prior to 

sleep onset. Thus, the data failed to support a con- 

clusion that memory effects observed in the 10-min- 

ute sleep condition were related to level of waking 
memory performance. 

Event-related potential data 

For event-related potential analyses from the pre- 

sleep period, 2,400 msecond-epochs including 500 
mseconds prior to and 1,900 mseconds following the 
stimulus onset were examined. Epochs with artefacts 

were excluded if the average amplitude of any two 

continuous samples differed from the average am- 
plitude of the entire epoch by 70 .V or more. Ep- 
ochs were then digitally lowpass filtered [72 point, 
finite impulse response (FIR) with a half-amplitude 

Steep, Vol. 20, No. 7. 1997
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frequency of 7 Hz] and lincarly detrended. As the 
target stimuli were of variable length, the late com- 
ponents varied greatly in latency. Hence, simple av- 
eraging of the epoch yielded grand average wave- 
forms that were not well defined and appeared to 

have latency jitter. In order to correct for this con- 

found, each EEG segment was shifted with a Woody 
adaptive filter (23) to maximally align epochs based 

initially on a positive sine wave template potential 

occurring 500-1,000 mseconds after the stimulus 

onset and subsequently on the average waveform. A 

maximum of {5 iterations were conducted, termi- 
nating after the change in the correlation coefficient 

was less than 0.01. To determine the amplitude of 

the LPC (also known as P300 and P3b), the highest 

positive potential within the search window on 
which the template was formed was selected. Late 

positive component amplitudes of the six-word stim- 

uli per minute were averaged for each of the 5 min- 
utes prior to sleep onset. Similarly, LPC amplitudes 

for each of the 24-tone stimuli per minute were av- 

eraged for each of the 5 minutes prior to sleep onset. 

Ail analyses were conducted on ERP data from site 
Pz, since LPC amplitudes are maximal at Pz. 

For the analyses in this and the following sections, 

data from subjects who did not have a valid trial 

from both sleep conditions were eliminated from the 
analyses. Data from subjects who did net have ERP 
data for all 5 minutes prior to sleep onset were also 

excluded from the analyses. 
In a within-subjects 2 x 2 X 5 ANOVA (sleep 

condition by stimulus type by minute prior to sleep 
onset), there was not a significant difference in LPC 

amplitude for the main effect of sleep condition. 

This, taken with the nonsignificant interaction of 
sleep condition with stimulus type suggests that the 
subjects were processing the auditory stimuli simi- 
larly in the trials where they were later allowed ei- 

ther up to 30 seconds or 10 minutes of sleep. 
There was a significant main effect of stimulus 

type (F(1,18) = 24.804, p = 0.0001], with word 
stimuli being associated with larger amplitude LPCs 

than the tones. The main effect of minute was nearly 
significant [F(4,72) = 2.419, p = 0.0563], with the 

stimuli producing larger amplitude LPCs as sleep 
onset neared, These results suggested that ditferen- 

tial cognitive processing of meaningful (words) from 

nonmeaningful (tones) stimuli continued during the 

sleep onset transition. These effects are shown in 
Fig. 3 below. 

DISCUSSION 

Summary of major findings 

The results of the present study replicate earlier 

findings in this area. It was found in the earlier study 
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FIG. 3. Late positive component (LPC) amplitudes (SEM) to 
words and tones (left portion) and to all stimuli as a function of 
proximity to sleep onset (right portion). Late positive component 
amplitudes (SEM) elicited to different stimuli during initial stimulus 
presentation, Meaningful auditory stimuli (words) elicited signifi- 
cantly larger amplitude LPCs than did unmeaningfnt stimuli rones). 
‘This suggests that subjects continue to differentially process auditory 
stimuli during the sleep onset transition. The increasing amplitude 
seen in the LPC component (collapsed across word and tone stimuli) 
provides further evidence that subjects continued to process auditory 
stimuli during the transition to sleep. 

that in trials where subjects were allowed to sleep 

for a 10-minute period following the presentation of 
auditory stimuli, performance was significantly 

worse on free-recall and recognition tasks for these 
stimuli than when tested after being allowed to sleep 

for up to 30 seconds (13). In the present study, we 

found that subjects were almost completely amnesic 

on free recali of words presented during the 4-min- 
ute window prior to sleep onset. These results are 
eomparable with our previous results showing a 

3-minute window of amnesia. In the present study, 

the subjects’ ‘‘yes/no” responses in the recognition 
task did not replicate our earlier findings. The find- 
ing of a difforcnee betweon the two sloop conditions 

in the free-recall task in both studies could well be 

explained by a retrieval problem due to insufficient 

processing during initial presentation. However, in- 
creased retrieval cues provided during the recogni 
tion task may have been sufficient to partially com- 
pensate for this deficient encoding and could account 

for the similar results between the two sleep condi- 
tions on this task. 

