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Abstract 

Sleep supports the overnight resolution of emotional distress. Animal studies show 
that insufficient silencing of the locus coeruleus during REM sleep impairs 
plasticity. The frequent arousals in REM sleep, a characteristic of several 
psychiatric disorders, likely reflect insufficient LC silencing. We here investigate 
whether endogenous REM sleep interruptions interfere with overnight 
reorganization of limbic circuits. In volunteers representing a wide range of sleep 
qualities, we induced a self-conscious emotion during two functional MRI sessions 
and recorded sleep-EEG in between. Amygdala reactivity decreased overnight in 
proportion to the total duration of unperturbed REM sleep. Restless REM sleep in 
contrast impeded overnight amygdala adaptation. Targeted memory reactivation 
with odors tagged to the emotional stimulus enhanced both the favourable effect of 
restful REM sleep and the unfavourable effect of restless REM sleep. The findings 
revealed a maladaptive type of sleep, providing a novel target for treatment of 
mental disorders characterized by fragmented REM sleep. 
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Introduction 
Several studies have shown that sleep aids to the overnight resolution of emotional 
distress (Sterpenich et al. 2007, Pace-Schott et al. 2011, Van Der Helm et al. 2011, 
Talamini et al. 2013, Wassing et al. 2016). Sleep is thought to provide a time 
window for reactivation and reorganization of the neuronal circuits that were 
activated during the initial emotional experience (Vanderheyden et al. 2014). For 
example, whereas the amygdala initially activates during an emotionally distressful 
experience, subsequent neuronal network reorganization that is facilitated by sleep 
results in amygdala inhibition if the experience is recalled or encountered again 
later (Takashima et al. 2006, Nieuwenhuis and Takashima 2011, Van Der Helm et 
al. 2011). While the reorganization of emotional memory circuits has been related 
to either rapid eye movement (REM) sleep or non-REM (NREM) sleep (Gais et al. 
2000, Wagner et al. 2001, Walker and Stickgold 2006), their roles are best studied 
in an integrated way (Mazzoni et al. 1999, Gais et al. 2000, Stickgold et al. 2000). 
Indeed, an animal model on the role of sleep in resolving emotional distress 
proposes an interplay of memory trace reactivation and synaptic plasticity during a 
time window that starts when slow waves subside and sleep spindle-rich sleep 
emerges, and lasts until the end of REM sleep (Vanderheyden et al. 2014). The 
spindle-rich interval between slow-wave sleep and REM sleep is known as 
‘transition to REM sleep’ (TTR) in animal studies. In humans, it has its equivalent 
in an episode of predominantly stage N2 sleep that precedes REM sleep. This 
episode has been referred to as ‘ascending’ sleep (Terzano et al. 2000). However, no 
human study to date has investigated how TTR and REM sleep interact to promote 
the overnight reorganization of emotional memory circuits and dissolving of 
distress. 
 During wakefulness and NREM sleep, locus coeruleus (LC) activity maintains 
noradrenalin release at a level that promotes long-term potentiation and impedes 
depotentiation of synapses (Izumi et al. 1992, Thomas et al. 1996, Izumi and 
Zorumski 1999, Pace-Schott and Hobson 2002). Uniquely before and during REM 
sleep, the LC is inhibited (Swift et al. 2018), while limbic and paralimbic brain 
regions are activated, including the amygdala and dorsal anterior cingulate cortex 
(Braun et al. 1997, Nofzinger et al. 1997, Maquet et al. 2005). This time window of 
low noradrenalin release facilitates synaptic depotentiation (Kemp and Manahan-
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Vaughan 2004, Vanderheyden et al. 2014, Swift et al. 2018). In some mental 
disorders, sleep EEG recordings suggest insufficient inhibition of noradrenergic 
activity during REM sleep (Pace-Schott et al. 2015). Abundant arousals indicating 
that LC activity continues into sleep have been observed as a result of early 
childhood adversity (Insana et al. 2012), in Insomnia Disorder (ID; Feige et al. 
2008, Riemann et al. 2012), in people with post-traumatic stress disorder (PTSD; 
Mellman et al. 2002, Mellman et al. 2007, Germain et al. 2008), and also in animal 
models for PTSD (Poe 2017). It is well-conceivable that ongoing LC activity 
interferes with overnight emotion regulation by impeding REM sleep-related 
processes that utilize synaptic depotentiation. However, to date no human study 
experimentally addressed whether restless REM sleep impedes overnight 
adaptation of limbic circuit activity. 
 We here experimentally addressed the hypothesis that overnight neuronal 
network reorganization within the limbic circuitry is best facilitated by TTR and 
REM sleep only if these sleep stages have the signature of low LC activity, just like 
recently demonstrated for hippocampal network reorganization in rats (Swift et al. 
2018). In other words, that this reorganization is obstructed if ongoing arousals 
indicate continuation of LC activity into sleep. To warrant sufficient variance with 
respect to individual differences in the duration and restlessness of TTR and REM 
sleep episodes, we included N = 29 participants covering a wide range of subjective 
sleep quality, i.e. from good sleep to insomnia. We used functional magnetic 
resonance imaging (fMRI) to record the limbic response induced by the self-
conscious emotional distress of listening to audio fragments of their own out-of-
tune singing (figure 5.1a, example: https://youtu.be/G3gWyua3grE). These stimuli 
have been validated before to elicit a self-conscious emotion (Wassing et al. in 
press, Wassing et al. in revision). The exposure was repeated after a night of sleep 
to quantify reactivity adaptation across the night. High-density EEG was recorded 
during sleep and scored according to standard criteria to obtain sleep stages and 
arousals (Bonnet et al. 1992, Iber et al. 2007, Berry et al. 2012). General linear 
models were used to assess whether an individual's overnight decrease in amygdala 
reactivity (1) was proportional to the total durations of TTR and REM episodes, 
and (2) was impeded by interruptions during these sleep episodes.  
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Moreover, in N = 13 participants that tested positively on their ability to perceive 
and differentiate odors, the initial distressful exposure was tagged with an olfactory 
cue to allow for subsequent targeted memory reactivation (TMR) during sleep 
(Rasch et al. 2007, Arzi et al. 2012). Employing differential conditioning, the 
shameful emotional experience (US+, own out-of-tune singing) was coupled to one 
odor (CS+) wile a neutral comparable experience (US−, other in-tune singer) was 
coupled to another odor (CS−). Targeted memory reactivations were attempted by 
distributed re-exposure to the odors throughout sleep. For each individual, we 
assessed which part of the total TTR and REM episode duration coincided with 
CS+ re-exposure. We tested whether established positive and negative effects of 
REM-related sleep variables on overnight amygdala adaptation increased with the 
proportion of time the TTR and REM episodes coincided with CS+ re-exposure. 

