
Individual alpha frequency modulates sleep-related emotional 
memory consolidation 

Zachariah R. Cross a,*, Amanda Santamaria a, Andrew W. Corcoran a,b, Alex Chatburn a, 
Phillip M. Alday c, Scott Coussens a, Mark J. Kohler a,d 

a Cognitive and Systems Neuroscience Research Hub, University of South Australia, Adelaide, Australia 
b Cognition and Philosophy Laboratory, Monash University, Melbourne, Australia 
c Max Planck Institute for Psycholinguistics, Nijmegen, 6500 AH, the Netherlands 
d School of Psychology, Adelaide University, Adelaide, Australia   

A R T I C L E  I N F O   

Keywords: 
Individual alpha frequency 
Sleep 
Memory consolidation 
Neuronal oscillations 
Emotional memory 

A B S T R A C T   

Alpha-band oscillatory activity is involved in modulating memory and attention. However, few studies have 
investigated individual differences in oscillatory activity during the encoding of emotional memory, particularly 
in sleep paradigms where sleep is thought to play an active role in memory consolidation. The current study 
aimed to address the question of whether individual alpha frequency (IAF) modulates the consolidation of 
declarative memory across periods of sleep and wake. 22 participants aged 18–41 years (mean age = 25.77) 
viewed 120 emotionally valenced images (positive, negative, neutral) and completed a baseline memory task 
before a 2hr afternoon sleep opportunity and an equivalent period of wake. Following the sleep and wake 
conditions, participants were required to distinguish between 120 learned (target) images and 120 new (dis
tractor) images. This method allowed us to delineate the role of different oscillatory components of sleep and 
wake states in the emotional modulation of memory. Linear mixed-effects models revealed interactions between 
IAF, rapid eye movement sleep theta power, and slow-wave sleep slow oscillatory density on memory outcomes. 
These results highlight the importance of individual factors in the EEG in modulating oscillatory-related memory 
consolidation and subsequent behavioural outcomes and test predictions proposed by models of sleep-based 
memory consolidation.   

1. Introduction 

The neural basis of sleep-associated memory consolidation has 
garnered significant attention within cognitive neuroscience (for re
view, see Rasch and Born, 2013), with it now being well established that 
sleep benefits hippocampus-dependent (i.e., declarative) memory 
(Ellenbogen et al., 2006; Klinzing et al., 2016). However, despite the 
large body of literature detailing the mechanisms underpinning the role 
of sleep in memory, only a small portion of studies have investigated 
individual differences in encoding and sleep-related memory processing 
in humans (e.g., Fenn and Hambrick, 2012; Schabus et al., 2008; 
Wislowska et al., 2017). One promising individual trait marker of 
cognitive function is the individual alpha frequency (IAF), often para
meterised as the maximum (i.e. peak) power value within the alpha 
band (~8–13 Hz) during resting-state measurement (Bazanova and 
Vernon, 2014; Grandy et al., 2013a; Klimesch, 1999). While IAF is 

known to differ among individuals and is correlated with memory and 
general intelligence (Klimesch, 1999), the relation between encoding- 
and sleep-related memory processing and IAF remains unknown. Here, 
we aim to determine whether IAF – as a proxy of inter-individual dif
ferences in information processing – interacts with oscillatory mecha
nisms of sleep-associated memory consolidation to influence human 
declarative memory. We also examine whether the emotional valence of 
to-be-learned information interacts with IAF to influence behavioural 
outcomes after sleep, given that emotional information is often priori
tised over neutral stimuli during encoding (Murty et al., 2010) and 
sleep-based memory processing (Bennion et al., 2015; Sterpenich et al., 
2009). 

1.1. Sleep-related memory consolidation 

During sleep, memory processing involves the replay of neural firing 
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1.3. The current study 

The present study aimed to determine whether IAF facilitates sleep- 
related memory consolidation by interacting with sleep neural oscilla
tory mechanisms and whether this facilitation is higher for emotional 
compared to neutral stimuli. To this end, participants completed a 
memory task involving images of varying valence. Immediate and 
delayed recall tasks were completed to assess memory before and after 
an intervening 2hr afternoon nap and equivalent period of wake. We 
recorded electroencephalography (EEG) during eyes open and closed 
resting-state periods to estimated participants’ IAF values. EEG was also 
recorded continuously during the sleep period, with which we quanti
fied theta spectral activity (~4–7 Hz) during REM. Using an automated 
detection algorithm, we also estimated spindle and SO density during 
SWS and examined the relationship between IAF, emotional valence and 
sleep EEG oscillatory mechanisms on memory performance using linear 
mixed-effects modelling. 