Differences in the designs between studies may 
also have been responsible for the difference in the 

length of the window of amnesia. This study entailed 
presenting the subjects with far more stimuli more 
frequently (one word per 10-second window vs. one 
pair of words per minute in the previous study). In 

addition, subjects in the present study were not re- 
quired to repeat the words aloud. It is possible that 
this was associated with more shallow encoding of 
the stimuli. However, in the present study, there was
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also evidence in the event-related potential results 
suggesting that the subjects continued to process the 

meaningful auditory stimuli, to some extent, up until 

sleep onset. 

There were also significant correlations between 
the sleep parameters and memory performance with- 

in the 10-minute sleep condition, Subjects who were 

able to recall stimuli during the window of amnesia 

had more indications of wakefulness during the first 
3 minutes of their sleep. Higher relative EEG power 
in the beta band, which is usually indicative of shal- 
lower sleep, was associated with better free-recall 

performance. Similarly, subjects whose initial sleep 
period was fragmented, as judged by vieual scoring 
of the polysomnograms, had significantly better free- 

recall performance. 

Stimulus encoding during the sleep onset 

transition 

Arousal level: sleep latency 

The sleep latencies in both sleep conditions were 

not significantly different. This supports a conclu- 

sion that the subjects had comparable levels of sleep- 

iness in the 30-second and 10-minnte trials Thus, 

arousal level during stimulus presentation cannot ac- 
count for the difference in free-recall performance 

between the sleep conditions. 

ERPs during stimulus presentation 

There was not a significant decrease in the ampli- 
tude of the LPCs clicited to the meaningful auditory 
stimuli across the minutes prior to sleep onset. The 

LPCs elicited by word stimuli were significantly 

greater in amplitude than those elicited by the tones. 
These findings provide convergent evidence that the 

subjects were continuing to differentially process au- 

ditory stimuli during the sleep onset transition. 

The finding of an overall increase of LPC ampli- 
tude during the 5-minute period preceding slecp on- 
set could be interpreted in at least two ways. In keep- 
ing with the waditional view of interpretation of in- 

creases in LPC amplitude (24), it could be the case 
Wat as working aicuuiy futiva deeicases uva 
sleep onset, the subjective probability of a relevant 

stimulus’ presentation also decreases. Second, as 

arousal decreases as sleep onset nears, the momen- 

lary petturbation associated with the stimulus in- 

creases that stimulus’ significance. Either of these 

possibilities could account for the increase in LPC 
amplitude. However, increased LPC amplitude could 
simply be an artefact of the increasing synchroniz- 

ability that is seen during the sleep onset transition 
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of cortical neurons that underlie the scalp EEG. 
Hence, increasing spectral power is seen during this 

period (25) and could be refiected in the amplitude 

of the LPC if there were phase-locking between it 

and EEG frequency bands that overlap with the LPC. 

Consolidation 

Free-recall data 

In agreement with previous findings, subjects in 

this study were nearly completely amnesic for words 
presented in the 4-minute window prior to sleep on- 
set, when stimulus presentation was followed by a 

10-minute sleep period. As described above, there is 

no evidence that initial encoding deficits alone, or at 
least deficits in rote memorization, can account for 

the deficit of free-recall performance in the 10-min- 

ute condition versus the 30-second condition. 

Delay between presentation and testing: previous 

findings 

Although not specifically addressed in the present 
investigation, results from a similar protocol (13) 
supported the conclusion that the difference in free- 

recall performance between the sleep conditions 
could not be attributed to the different delays be- 

tween presentation and testing. In our earlier work, 

free-recall performance was not significantly differ- 

ent in trials when subjects remained awake for either 
30 aecende or 10 minutes following stimulus pre- 
sentation. Thus, it is unlikely that delay or simple 

“forgetting” due to elapsed time could account for 
the impairment observed in the free-recall perfor- 
mance in the 10-minute trials from the present study. 