Results 

Manipulation check: subjective and BOLD responses support induction of 
self-conscious emotion 
To evaluate effectiveness of the manipulation we compared the subjective 
emotional intensity of emotional and neutral stimuli, rated on a unipolar Likert-
type scale ranging from “none” (1) to “strong” (4). Emotional stimuli were rated 
more emotionally intense (mean (SD) = 2.0 (0.7)) than neutral stimuli (1.5 (0.5); 
two-sided two-sample t-test, t(28) = 3.97, p = 0.0004). Successful manipulation was 
also supported by significant BOLD responses to emotional stimuli in limbic 
circuits including the bilateral amygdalae and right hippocampus, right insula, 
right medial prefrontal cortex, and left cerebellum (details shown in supplementary 
table S5.4). 
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Figure 5.1. Procedure 
After a habituation night (not shown), 
volunteers participated in two fMRI 

sessions (orange). Polysomnography 
(green) was assessed in between. (a) 
fMRI paradigm. Trials started with a 
fixation-cross presented on the screen, 

after which the emotional (own out-of-
tune singing) or neutral (other in-tune 

singer) stimulus was presented. For 
participants who successfully perceived 

and differentiated the odors (supple-
mentary methods), the emotional (US+) 

and neutral stimuli (US–) were tagged 
with two olfactory cues (CS+, red; CS−, 

blue). Subjective emotional intensity 
was assessed with response options 

ranging from "none" (1) to "strong" (4). 
To prevent lingering of induced 

emotions, each trial closed with a  
1-back task and a rating on the effort it 

took to perform that task. (b) 
Polysomnography. Specific episodes 

can be distinguished in each sleep cycle. 
A REM episode (pink) covers the time 

between the first and last REM epoch. 
The transition to REM episode (TTR; 

turquoise) commences after the last 
two consecutive epochs of stage-N3 sleep and lasts the onset of a REM episode. The REM episode 

interruption density is the total number of arousals and bouts of wakefulness or NREM sleep that 
interrupt REM episodes, divided by the total duration of REM episodes. Likewise, TTR episode 

interruptions are calculated as the density of arousals and bouts of wakefulness or stage-N1 NREM sleep 
that interrupt TTR episodes. (c) Conditioned odors were presented overnight to induce targeted 
memory reactivation. To minimize interference and adaptation, the CS+ or CS– were presented in 
distributed blocks. Abbreviations: PSG=polysomnography, fMRI=functional magnetic resonance 