It was hypothesised that condition (sleep, wake), IAF and emotional 
valence (positive, negative, neutral) would interact in their effect on 
emotional memory performance. Specifically, it was predicted that 
memory performance (d’ scores) would be greater after sleep compared 
to wake (H1), and that this effect would be further accentuated for 
emotional compared to neutral information (H2). Further, we sought to 
examine whether IAF and sleep physiology interact to influence 
memory. 

2. Method 

2.1. Participants 

Participants included 22 right-handed healthy adults (10 male) 
ranging from 18 to 41 years old (mean age = 25.77). A power analyses 
using G*Power 3 (Faul et al., 2007) of a previous study examining the 
impact of sleep on emotional memory (partial ��2 = 0.20 based on Payne 
et al., 2008) suggested a sample size of 12 would be adequate to detect 
similar sized effects in a repeated measures design (1-�� = 0.80, α = . 05). 
All participants reported normal or corrected-to-normal vision and 
hearing and had no current or past psychiatric conditions, substance 
dependence or abuse, intellectual impairment and were not taking 
medication that influenced sleep and neuropsychological measures. One 
participant failed to return for the second session, resulting in a final 
sample size of 21 (9 male; mean age = 25.95). All participants provided 
informed consent and received a AUD$40 honorarium. Ethics for this 
study was granted by the University of South Australia’s Human 
Research Ethics committee (I.D: 0000032556). 

2.2. Design 

This study was a repeated measures within-subjects experimental 
design with two conditions (sleep, wake). Each condition was counter
balanced across participants and separated by one week to control for 
condition order effects and to avoid interference between task sets. 
Conditions included:  

a) Sleep condition: Participants underwent learning with an immediate 
retrieval task followed by a 2hr sleep opportunity. A delayed 
retrieval task occurred 30 min after waking.  

b) Wake condition: Participants underwent learning with an immediate 
retrieval task. This was followed by a delayed retrieval task after a 
2hr wake period. 

2.3. �������������������	���
���	���������
�������	

2.3.1. Demographic measures 
Participants completed a paper questionnaire containing questions 

on age, sex, ethnicity, highest level of education achieved and recent 

(<24hr) alcohol and caffeine consumption, as caffeine and alcohol are 
known to influence performance on cognitive tasks (e.g., Keenan et al., 
2014). All participants reported no consumption of alcohol the previous 
evening or caffeine on the day of testing. 

2.3.2. Screening and control measures 
The Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) was 

used to screen for sleep quality. Participants’ PSQI scores ranged from 1 
to 5 (M = 3.4, SD = 1.50), indicating good sleep quality. The Weschler 
Abbreviated Scale of Intelligence (WASI-II) was used to index intellec
tual ability, as intelligence may influence memory retention and per
formance on memory tasks (Conway et al., 2003), and is correlated with 
IAF (Grandy et al., 2013a). The WASI-II provides an estimate of 
full-scale IQ (FSIQ). Participants’ mean FSQI score was 114 (SD =
16.44), placing participants in a high range of intellectual functioning 
(Wechsler, 2011). The visual analogue scale for sleepiness (VASS) was 
also used to index sleepiness. The VASS is comprised of a 100 mm scale 
with “sleepy/drowsy” and “alert/awake” for endpoints to denote a 
continuum of state sleepiness. Participants indicated where on the line 
they judged their current state of sleepiness prior to the start and end of 
each learning and recall session. Scores were determined as mm distance 
from the left pole to the participants’ mark, indicating degree of sleep
iness as a percentage, with lower scores indicating greater sleepiness. 