EEG spectral power versus memory performance 

Within the 10-minute sleep condition, there were 

strong positive correlations between relative EEG 

power in the beta band during the first 3 minutes of 

alesp and free recall performance. Thic relationship 
held for all words presented prior to sleep and for 

only those words presented during the critical 4-min- 
ute window prior to sleep onset. Stated another way, 

subjects who evidenced a lesser degree of free-recall 
impairment had more EEG indications of wakeful- 

ness during the first part of their sleep period. It 
could be hypothesized that this higher level of wake- 
fulness allowed for better consolidation of informa- 

tion from short-term to long-term memory. 

Steep, Vol. 20, No, 7, 1997
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Sleep fragmentation versus memory performance 

Within the 10-minute sleep condition, there were 

also significant positive correlations between the 
number of 30-second epochs during the first 3 min- 
utes of sleep scored as awake and subsequent free- 

recall performance for the words presented in the 

4-minute window prior to sleep onset. As with the 

finding for beta EEG power reported above, this re- 
sult suggests that lighter or more fragmented sleep 

allows consolidation to occur. Conversely, deeper or 

less fragmented sleep that immediately follows the 

presentation of auditory stimuli is associated with 
poorer memory for those stimuli. It is important to 

note that this result and the one discussed immedi- 

ately prior represent the use of a single-trait (EEG), 
multiple-method design (EEG spectral power and 

sleep staging). Further research could benefit from 
broadening the protocol to measure other indices of 

arousal and attention, thereby using a multipie-trait, 

multiple-method design. For example, convergent 
evidence from measurements of other signs of arous- 

a] level (such as galvanic skin response or heart rate 

change) could strengthen conclusions. 

Confounding variables 

In order to provide for maximal generalizability 
of our results, attempts were made to control con- 

founding subject variables. All subjects were 

screened for negative reported use of medications 

with known or suspected effects on sleep, alertness, 
or memory. Subjects were also instructed to abstain 

from alcohol and illicit drugs for the 3 days prior to 

the sleep study. Also, subjects were screened to have 

a negative self-report of head injuries to screen out 
organic causes of memory or sleep abnormalities. 

Further, our sample appeared representative of their 

age group’s normative sample on a standard neuro- 

psychological memory-assessment device. 

As with many physiological and endocrine func- 

tions, short-term memory has been shown to follow 

a circadian pattern. Short-term memory performance 

has been shown to be at average daytime levels dur- 
ing the time window the subjects slept in the present 

study and to decline in successive hours (26). This 

makes the memory deficits observed in this study 
more impressive, as they occurred during the time 
of day when short-term memory has been shown to 

be relatively intact. One could hypothesize that fur- 

ther research utilizing the present protocol at noc- 

turnal sleep onset might find even greater memory 
deficits due to time of day or circadian effects on 

short-term memory. 
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Conclusions 

In intact humans, memory can fail for a variety of 

reasons. Complete failure to encode information can 

occur as a result of traumatic brain injury or with 
the use of certain surgical anesthetics (27,28). En- 

coding can also be shallow during situations where 

the subject is either hyper- or hypoaroused. The 

memory consolidation process itself can also be 
blocked, keeping information from being transferred 
from short-term memory to permanent or long-term 

memory. Additionally, various factors can interfere 

with the process by which information is retrieved 

from long-term memory. The memory deficit ob- 

served in the present study could be attributed to 

poor use of encoding strategies, impaired transfer of 
information from short-term to long-term memory, 
retrieval deficits, or a combination of the three fac- 
tors. 

With regard to the issue of memory consolidation, 

the factor best addressed by this study, several ex- 
planations are possible. It could be that memory con- 

solidation was impaired in a graded fashion as a 
function of arousal level. In this way, the functioning 

of consolidation could be viewed along a continuum 
between fully awake/intact consolidation and deep 
sleep/no consolidation. Alternatively, memory con- 

solidation may have been blocked after arousal level 

fell below a certain critical threshold level. This 
threshold may have occurred during the sleep onset 

transition, at sleep onset, or at a certain depth of 
sleep. Other research utilizing FFT and ERP mea- 
sures found mixed evidence of gradual increases in 
delta, theta, and sigma power values during the sleep 

onset transition, with an additional abrupt increase 
in power in those bands at the onset of sleep itself. 
Increased amplitude of the late ERP components was 

also seen at sleep onset in that protocol (25). These 

data support the conclusion that arousal level during 
initial presentation may be decreasing concurrent 

with increasingly synchronized scalp EEG activity. 
first in a gradual fashion and later more rapidly at 

actual EEG sleep onset. 
The linear correlations between beta EEG power 

while asleep and subsequent recall of presleep in- 
formation support the arousal continuum hypothesis. 