imaging, CS=conditioned stimulus, REM=rapid eye movement, TTR=transition to REM. 
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Duration and continuity of TTR and REM predict overnight adaptation of 
amygdala reactivity 
We evaluated whether individual differences in overnight amygdala reactivity 
changes were (1) proportional to the total duration of REM and TTR episodes, and 
(2) moderated by the interruption density in these sleep episodes. For each 
individual, the overnight change in the bilateral amygdala BOLD response was 
determined using a Brainnetome atlas mask (Fan et al. 2016). 
 Polysomnographically recorded sleep was staged and arousals were defined 
according to standard procedures (see supplementary table S5.1; Bonnet et al. 1992, 
Iber et al. 2007, Berry et al. 2012). The stages were used to calculate the total 
duration of four specific sleep episodes (Terzano et al. 2000): (1) the transition to 
deep sleep starts at sleep onset or after the final REM epoch of each sleep cycle and 
ends with the first two consecutive epochs of stage N3 sleep, (2) the deep sleep 
episode is the period comprised of mainly stage N3 NREM sleep, (3) the transition 
to REM (TTR) episode is the period following the last two consecutive epochs of 
stage N3 sleep until the onset of the REM episode, and (4) the REM episode is the 
period between the first and last REM epoch in each sleep cycle (figure 5.1b). REM 
episode interruption density was calculated as total number of arousals and bouts 
of wakefulness or NREM sleep that interrupted REM episodes, divided by the total 
duration of REM episodes. The TTR episode interruption density was likewise 
calculated as the total number of arousals and bouts of wakefulness or stage 1 
NREM sleep that interrupted TTR episodes, divided by the total duration of TTR 
sleep (table 5.1; Feige et al. 2008, Riemann et al. 2012). A general linear model 
evaluated whether the durations and interruption density of the REM and TTR 
episodes predicted the overnight change in amygdala reactivity. 
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Figure 5.2. Amygdala response with exposure to self-conscious emotional stimulus 
(a) Amygdala response with exposure to self-conscious emotional stimulus. The magnitude of the BOLD 
response to one's out-of-tune solo singing is indicated with color-hue, and the voxel's statistical 

significance ranges from transparent (t = 3.1) to opaque (t = 15). Areas delineated with a black outline 

indicate voxels with a significant BOLD response after whole-brain family-wise error correction (a = 0.05). 

(b) The overnight decrease in amygdala reactivity is proportional to the total duration of REM episodes. 

(c) The b-coefficient and standard error of the main effect estimate of REM episode duration is shown for 

reference (top panel) and adjusted effect estimates of REM episode duration is shown for three levels of 
the moderating variable: the minimum, mean, and maximum values observed across all participants 

(middle and bottom panel). Middle: a significant interaction between total TTR and REM durations 
indicated that longer lasting TTR episodes boosted effects of subsequent REM episodes on the overnight 

decrease in amygdala reactivity. Bottom: a second significant moderation effect was indicated by an 
interaction of REM episode duration and interruption density. With increasing interruptions, REM 

episodes become less supportive of the overnight decrease in amygdala reactivity. Abbreviations: 

BOLD=blood oxygen-level dependent signal REM=rapid eye movement, TTR=transition to REM. 
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Table 5.1. Total duration and interruption density of REM and transition to REM episodes 

 mean (SD) range 
Total duration of REM episode (min) * 99.6 (43.5) [33.5 - 201.0] 
Total duration of TTR episode (min) † 37.8 (23.6) [2.5 - 96.0] 
REM episode interruption density (N/hr) ‡ 15.2 (5.4) [6.8 - 25.5] 
TTR episode interruption density (N/hr) § 14.8 (9.0) [0.0 - 39.0] 

Abbreviations: REM = rapid eye movement, TTR = transition to REM. 

On average, amygdala reactivity decreased overnight (b = −0.09 (0.02),  
t(21) = −4.07, p = 5.5×10−4; table 5.2). Individual differences in the decrease were 
proportional to the total duration of REM episodes (b = −0.12 (0.04), t(21) = −2.84, 
p = 0.01; figure 5.2b). Although individual differences in the decrease were not 
proportional to the total duration of TTR episodes itself (b = −0.10 (0.07),  
t(21) = −1.43, p = 0.17), a significant interaction with the total duration of REM 
episodes indicated that longer lasting TTR episodes boosted the effect of 
subsequent REM episode duration on the overnight decrease in amygdala reactivity 
(b = −0.33 (0.09), t(21) = −3.90, p = 8.2×10−4; figure 5.2c). 
 A second moderation effect was indicated by an interaction of the total 
duration and interruption density of REM episodes (b = 0.013 (0.006), t(21) = 2.17, 
p = 0.04; figure 5.2c). The positive sign of this interaction indicates that with 
increasing interruption density, REM episodes become less supportive of the 
overnight decrease in amygdala reactivity. There was no significant interaction 
between the total duration and interruption density of TTR episodes (b = 0.004 
(0.005), t(21) = 0.87, p = 0.39). There were no significant main effects of 
interruption density in either TTR or REM episodes (0.07 £ p £ 0.34).  
 Ancillary analysis of a model that included the total durations of all four types 
of sleep episodes and their interactions with total REM episode durations, verified 
specificity of REM episodes and their interaction with transition to REM episodes. 
Adding the other two types of sleep episodes and their interactions with REM 
episodes did not improve the model (F-test, F(4,17) = 0.38, p = 0.82), and none of 
the added effects were significant (0.48 £ p £ 0.94).  
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Table 5.2. Main and interaction effects of sleep variables on overnight change in amygdala reactivity 
The overnight decrease in amygdala reactivity is proportional to the total duration of REM episodes. More 
time spent in the preceding TTR enhances the effect of the total duration of REM episodes, while more 

REM interruptions counteract it. In order to obtain a meaningful intercept (mean change in amygdala 
reactivity) all independent variables have been centered. 

 b (SE) t statistic p value 
Intercept    

Mean change in amygdala reactivity  -0.09 (0.02) -4.07 0.001 
Main effects    

Total duration of REM episodes (hr) -0.12 (0.04) -2.84 0.01 
Total duration of TTR episodes (hr) -0.10 (0.07) -1.43 0.17 
REM episode interruption density (N/hr) -0.008 (0.004) -1.93 0.07 
TTR episode interruption density (N/hr) 0.003 (0.003) 0.97 0.34 

Interactions    
Duration of TTR episodes × duration of REM episodes -0.33 (0.09) -3.90 0.001 
Duration of REM episodes × REM interruption density 0.013 (0.006) 2.17 0.04 
Duration of TTR episodes × TTR interruption density 0.004 (0.005) 0.87 0.39 

Abbreviations: REM = rapid eye movement, TTR = transition to REM. 