2.3.3. Polysomnography (PSG) 
PSG was recorded using the Compumedics Grael High-Definition 

PSG 24-bit amplifier (Compumedics Pty Ltd., Melbourne, Australia). 
Electrodes were arranged according to the International 10–20 System 
(American Electroencephalographic Society, 1994) at the following lo
cations: FP1, FP2, F3, F4, C3, C4, T7, T8, P3, P4, P7, P8, O1, O2. In 
addition to left and right electro-oculography (EOG), sub-mental elec
tromyography (EMG) and electrocardiography (ECG), EEG was recor
ded and referenced to contralateral mastoids and sampled at a rate of 
1064 Hz with a bandpass filter from DC to 143 Hz. All impedances were 
kept at or below 10 kΩ throughout recording periods. All sleep data were 
scored by an experienced sleep technician according to standardised 
criteria (Berry et al., 2012) with EEG viewed with a high pass filter of 
0.3 Hz and a low pass filter of 35 Hz. The following sleep parameters 
were derived from PSG recordings: time in bed, total sleep time (TST), 
sleep onset latency (SOL; time from lights out to the first epoch of sleep), 
REM onset latency, sleep efficiency (SE) [(total sleep time/time in bed) x 
100], wake after sleep onset, total arousal index, duration and percent of 
TST spent in each sleep stage. 

2.4. Emotional memory task 

480 pictures were used from the International Affective Picture 
System (IAPS; Lang et al., 2008), which were divided into two parallel 
sets, counterbalanced across the Sleep and Wake conditions. The IAPS 
are rated for emotionality based on two dimensions (valence: 1 = un
pleasant, 9 = pleasant; arousal: 1 = calm, 9 = excited) by a normative 
adult sample (Lang et al., 2008). Mean valence and arousal ratings of the 
stimuli have high internal consistency (a = 0.94) and split-half reli
ability (rs = 0.94). 

Stimuli were displayed via OpenSesame v.2.9.7 (Mathôt et al., 2012) 
and were categorised into three groups (i.e., negative, neutral, positive) 
according to their mean valence values. All stimuli were counter
balanced based on arousal. In accordance with recommendations by 
Sassenhagen and Alday (2016), means and standard deviations for 
valence and arousal values per stimulus category (positive, negative, 
neutral) and set (A, B) were generated to ensure that they were not 
overlapping (see Table 1 for the descriptive statistics of the stimuli used 
in Set A and Set B). As is clear from Fig. 1A, the valence values for 
negative, neutral and positive stimuli are largely non-overlapping, 
indicating that negative stimuli were more negatively valenced than 
neutral and positive stimuli, and that positive stimuli were more 
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positively valenced than neutral and negative stimuli. Further, Fig. 1B 
indicates that positive and negative stimuli were more arousing than 
neutral stimuli, and that positive and negative stimuli arousal values 
were overlapping. 

During the learning tasks, 120 stimuli for each set, each containing 
40 neutral, 40 positive and 40 negatively valenced images, were pre
sented sequentially for participants to learn, followed by an immediate 
retrieval task to gain a recognition baseline. During the learning phase, 
participants were instructed to attend to each image and to memorise it 
for later testing. The delayed retrieval task occurred post experimental 
conditions. The immediate and delayed retrieval tasks contained the 120 
target pictures shown during learning intermixed with the 120 distractor 
pictures shown during the immediate retrieval task (see Fig. 2 for a 
schematic representation). Following presentation, participants judged 
whether pictures were targets (old; i.e., seen during learning) or dis
tractors (new; i.e., not seen during learning). Pictures were pseudo- 
randomised at each time of testing, such that no more than two pic
tures of the same emotion followed. Testing time for each experimental 
task was approximately 20–30 min. 

Table 1 
Means and standard deviations of the valence (1, negative to 9, positive) and 
arousal (1, calming to 9, highly arousing) values of the learning and recall 
stimuli in Set A and Set B.   

Set A Set B 

Negative Neutral Positive Negative Neutral Positive 

Learning 
Valence 3.28 

(.67) 
5.01 
(.26) 

6.94 
(.62) 

3.31 
(.65) 

5.04 
(.26) 

7.03 
(.65) 

Arousal 5.24 
(.87) 

3.41 
(.80) 

4.70 
(1.05) 

5.25 
(.82) 

3.51 
(.85) 

4.68 
(1.05)  

Recall 
Valence 3.22 

(.71) 
4.98 
(.25) 

7.00 
(.65) 

3.29 
(.67) 

5.05 
(.24) 

7.00 
(.67) 

Arousal 5.21 
(.87) 

3.44 
(.78) 

4.70 
(1.00) 

5.28 
(.94) 

3.53 
(.93) 

4.70 
(1.03) 

Note. Standard deviations are in parentheses. Valence and arousal scores were 
derived from the 9-point version of the self-assessment manikin (Lang et al., 
2010). 