Previous findings that memory performance is worse 

following just 30 seconds of sleep versus 30 seconds 
of wakefulness suggest that the downward slope of 

the function begins prior to sleep onset, as many 

researchers would not consider 30 seconds of sleep 
to be a “‘true”’ sleep onset. Support for the threshold 

hypothesis comes from the correlation observed be- 

tween the percentage of awake epochs in the first 

few minutes of sleep and free recall for the stimuli
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presented in the 4-minute window prior to sleep on- 
set. It could be the case that a certain duration of 
unfragmented sleep is required to completely block 
memory consolidation from occurring. Further re- 
search could vary the length of the sleep conditions 
to look for a dose-response relationship to memory 
impairment. 

These two hypotheses—the continuum of arousal 
and consolidation hypotheses—could also be de- 

scribed as anterograde and retrograde amnesia. re- 
spectively. In keeping with the presleep arousal con- 
tinuum hypothesis, anterograde amnesia would be 
said to have occurred; while subjects were still 
awake but below a critical threshold, it is likely that 

encoding and consolidation processes were im- 
paired. The alternative hypothesis of retrograde am- 
nesia states that a certain depth and/or duration of 
sleep is necessary to block consolidation of material 
presented prior to sleep onset. As the results of this 

study and its predecessor (13) provide support for 
both hypotheses, a new term is proposed to describe 
the complex nature of this amnesia—‘‘mesograde 
amnesia”. 

The concept introduced here, mesograde amnesia, 
encompasses all aspects of normal memory func- 

Goning—encoding, consolidation. and retrieval. 
Several factors can Jead to deficient encoding, in- 

cluding impaired attention and concentration, both 
of which might be mediated by arousal level. Arous- 
al level likely decreases in a gradual function during 

the sleep onset transition, as the midbrain and fore- 

brain receive less activation from the brainstem re- 
ticular activating system. Similarly, consolidation 
{beyond short-term or working memory) of ongoing 

stimuli might require a sufficient duration and level 
of arousal. Finally, if stimuli receive poor encoding 

and consolidation is weakened or blocked due to an 
insufficient level of arousal. then subsequent spon- 

taneous retrieval would be nearly impossible. 
In addition to studying the normal changes in mem- 

ory function during the sleep onset transition, the pres- 
ent protocol could be utilized to examine memory dys- 

function associated with the “automatic behavior” seen 
in two disorders associated with excessive daytime 
sleepiness: narcolepsy and severe obstructive sleep ap- 
nea. Furthermore, the finding of increased heta activity 

in association with better recall of information present- 
ed during the transition to sleep could be studied in 

association with the finding of increased beta activity 
in insomniacs during wansitional sleep (29), perhaps 

providing insight into the overestimation of sleep laten- 
cy seen in many imsomniacs. 

Acknowledgements: The authors wish to thank Mark 
Bakarich and Jonathan Forster for technical assistance. We 

521 

also appreciate the helpful comments of Drs. Jay Angevine, 
Alfred Kaszniak, Jotm Kihlstrom, Michael Perlis, and Gary 
Schwartz. This work was supported by a National Science 
Foundation Graduate Fellowship in Neuropsychology (to 
J.K.W.) and by the McDonnell-Pew Cognitive Neuroscience 
Program through a grant to the University of Arizona. 

   

REFERENCES 

De Koninek f, Careain 2, Christ G, Penile G, Coulombe B. 
Intensive language learning and increases in rapid cye move- 
ment sleep: evidence of a performance factor, Int J Psychophy- 
siol 1989;8:43-7. 
Fishbein W. Disruptive effects of rapid eye movement sleep 
deprivation on long-term memory. Physiol Behav 1971;6:279— 
82, 

v 
wo Smith C, Lapp L. Increases in number of REMS and REM 

density in humans following an intensive learning period. Sleep 
1991;14:325~30. 
‘Tilley A, Statham D. The effect of prior sleep on retrieval. Acta 
FSyChOl 1989; 70:199=Z03. 

. Wilson MA, McNaughton BL. Reactivation of hippocampal en- 
semble memories during sleep. Science 1994:265:676-9. 
Rootzin RR, Fleming G, Perlis ML, Wyatt JK, Schacter D. 
Short- and long-term memory for stimuli presented during sleep. 
Sleep Res 1991;20A:258. 