In summary, the findings indicate a stronger overnight decrease in amygdala 
reactivity with increasing duration of unperturbed REM sleep; this effect can be 
enhanced by longer preceding TTR episodes, and counteracted if REM episodes 
have abundant interruptions, up to the point that the benefit of REM sleep is 
completely lost. 

Overnight adaptation of amygdala reactivity by induced memory 
reactivation in REM period sleep 
To experimentally support REM-related effects on overnight adaptation of 
amygdala reactivity, we promoted reactivation processes during sleep using 
targeted memory reactivation (TMR) with differentially conditioned odors (Rasch 
et al. 2007, Arzi et al. 2012). During the first fMRI session, emotional and neutral 
stimuli (US+ and US–) were differentially tagged with two olfactory cues (CS+ and 
CS−). Throughout subsequent sleep, TMR was induced by distributed re-exposure 
to the CS+ or CS− odors, presented in blocks of 4 runs of 8 trials (figure 5.1c). For 
each individual, we assessed the proportion of time that TTR episodes and REM 
episodes coincided with CS+ and CS– re-exposures. Naturally occurring individual 
differences in the distribution of sleep stages created a range of CS+ and CS– re-
exposure proportions during TTR and REM episodes across participants (TTR: 
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CS+ [0-57.6%], CS– [0-92.1%], REM: CS+ [0-44.6%], CS– [0-54.6%]; for details see 
supplementary table S5.3). The proportions allowed us to investigate whether 
specifically CS+ TMR, but not CS– TMR, modified the effect of the total duration 
and interruption density of TTR and REM episodes on overnight adaptation in 
amygdala reactivity. 
 Regression analyses indicated that the overnight decrease in amygdala 
reactivity became stronger in proportion to the time that REM episodes 
accommodated CS+ re-exposures (b = −0.56 (0.23). t(8) = −2.47, p = 0.04; table 
5.3). Specificity of CS+ during REM episodes was shown by the lack of effects of 
CS+ re-exposure proportions during TTR episodes (b = –0.07 (0.18), t(8) = –0.39, 
p = 0.71), or of CS– re-exposure proportions during either TTR episodes (b = 0.03 
(0.13), t(8) = 0.25, p = 0.81) or REM episodes (b = 0.11 (0.20), t(8) = 0.53, p = 0.61; 
table 5.3). Finally, a significant interaction effect indicated that the CS+ re-
exposure proportion in REM episodes also enhanced the adverse effect of REM 
episode interruption density on the overnight decrease in amygdala reactivity  
(b = 0.06 (0.03), t(9) = 2.37, p = 0.04; table 5.4).  
 
Table 5. 3. Specifically CS+ TMR during REM episodes facilitates overnight amygdala reactivity 
adaptation 

 b (SE) t statistic p value 
CS+ re-exposure proportion in REM episodes -0.56 (0.23) -2.47 0.04 
CS– re-exposure proportion in REM episodes -0.07 (0.18) -0.39 0.71 
CS+ re-exposure proportion in TTR episodes 0.11 (0.20) 0.53 0.61 
CS– re-exposure proportion in TTR episodes 0.03 (0.13) 0.25 0.81 

Abbreviations: CS = conditioned stimulus, REM = rapid eye movement, TTR = transition to REM. 

 
Table 5.4. CS+ TMR during REM episodes enhances the adverse effect of REM interruption density on 
overnight amygdala reactivity adaptation 

 b (SE) t statistic p value 
Main effects    

CS+ re-exposure proportion in REM episodes (%) -0.58 (0.13) -4.49 0.002 
REM episode interruption density (N/hr) -0.01 (0.004) -2.09 0.07 

Interaction    
CS+ re-exposure × REM interruption density 0.06 (0.03) 2.37 0.04 

Abbreviations: CS = conditioned stimulus, REM = rapid eye movement. 
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In summary, the findings indicate that TMR during REM episodes using an odor 
that was conditioned to the negative emotion during prior wakefulness, added to 
the favourable effect of the total duration of REM episodes on the overnight 
decrease in amygdala reactivity, but also enhanced the adverse effect of the REM 
episode interruption density. 