Fig. 1. Density plots illustrating the difference in the distribution of valence (A) and arousal (B) values for each valence category (negative, neutral, positive) and 
stimulus set (A, B). Higher scores on Figure A indicate more positive valence values, while lower scores indicate more negative valence values. Higher scores on 
Figure B indicate more arousing values, while lower scores indicate less arousing values. 

Fig. 2. (A) Schematic representation of the learning task. Stimuli were presented for 1000 ms. Each stimulus was preceded by a 500 ms fixation cross with a temporal 
jitter of ±100 ms and with an inter-trial interval (ITI) of 1500 ms; (B) Schematic representation of the retrieval task. Stimuli were presented until button press with a 
timeout at 5000 ms, preceded by a 500 ms fixation cross with a jitter of ±100 ms. Participants then indicated whether the stimulus was old or new. Images are taken 
from Creative Commons for illustrative purposes, as the IAPS are restrictively licensed and not available for general distribution. 
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and were removed prior to calculating d’ difference scores (the distri
bution of data before and after the removal of outliers is depicted in 
Fig. S1). The sleep condition had a higher overall d’ score at delayed 
testing compared to the wake condition. Fig. 5A also demonstrates that 
the sleep condition had less broadly distributed d’ scores across the 
valence categories, particularly for negative stimuli, relative to the wake 
condition. 

In order to determine whether emotional memory consolidation 
differed over a period of sleep and wake, we examined whether Valence 
(positive, negative, neutral) and Condition (sleep vs wake) modulated d’ 
scores. Linear mixed-effects modelling revealed a main effect of Condi
tion (χ2(1) = 8.04, p = .004), with the Sleep condition having a higher d’ 
score relative to the Wake condition. This effect is illustrated in Fig. 5B, 

Fig. 4. Individual (peak) alpha frequency (IAF) estimates from eyes-closed resting-state recordings prior to the Sleep (red, solid lines) and Wake (black, dashed lines) 
conditions. Note that resting-state data were missing for participant 4 during the Wake condition. Participant 3 did not demonstrate evidence of a distinct alpha peak 
during the Sleep condition resting-state recording, hence IAF was estimated on the basis of the Wake condition peak frequency. a.u. = arbitrary units. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Descriptive statistics for sleep parameters and correlations with the difference 
between d’ at delayed and baseline testing as a proxy for memory change.  

Sleep 
Parameters 

Mean 
Minutes 
(SEM) 

% in Stage 
(SEM) 

Correlations with d’ 

r p 
(uncorrected) 

p 
(Holm) 

TST 91.45 (5.76)  .13 .31 1.00 
SOL 13.64 (3.07)  -.20 .12 .77 
WASO 15.10 (3.86)  -.06 .64 1.00 
N1 7.07 (1.20) 8.12 (1.19) -.44 <.001 .005 
N2 46.76 (3.67) 51.78 

(2.92) 
-.26 .04 .32 

SWS 29.04 (3.53) 31.33 
(3.52) 

.21 .11 .77 

REM 8.57 (1.73) 8.77 (1.72) .30 .02 .18 

EEG 
Parameter 

Mean 
(SEM) 

Range    

SWS Spindle 
Density 

2.18 (0.12) 1.11–3.10 -.07 .61 1.00 

SWS SO 
Density 

2.27 (0.10) 1.44–3.17 -.08 .55 1.00 

REM Theta 
Power 

4.11 (0.40) 1.76–7.43 .11 .44 1.00 

Note. SEM = standard error of the mean. TST = total sleep time; SOL = sleep 
onset latency; WASO = wake after sleep onset; N1 = stage 1; N2 = stage 2; SWS 
= slow wave sleep; REM = rapid eye movement sleep; SWS = slow wave sleep; 
REM = rapid eye movement sleep. Correlations represent the relationship be
tween percent of time spent in each sleep stage and d’. Significance values in the 
last column on the right are Holm-Bonferroni corrected (Holm, 1979). 