7. Eich E. Learning during sleep. In: Bootzin RR, Kihlstrom JE, 
Schacter D, eds. Steep and cognition. Washington, DC: Amer- 
ican Psychological Association, 1990:88-108. 

. Wood JM, Bootzin RR, Kiblstrom JE, Schacter DL. Implicit and 
explicit memory for verbal information presented during sloop 
Psychol Sci 1992;3:236-9. 
Bonnet MH. Memory for events occurring during arousal from 
sleep. Psychophysiology 1983:20:81-7. 

10. Goodenough DR. Sapan J, Cohen H, Portnoff G, Shapiro A. 
Some experiments concerning the effects of sleep on memory. 
Psychophysiology 1971;8:749-62. 

11. Portmoff G, Backeland F Goodenough DR, Karacan [, Shapiro 
A. Reiention of verbal matcrials perceived immediately prior to 
onset of non-REM sleep. Percept Mot Skills 1966;22:751-8. 

12. Stones MJ. Memory performance after arousal from different 
sleep stages. Br J Psychol 1977:68:177-81, 

13. Wyatt JK, Bootzin RR, Anthony J, Bazant S. Sleep onset is 
associated with retrograde and anteroprade ammesia, Steep 1994; 
17:502-11. 

14, Fabiani M, Karis D, Donchin E, Effects of mnemonic strategy 
manipulation in a Von Restortf paradigm. Electrecncephatagr 
Clin Neurophystol 1990;75:22-35. 

15. Paller KA, Kutas M, Mayes R. Neural correlates of encoding in 
an incidental tearning paradigm. Electroencephalogr Clin Neu- 
rophysiol 1987;67:360-71. 

if. Bentin S Maseavitech M Heth 1. Memory with and without 

awareness: performance and electrophysiological evidence of 
savings. J Exp Psychol Learn Mem Cogn 1992;18:1270-83. 

17. Smith ME, Guster K. Decomposition of recognition memory 
event-related potentials yields target, repetition, and retrieval cf- 
fects. Electroencephalogr Clin Neurophysiol 1993;86:335-43, 

18. Wilding EL, Rugg MD. An event-related potential study of re 
ognition memory with and without retrieval of source, Brain 
1996;119:889-905. 

19. Carol J, Davies P. Richman B. The American Heritage word 
frequency book. Boston: Houghton Mifflin, 1971 

20. ‘Jasper HH (Committee Charman). ‘The ten twenty electrode 
system of the International Federation. Electroencephatogr Clin 
Neurophysiol 1958:10:371-5. 
Wechsler D. Wechsler memory scale—revised. New York: Psy- 
chological Corporation, 1987. 
Recluschatfeu A, Kales A, eds. A munud of standardized ter- 
minology, techniques, and scaring system for sleep staging in 

wo
s 

a 
ey 

  

2 

  

  

2h 

22. 8 

Sleep, Vol. 20, No. 7, 1997



522 

Auman subjects. Los Angeles: Brain Information Service/Brain 
Reseurch Institute, UCLA, 1968. 

23. Woody CD, Characterization of an adaptive filter for the anal- 
ysis of variable latency neuroelectric signals. Med Biol Eng 
1967:5:539-55. 

24. Donchin E, Coles MGH. Is the P300 component a manifestation 
of context updating? Behav Brain Sci 1988:11:357-74. 

25. Ogilvie RD, Simons IA, Kuderian RH, MacDonald T. Rusten- 
burg J. Behavioral, event-related potential, and EEG/FFT 
changes al sleep onset. Psychophysiology 1991;28:54-64. 

26. Monk TH, Circadian rhythms in subjective activation, mood, 

Steep. Vol, 20, No. 7, 1997 

27. 

28. 

29. 

J. K. WYATT ET AL. 

and performance efficiency. In: Kryger MH, Roth T. Dement 
WC, eds. Principles and practice of sleep medicine, Philadel- 
phia: WB Saunders, 1994:321-30. 
Levin HS, Lilly MA, Papanicolaou A, Eisenberg HM. Posttrau- 
matic and retrograde amnesia after closed head injury, In: Squire 
LR, Bullers N, eds. Neuropsychology of memory. New York: 
Guilfold Press, 1992:290--308. 

Kihlstrom JE Schacter DL, Cork RC, Hurt CA, Behr SE. Im- 

plicit and explicit memory following surgical anesthesia. Psy- 
chol Sei 1990;1:303-6. 
Freedman RR. EEG power spectra in sleep-onset insomnia. 
Electroencephatogr Clin Neurophysiol 1986;63:408-13 

 