Discussion 
We addressed the hypothesis that REM sleep facilitates overnight amygdala 
adaptation, but only if these sleep stages are sufficiently consolidated, as indicated 
by relatively few interruptions. We found a stronger overnight decrease in 
amygdala reactivity with an increasing duration of unperturbed REM sleep. The 
effect of REM sleep on amygdala adaptation was enhanced if preceding episodes of 
transition to REM sleep were longer. Notably however, the effect was counteracted 
if REM episodes had abundant interruptions, up to the point that the benefit of 
REM sleep was completely lost. 
  The findings underscore the importance of an integrated approach to the 
functional role of sleep. Many previous studies have focused on the role of 
individual sleep variables (for example the duration of stages or properties of sleep 
events like slow oscillations and spindles) in isolation. These studies indicated that 
NREM and REM sleep have complex and multifaceted roles in overnight neuronal 
network adaptations with relevance to emotion and cognition (Wagner et al. 2001, 
Walker and Stickgold 2006). It has for example been suggested that NREM sleep 
has an initial role in memory reactivation and consolidation, while subsequent 
REM sleep could support further memory transformation (Gais et al. 2000, 
Vanderheyden et al. 2014). The roles of sleep variables are therefore best 
investigated in an integrated way (Mazzoni et al. 1999, Gais et al. 2000, Stickgold et 
al. 2000). 
 Consequently, based on animal studies on the role of sleep in fear extinction 
and synaptic plasticity (Vanderheyden et al. 2014, Poe 2017, Swift et al. 2018), our 
analyses integrated not only NREM and REM episodes but also the microstructure 
of interruptions within these sleep stages. Only because of this integrated approach 
were we able to reveal effects of sleep on overnight adaptive brain processes, that 
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could otherwise have cancelled out and gone unnoticed. First, while no main 
effects were found for individual differences in the total duration of the transition 
to REM episodes, longer durations boosted the effect of total REM episode 
duration on overnight amygdala adaptation. Second, while no main effects were 
found for individual differences in the density of interruptions in REM episodes, 
denser interruptions significantly interfered with the effect of total REM episode 
duration on overnight amygdala adaptation. The integrated approach to sleep 
stages and microstructure are a particular strength of our study. 
 Another strength is that these effects could consistently be enhanced by use of 
targeted memory reactivation. TMR with an odor conditioned to the emotional 
stimuli offered during REM episodes added to the favourable effect of REM 
episodes on the overnight decrease in amygdala reactivity, but also enhanced the 
unfavourable effect of REM episode interruptions. These effect modifications were 
elicited only by the odor tagged to the negative emotional stimuli: no effects were 
seen for another odor that was tagged to audio fragments of a professional singer. 
 A third strength of our study is that we included participants representing a 
wide range of subjective sleep quality, i.e. from good sleep to insomnia. This 
approach provided sufficient individual differences in the duration and restlessness 
of TTR and REM sleep episodes. It was this variance that allowed us to uncover 
specificity and interactions of the duration and interruption density of episodes of 
REM sleep and transition to REM sleep. 
 Some limitations deserve mention. We propose that restless TTR and REM 
sleep is maladaptive across different types of distress and across disorders 
characterized by such restlessness during sleep, including disorders of affect and 
anxiety including PTSD. However, we demonstrated amygdala maladaptation only 
in a sample with a wide range of insomnia severity and only for the particular 
distress related to a shameful experience. Future studies are needed to evaluate 
whether a similar maladaptation can be demonstrated in disorders other than 
insomnia and for other self-conscious and basic emotions. 
 The findings significantly add to the proposed role of REM sleep in emotional 
adaptive processes involving changes in neuronal circuits including the amygdala 
(Van Der Helm et al. 2011). Our findings also support an animal model of fear 
extinction, proposing that the role of REM sleep is facilitated by the sleep spindle-
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rich transition period that precedes it (Vanderheyden et al. 2014, Poe 2017). This 
model highlights the importance of the absence of noradrenalin during REM sleep 
in restructuring neuronal networks, because it provides a time window that 
facilitates synaptic depotentiation. The presence of noradrenalin during other 
states makes these states less supportive of depotentiation (Thomas et al. 1996). 
Animal studies indicate that fear extinction involves, in addition to enhanced 
inhibition, also depotentiation of excitatory synapses in the amygdala (Kim et al. 
2007, Lee et al. 2013). We found an adverse effect of REM episode interruptions on 
overnight amygdala adaptation. It is tempting to suggest that these interruptions 
could reflect insufficient inhibition of noradrenergic neurons in the locus coeruleus. 
Future studies employing pharmacological manipulations are needed to evaluate 
whether blocking or boosting noradrenalin during REM sleep respectively 
facilitates or interferes with overnight amygdala adaptation. 
 In summary, we showed that REM sleep can support overnight regulation of 
amygdala reactivity. The effect increases with longer preceding episodes of 
transition to REM, but is impeded by REM sleep interruptions. Chronically 
perturbed REM sleep has been observed as a result of early childhood adversity 
(Insana et al. 2012), in Insomnia Disorder (ID; Feige et al. 2008, Riemann et al. 
2012), and in people with PTSD (Mellman et al. 2002, Mellman et al. 2007, 
Germain et al. 2008). It is conceivable that chronic insufficiency of overnight 
adaptive processes in the amygdala could result in the daytime hyperarousal that is 
characteristic of these conditions (Wassing et al. 2016). Addressing overnight 
emotional memory processing deficits in these conditions is likely to provide clues 
to the mechanisms underlying hyperarousal, which have so far remained enigmatic. 