Table 3 
Mean d’ scores by Condition (sleep, wake), Time (immediate, delayed) and 
Valence (positive, negative, neutral). Standard errors are given in parentheses.  

Condition Time Valence Mean (SEM) 

Sleep Immediate Negative 2.23 (.10) 
Neutral 2.64 (.12) 
Positive 2.43 (.14) 

Delayed Negative 1.79 (.13) 
Neutral 2.19 (.15) 
Positive 2.08 (.16) 

Wake Immediate Negative 2.35 (.14) 
Neutral 2.55 (.15) 
Positive 2.55 (.15) 

Delayed Negative 1.76 (.17) 
Neutral 1.91 (.21) 
Positive 1.84 (.17) 

Note. SEM = standard error of the mean. 

Z.R. Cross et al.                                                                                                                                                                                                                                 



�1�H�X�U�R�S�V�\�F�K�R�O�R�J�L�D ������ ������������ ������������

��

where the sleep condition had higher d’ scores for all three valence 
categories compared to the wake group, suggesting sleep preserves 
memory to a stronger degree relative to an equivalent period of wake, 
and supporting H1 that memory performance (d’) would be greater after 
sleep compared to wake. 

The main effect of Valence (χ2(2) = 1.68, p = .43) and the Condition 
× Valence interaction (χ2(2) = 0.78, p = .67) were nonsignificant, 
suggesting that any potential effect of emotional valence is sufficiently 
small or variable that we could not detect its impact on behavioural 
memory performance across the 2-hr afternoon nap compared to an 
equivalent period of wake (Lehmann et al., 2016). Thus, H1 that memory 
would be greater after sleep compared to wake was supported; however, 
H2 that memory would be greater for emotional compared to neutral 
information and this effect would be accentuated after sleep compared 
to wake was not supported. 

Next, we examined whether IAF explains differences in memory 
between the sleep and wake conditions. Critically, there was a signifi
cant Condition x Time x IAF × Baseline interaction (χ2(1) = 6.15, p =
.01), which is resolved in Fig. 6. In both sleep and wake conditions, 
higher baseline d’ scores predicted higher delayed d’ scores. For the 
wake condition, higher IAF estimates were associated with lower d’ 
scores (i.e., worse memory) irrespective of baseline memory perfor
mance. However, for the sleep condition, a higher IAF estimate pre
dicted improved d’ scores at delayed testing when baseline memory 
performance was low, while the reverse was observed when baseline 
memory performance was high. 

Together, these results indicate that IAF differentially modulates 
memory across a period of sleep relative to wake, such that a higher IAF 
may facilitate sleep-related memory consolidation when baseline 
memory performance is suboptimal. By contrast, when baseline memory 
performance is high, we see a beneficial influence of low IAF on sleep- 
related memory consolidation (for a full summary of all main effects, 
interactions and a model summary, see Tables S1 and S2 in the sup
plementary materials, respectively). 

4.2.2. Individual alpha frequency modulates spindle-related emotional 
memory consolidation 

To examine whether the positive behavioural effect of sleep on 
memory was driven by underlying neural oscillatory mechanisms, we 
examined the effect of IAF, sleep spindle density and SO density, and 

REM theta power on d’ scores for each valence category. The first model 
focussed on the interaction between IAF, SWS Spindle Density and 
Valence. Importantly, the IAF x Spindle Density × Valence interaction 
was significant (χ2(2) = 6.64, p = .03), which is resolved in Fig. 7. As is 
clear from Fig. 7, when IAF is low (i.e., 9.5 Hz) and Spindle Density is 
high, memory retention for negative and neutral stimuli is low. This 
pattern of results reversed when IAF was high (i.e., 11 Hz): an increase in 
IAF and Spindle Density predicted an increase in memory scores for 
negative and neutral stimuli, but predicted a decrease in memory for 
positive stimuli. Together, these results suggest that IAF modulates 
spindle-related memory consolidation of stimuli differing in emotional 
valence, partially addressing our research question of whether IAF and 
sleep physiology interact to influence memory (for a full summary of all 
main effects, interactions and a model summary, see Tables S3 and S4 in 
the supplementary materials, respectively). 