Methods 

Subjects 
N = 29 participants (14 males and 15 females) were recruited by a newsletter 
emailed to volunteers of the Netherlands Sleep Registry (Benjamins et al. 2017). 
The inclusion criterion was an age between 18 and 70 years. Exclusion criteria were 
any diagnosed current or past neurological or psychiatric disorder, any current 
sleep disorder other than Insomnia Disorder (ID), chronic use of medication, the 
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use of sleep mediation during the prior 2 months, and any MRI contraindications. 
The Insomnia Severity Index ranged from 0 to 24 (mean (SD) = 10.7 (7.7)), 
indicative of inclusion of both good and poor sleepers. Indeed, a diagnostic 
interview upon inclusion indicated that N = 12 subjects fulfilled the diagnostic 
criteria for ID according to DSM-5 (American Psychiatric Association 2013) and 
ICSD-3 (Diagnostic Classification Steering Committee 2014) and none had a 
diagnosis of any other disorder. Informed consent was obtained prior to study 
enrolment. The study was approved by the ethics review board of the University of 
Amsterdam, The Netherlands. 

Experimental procedures 

Preparation 
One week prior to the experiment, subjects came to the lab for an intake interview, 
structural MRI-scans, karaoke-style audio recordings and tests for odor-perception 
and odor-discrimination. To obtain an audio recording of their singing, 
participants heard instrumentation and vocals of others over headphones while 
singing along with the lyrics presented in a Karaoke-style video. Their own voice 
was not presented over the headphones to impede pitch correction and thus 
promote out-of-tune singing. All participants underwent an odor-discrimination 
tests to evaluate whether they fulfilled the prerequisite for differential conditioning, 
i.e. capacity to differentiate the odors to be linked later to US+ and US−. Only 
those with sufficient odor discrimination capacity were exposed odors during fMRI 
and sleep for TMR (N = 13, 7 males, ISI range: 0 to 24, see supplementary methods 
and supplementary results for details). Participants underwent an adaptation night 
in the lab, including polysomnography (PSG; Electrical Geodesic Inc., Eugene, OR, 
United States of America) the night before the first fMRI session. 

Overview of procedure 
MRI scans were made before (between 19:00 and 22:00 hr) and after (between 
07:00 and 10:00 hr) a PSG recording. During fMRI, the self-conscious emotion of 
shame was induced by confronting subjects with listening to fragments of their 
own often embarrassingly out-of-tune solo singing (example: 
https://youtu.be/G3gWyua3grE). Control neutral stimuli consisted of the same 
fragments, sung in-tune by a professional singer. Participants with sufficient odor-
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discrimination capacity were moreover exposed to odors during initial audio 
fragment exposures and sleep (see below). 

fMRI paradigm 
Audio fragments were presented in a block design fMRI paradigm that consisted of 
two runs of five emotional and five neutral trials each, in counterbalanced order. 
Each trial started with a fixation-cross presented on the screen for 7 to 9 seconds, 
after which a recording was presented for 16 seconds. Emotional stimuli were 
audio fragments of the subject's own solo singing. Neutral stimuli were audio 
fragments of a professional singer. Subjects with sufficient odor-discrimination 
capacity underwent differential conditioning during stimulus exposure (see below, 
‘Odor conditioning and targeted memory reactivation’). Subjects were asked to rate 
their perceived emotional intensity on a unipolar Likert-type scale from “none” (1) 
to “strong” (4). To prevent possible lingering of induced emotions into subsequent 
trials, each trial then continued with an audio-visual 1-back task for 15 seconds to 
divert attention. A sequence of 9 letters was presented both on a screen and over 
headphones. Participants were instructed to compare the current letter with the 
preceding letter and respond with a button-press using their index-finger if the 
letter was different or with their middle finger if the letter was the same (0-3 
targets). Finally, participants rated the effort it took them to perform the 1-back 
task on a unipolar Likert-type scale ranging from “none” (1) to “strong” (4).  
 BOLD responses were assessed using Echo Planar Imaging (EPI, N = 212 
images per run, TR: 2.5 s, TE: 28 ms, 2.5 mm isotropic voxels, 43 slices, FoV: 240 
by 240 mm) on a Philips Achieva 3T MRI scanner (Philips Healthcare Systems, 
Best, The Netherlands). A T1-weighted scan was used for anatomical registration 
(1 mm3), and B0-fieldmaps were acquired to adjust the EPI images for magnetic-
field distortions (Jenkinson 2003, Jenkinson 2004). 

Odor conditioning and targeted memory reactivation 
Participants were fitted with a polytetrafluoroethylene (Teflon®) Y-shaped cannula 
that was placed directly below the nasal vestibules and connected to a custom build 
olfactometer (see supplementary methods). Counterbalancing odors across 
participants, emotional stimuli (US+) were coupled to one odor (CS+), and neutral 
stimuli (US–) to the other (CS−; figure 5.1a). Odors were presented within a 
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continuous airflow of 1.5 L/min. During subsequent nocturnal targeted memory 
reactivation (TMR; figure 5.1c) the odors were presented in distributed blocks to 
minimize interference and adaptation. In each block, either the CS+ or CS− was 
presented in 4 runs of 8 trials (figure 5.1c). In each trial, the odor was presented for 
6 seconds with an inter-trial interval of 30 seconds. 

BOLD responses to auditory stimuli 
First level fMRI data employed the FSL FEAT package version 5.0.10 
(supplementary methods; Smith et al. 2004, Jenkinson et al. 2012). Within-subject 
analysis of the BOLD time-series was performed using general linear models. We 
estimated the BOLD response to the emotional stimuli relative to baseline with 
box-car regressors convolved with a double-gamma hemodynamic response 
function (HRF). To adjust for variation in timing of the actual HRF and slice-
acquisition, the first-order derivatives of these HRF-regressors were added to the 
design-matrix. To control for motion artifacts, we added a confound-regressor for 
each time-sample where excessive motion was detected (RMS intensity difference: 
75th percentile+1.5´IQR). Two first-level b-coefficient contrasts were obtained for 
each subject: (1) the mean BOLD response at the first session and (2) the mean 
difference in BOLD response between the first and second session. Data of the first 
session were moreover used in a whole-brain analysis serving as manipulation 
check for the induction of self-conscious emotion. Second-level fMRI analyses and 
analyses of subjective data all employed mixed effect general linear models, 
implemented using the Statistics and Machine Learning Toolbox in Matlab (The 
MathWorks Inc., Natick, MA). 
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Supplementary methods 

Polysomnography 
On both the adaptation night and the night in between emotion inductions, 
polysomnography (PSG) recordings were obtained using a 256-channel HydroCel 
EEG net referenced to the Cz-electrode (Electrical Geodesic Inc., Eugene, OR). We 
simultaneously assessed: EMG using Ag/AgCl electrodes placed on the submental 
area and on the anterior tibialis; ECG using Ag/AgCl electrodes placed in 
accordance with the standard lead II configuration; and respiration, using 
respiratory belt transducers around the upper and lower chest. Electrode 
impedances were kept below 100 kΩ at the start of the recording. Signals were 
online band-pass filtered between 0.1-100 Hz and digitized at 1000 Hz. 

fMRI data processing 
fMRI data were preprocessed with FMRIB's package FSL FEAT, including 
correction for subject-specific B0-field distortion maps (Woolrich et al. 2001, 
Beckmann et al. 2003, Woolrich et al. 2004). In brief, EPI images were masked to 
strip non-brain tissue, spatially smoothed with a Gaussian kernel (5 mm FWHM) 
to reduce noise and remain sensitive to small brain responses, normalized to the 
grand mean intensity, and motion corrected with MCFLIRT. The ICA-AROMA 
algorithm and nuisance regression were applied to remove motion artefacts and 
noise (Pruim et al. 2015), and subsequently the EPI-time series were high-pass 
filtered with a cut-off at 1/90 Hz. Transformation matrices were obtained by the 
combination of a boundary-based registration of the EPI scan to the anatomical 
scan with a linear registration of the anatomical scan to the standard-space image 
(MNI152-T1 image, 1 mm3, FLIRT, 12 DOF).  
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Supplementary figure S5.1. 
Custom build olfactometer 
Participants were fitted with a 
Y-shaped polytetrafluoroethy-
lene (Teflon®) cannula that was 
placed directly below the nasal 
vestibules, which was connec-
ted to a laptop-bag containing 
six syringe filters, a solenoid 
valve manifold, and airflow 
regulators. The laptop-bag was 
provided with 1.5 L/min airflow 
by a long 6 mm inner-diameter 
tetrafluoroethylene tube to a 
small and quiet air pump, and 
by a UTP-cable to an Arduino 
micro-processor. This way, the 
components of the olfacto-
meter that produced acoustic 
noise could be placed in the 
control room, whereas the 
odor-containing capsules could 
be placed close to the 
participant for fast and reliable 
odor stimulation. The 1.5 L/min 
airflow was divided into a 
bypass airflow (1 L/min) and an 
airflow into the solenoid valves 
(0.5 L/min). The solenoid valves 
were operated by a program 
run on the Arduino microcom-
puter, or alternatively, the 
Arduino microcomputer could 
be controlled by a stimulus PC. 