4.2.3. Slow oscillations, REM theta power and individual alpha frequency 
jointly predict memory 

Given the proposed individual and interactive roles of slow wave and 
REM sleep in the consolidation of (emotional) memory, and the influ
ence of IAF on information processing, we now examine whether: (1) 
IAF modulates the separate effects of slow wave and REM sleep on 
emotional memory consolidation, and; (2) whether the interactive effect 
of slow wave and REM sleep on emotional memory consolidation is 
modulated by IAF. The broad purpose of this analysis was to examine 
our research question of whether IAF and sleep physiology interact to 
influence memory. 

We implemented a linear mixed-effects model to examine changes in 
memory across sleep, quantified as changes in d’ from immediate to 
delayed testing, as a function of Valence (negative, neutral, positive), 
IAF, SWS Slow Oscillation Density and REM Theta Power. The random 
effects consisted of intercept by subject. There was a main effect of IAF 
(χ2(1) = 28.24, p < .001), with a higher IAF predicting a negative 
change in d’ scores. There were also significant main effects of SWS Slow 
Oscillation Density (χ2(1) = 8.41, p = .003) and REM Theta Power (χ2 
(1) = 38.64, p < .001), with higher SO density predicting negative 
changes in d’ scores, while greater REM theta power was associated with 
a positive change in d’ scores (for visualisation of main effects, see 
Fig. 8). 

We also observed a significant IAF x SWS Slow Oscillation Density 

Fig. 5. (A) Sensitivity index (d’) scores (x-axis) for Valence across the Sleep (left) and Wake (right) conditions at Immediate (bottom) and delayed (top) testing 
sessions. Individual data points represent the mean for each participant. Visualisation was generated based on code by Allen et al. (2019). (B) Modelled relationship 
between d’ scores at delayed testing, Condition (sleep, wake; x-axis) and Valence (negative, neutral, positive). 
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interaction (χ2(1) = 5.73, p = .01). As shown in Fig. 9A, low IAF values 
and high SO density predicted lower d’ scores, while this effect reduced 
with high IAF and high SO density estimates. Further, REM Theta Power, 
SWS Slow Oscillation Power and IAF interacted to predict d’ scores (χ2 
(1) = 5.71, p = .01). As shown in Fig. 9B, low SWS SO density, low IAF 
and high REM theta power predicted high d’ scores, while high IAF, high 
SWS SO density and REM theta power had little effect on d’ scores. These 
results suggest that IAF differentially modulates the separable effect that 
SWS and REM have on the consolidation of emotional information, and 
that SWS and REM interact to predict memory consolidation. 

Critically, the four-way interaction between IAF, REM Theta Power, 

SWS Slow Oscillation Power and Valence was also significant (χ2(2) =
10.39, p = .005). As shown in Fig. 10, IAF was positively related to 
memory retention for positively valenced stimuli when SWS SO density 
was high and REM theta power was low (bottom left panel). This rela
tionship reverses when REM theta power and IAF are high and SWS SO 
density is low (top right panel; for a full summary of all main effects, 
interactions and a model summary, see Tables S5 and S6 in the sup
plementary materials, respectively). 

Fig. 6. | Estimated marginal means for d’ scores at delayed testing by IAF (x-axis) and valence (negative = purple solid line, neutral = dashed pink line, positive =
grey dotted line). Facets represent predicted values per unit increase in baseline d’ scores from low (left, 1.5) to high (right, 3.5). Shaded regions indicate the 83% CI. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4.2.4. Relationship between individual alpha frequency and sleep 
parameters 

As an exploratory analysis, we examined correlations between IAF 
estimates and sleep EEG metrics to assess whether individual differences 
in IAF predicts sleep oscillatory activity. We did not correct for multiple 
comparisons, as to not imply that our analyses were confirmatory. 
Instead, we focus on effect size estimates, and report all relevant sta
tistical information. This supports recommendations for exploratory 
analyses to focus on effect size estimates (e.g., r, R2), rather than on 
significance levels (Szucs and Ioannidis, 2017; also see Jach et al., 2020 
for a similar approach). There was a small positive correlation between 
spindle density and IAF (r = 0.19, p = .42, 95% CI = [-0.28, 0.60]), and a 
moderate positive correlation between spindle amplitude and IAF (r =
0.43, p = .06, 95% CI = [-0.02, 0.74]). There was also a moderate 
positive correlation between SWS SO density and IAF (r = 0.31, p = .19, 
95% CI = [-0.16, 0.67]); however, there was a large positive correlation 

between REM theta power and IAF (r = 0.64, p = .005, 95% CI = [0.23, 
0.85]). These relationships are illustrated in Fig. 11. 

5. Discussion 

Here, we paired an affective memory task with EEG and a nap 
paradigm in order to determine the relationships between the emotional 
valence of encoded stimuli, individual EEG factors related to informa
tion processing and sleep in predicting memory outcomes. The results of 
this study inform these relationships, indicating a significantly greater 
preservation of encoded material across sleep relative to a wake period, 
regardless of the emotional valence of the material. Results also inform 
our understanding of the role of individual EEG factors in sleep and 
memory consolidation, indicating a role of IAF in modulating the effects 
of sleep micro- and macro-structural variables in determining memory 
outcomes. Collectively, these results highlight the importance of 

Fig. 7. Estimated marginal means for d’ difference score (delayed recall – immediate recall d’ scores; y-axes) by SWS spindle density (x-axis) and valence (negative 
= purple solid line, neutral = dashed pink line, positive = grey dotted line). Facets represent predicted values per unit increase in individual alpha frequency from 
low (left, 8.5 Hz) to high (right, 11 Hz). Shaded regions indicate the 83% CI. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 8. Estimated marginal means for d’ difference scores (delayed recall – immediate recall d’ scores; y-axes) by (A) individual alpha frequency (x-axis), (B) SWS SO 
density (x-axis) and (C) REM theta power (x-axis), and valence (negative = purple solid line, neutral = dashed pink line, positive = grey dotted line). Shaded regions 
indicate the 83% CI. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. (A) Estimated marginal means for d’ difference score (delayed recall – immediate recall d’ scores; y-axes) by SWS SO density (x-axis) and valence (negative =
purple solid line, neutral = dashed pink line, positive = grey dotted line). Facets represent predicted values per unit increase in individual alpha frequency from low 
(left, 9.5 Hz) to high (right, 11 Hz). (B) Estimated marginal means for d’ difference score (delayed recall – immediate recall d’ scores; y-axes) by REM theta power (x- 
axis). Facets represent predicted values per unit increase in individual alpha frequency from low (top left, using 9.5 Hz as a canonical value) to high (top right, using 
11 Hz as a canonical value), and SWS SO density from low (top right, 1.9) to high (bottom right, 2.6). Shaded regions indicate the 83% CI. 
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individual factors in the EEG in predicting the trajectory a given enco
ded item will take through sleep-based memory consolidation. 

5.1. The influence of sleep on (emotional) memory consolidation 

Sleep resulted in relatively diminished forgetting, regardless of 
emotional valence. This is in keeping with previously published work on 
the broad role of sleep in memory consolidation; the mean differences 
between our sleep and wake conditions are consistent with the ~10% 
improvement in recognition scores, as reported in Rasch and Born 
(2013). We observed a negative correlation between the percentage of 
time spent in N1 sleep and d’ scores, and this likely reflects N1 sleep as a 
marker of sleep disruption (Berry et al., 2012), whereby greater N1 
likely limited the opportunity for (N)REM sleep-associated memory 
consolidation. It should be noted, however, that we did not find a sig
nificant effect of valence in the consolidation of emotional memories. 

There are potentially two main reasons for this. Firstly, participants 
were aware that they were to be tested on the recognition of encoded 
images. This expectancy may have interfered with the priority given to 
images regardless of emotional tone, thus ablating whatever emotional 
priority may have naturally occurred with the intervention (Groch et al., 
2015). Secondly, the negative images used in this study may not have 
been sufficiently negative to prompt a priority consolidation based on 
the valence of the images. Similarly, we did not use affective fore
ground/background imagery (Payne et al., 2012; Payne et al., 2008). 
Furthermore, the influence of participants’ awareness of being tested on 
learned material and affective valence are known to influence memory 
performance (Bennion et al., 2016; Groch et al., 2016), and might 

differentially modulate the effects of sleep and wake. While it has been 
reported that predictions evoked by intentional coding paradigms do not 
critically affect sleep groups, they have been found to enhance the 
rehearsal of target content during waking delay periods (Cunningham 
et al., 2014). Moreover, cognitive states (e.g., motivation) might have 
played a more dominant role in organising information processing 
during sleep (Bennion et al., 2016). Consequently, a sleep relative to a 
wakeful delay period may have furnished distinct contributions to the 
consolidation of memorised items. This possibility presents an inter
esting opportunity for future research. In sum, preferential consolidation 
of neutral and negative images as found in our higher IAF subjects may 
be due to processes other than emotional tone. 

5.2. IAF and the modulation of sleep-associated memory consolidation 

Our results indicate a complex relationship between IAF, REM theta 
power, SO density and sleep spindle density in determining the success 
or failure of recognition of encoded images across sleep. In both 
behavioural and sleep-oscillation based models, high IAF individuals 
recognised more neutral and positive images than low IAF individuals. 
This is the first study to report categorical differences in the operation of 
memory consolidation based on individual differences in the EEG, and 
there are two main potential explanations of this observation: first, that 
higher IAF individuals have faster (higher average frequency) brain 
activity in general, thus allowing more iterations of trace replay in the 
same amount of time; and thereby greater memory retention. We have 
also noted that IAF does not modulate differences in the recollection of 
negative imagery. It could be proposed that negatively valenced 

Fig. 10. Estimated marginal means for d’ 
difference score (delayed recall – immediate 
recall d’ scores; y-axes) by individual alpha 
frequency (x-axis) and valence (negative =
purple solid line, neutral = dashed pink line, 
positive = grey dotted line). Facets represent 
predicted values per unit increase in REM 
theta power (low = top left; high = top 
right), and SWS SO density from (low = top 
right; high = bottom right). Shaded regions 
indicate the 83% CI. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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memories are the more efficacious items for the human brain to encode, 
and that the greater recognition of neutral and positive memories 
demonstrated by high IAF individuals results from faster trace replay 
allowing more room for ‘less important’ memories to be consolidated in 
comparison to lower IAF individuals. 

The prominent spectral peak of IAF has been suggested for use as a 
landmark for the custom-fitting of individual frequency band cut-offs in 
the EEG (Klimesch, 1999). A higher IAF individual will therefore have 
higher boundaries of EEG frequency bands in comparison to a lower-IAF 
individual. While the functional implications of this have not been 
studied, it is possible that small improvements in the fit of oscillatory 
dynamics (such as the coupling of hippocampal sharp-wave ripples and 
sleep spindle troughs; Staresina et al., 2015) may result in small benefits 
in the behavioural outcomes associated with them. The functional 
consequences of IAF categories in terms of neural dynamics are an area 
which should be studied in the future; a basic investigation of spindle 
mean frequency as a function of IAF would be an excellent start thereon. 

A second explanation for this interaction is that higher IAF values 
may allow the brain to preferentially encode salient information. This 
would explain the behavioural findings in line with work on emotional 
memory (e.g., Vuilleumier, 2005), but this leads to several greater open 

questions in the sleep and memory literature, namely how a given item 
is tagged for subsequent consolidation. Current work in this area has 
suggested that emotional salience (Payne et al., 2008), as well as schema 
conformance (Durrant et al., 2015) may tag items for consolidation, and 
immediate recall theta power may serve as a biomarker of this tagging 
(Heib et al., 2015), through an interaction with fast sleep spindle ac
tivity. However, in general, there is a poor understanding of the 
encoding-related EEG factors which predispose an item to be remem
bered, forgotten or generalized. A promising next step to address this 
issue would be to pair sleep and memory paradigms with a subsequent 
memory approach in order to measure the differential patterns of EEG 
between remembered and forgotten items (as well as those gained 
overnight). 

5.3. Individual alpha frequency, REM theta and slow oscillatory activity 

We have also noted a relationship between REM theta power and 
IAF, which modulated the recognition of emotional images. Although 
we observed a linear increase in REM theta power as a function of IAF, 
the functional effect of this in terms of recognition appears to be centred 
around lower-IAF subjects. There is relatively less data published in the 

Fig. 11. The relationship between IAF and sleep EEG variables. The shaded area indicates the 95% confidence interval. Correlations were not corrected for multiple 
comparisons given the exploratory nature of the analysis and small number of comparisons. 
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