One-way valves were placed before and after the syringe filters to ensure unidirectional airflow when the 
valve opened and an airtight seal in case the valve was closed. Moreover, the bypass airflow provided a 
constant clean airflow in which the scented air could get "injected" into. Four capsules were loaded with 
40 μL of compound solution normally used in the flavouring and fragrance industry: "strawberry", "gin", 
"tamarind", and "white tea" (International Flavors & Fragrances B.V., Liebergerweg 72-76, 1221 JT 
Hilversum, The Netherlands). Next to the four odor containing capsules, two capsules remained empty, 
and by default only the null-valve was open. This way, an odor stimulation was provided by 
simultaneously closing the null-valve and opening one of the respective odor valves. Instead, a sham-
stimulation was provided by switching to the sham-valve (S). 
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Testing the ability to perceive and differentiate odors 
Participants were fitted with a polytetrafluoroethylene (Teflon®) Y-shaped cannula 
that was placed directly below the nasal vestibules, connected to a custom build 
olfactometer (supplementary figure S5.1 provides a technical description). A small 
and quiet air pump provided a constant airflow of 1.5 L/min, which was divided 
into a bypass airflow (1 L/min) and into solenoid valves (0.5 L/min) connected to 
four syringe-filter capsules containing different odors. The syringe filters were 
enclosed by one-way valves to ensure an airtight seal in the closed state, and a 
unidirectional airflow in the open state. The bypass airflow reconnected with the 
airflow from the syringe-filter capsules, and ensured a constant clean 
unidirectional airflow in which the scented air from the odor-containing capsules 
could get ‘injected’ into. In close consultation with experts, we selected four 
compound solutions with discernible profiles normally used for industrial 
flavouring and fragrances: “strawberry”, “gin”, “tamarind”, and “white tea”, of 
which two would be selected for each participant to be conditioned with the US+ 
and US– (International Flavors & Fragrances B.V., Liebergerweg 72-76, 1221 JT, 
Hilversum, The Netherlands). Capsules were loaded with 40 µL of compound 
solution, and next to the four odor-containing capsules, two capsules remained 
empty. With this approach, the olfactometer could provide an odor stimulation by 
switching from “no-odor” to one of the four odors, or provide a sham stimulation 
by switching from “no-odor” to another “no-odor”. The solenoid valves were 
operated by a program run on an Arduino UNO microprocessor or by serial 
connection with a computer running a valve switching script in E-Prime software 
(Psychology Software Tools, Inc., Sharpsburg, PA, USA). 

Odor perception test 
One week before the experiments, participants performed a 30-minute odor 
perception test including 40 trials, with the initial instruction to breath normally 
and regularly. Furthermore, participants were instructed that with each trial, one 
out of four odors was presented for the duration of 3 seconds, and that in some 
trials no odor was presented. Each trial was preceded with the instruction to wait 
until their breathing cycle reached the end of exhalation, and to press spacebar to 
start the trial. In each trial one of the four odors or a sham stimulation was 
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presented for 3 seconds (8 trials for each odor, and 8 sham trials, in a random 
order). Directly after the stimulation, the participant was queried with the question 
“the odor is pleasant”, followed by “the odor is intense” and “the odor is 
recognizable”, with response options on a Likert-scale ranging from “completely 
disagree” (1) to “completely agree” (7). In case participants perceived an odor, they 
had press a key between 1 and 7. In case no odor was perceived, participants had to 
press 0. The inter-trial interval varied between 30 and 120 seconds. The 
participant's overall ability to perceive odors was calculated as the percentage of 
correctly identified odor-trials. 

Odor differentiation test 
In addition to the ability to perceive the odors, a second prerequisite for differential 
conditioning is the ability to discern two odors. To this end, participants 
performed a 45-minute odor differentiation test including 36 trials. Participants 
were instructed that they would be presented with three consecutive odor 
stimulations, of which two are the same, and that they had to indicate which odor 
was different. Each stimulation was preceded with the instruction to wait until the 
breathing cycle reached the end of exhalation, and the stimulation was initiated by 
pressing spacebar and lasted 3 seconds. Directly after the third stimulation, the 
question “which odor was different” appeared on screen with the answer options 
“1”, “2”, and “3”. The participant received feedback upon their response. We 
calculated the participant's overall ability to differentiate the odors as the overall 
percentage of correct trials, as well as the percentage of correct trials for each 
possible pair of odors. 

Criteria for admission to odor conditioning and targeted memory reactivation  
The criteria for participants to be admitted to odor conditioning and targeted 
memory reactivation, were a perception accuracy above 50% for at least two odors, 
and a differentiation accuracy score of at least 66% correct between that pair of 
odors (chance level = 33%).   
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Supplementary Results 
 
Supplementary table S5.1. Demographics and associations between sleep parameters and subjective 
insomnia complaints 
Objective sleep variables obtained in the second night of polysomnography and correlations with the 

subjective Insomnia Severity Index. 

 mean (SD) r p value 
N (males/females) 29 (14/15) - - 
age 41.6 (14.6) 0.30 0.12 

 Polysomnography summary    
time in bed (min) 458.1 (53.5) 0.11 0.56 
sleep onset latency (min) 13.9 (9.2) -0.20 0.29 
wake after sleep onset (min) 43.5 (31.8) 0.25 0.19 
total sleep time (min) 385.0 (57.9) -0.04 0.83 
sleep efficiency (%) 84.3 (10.4) -0.16 0.40 

 Time spent in episode (min)    
transition to deep sleep* 69.5 (36.8) 0.00 0.98 
deep sleep episodes† 218.5 (61.7) -0.02 0.93 
transition to REM sleep‡ 37.8 (23.6) 0.35 0.06 
REM episodes§ 99.6 (43.5) -0.06 0.77 

 Interruption density (N/hr)    
in transition to REM episodes 14.8 (9.0) 0.13 0.51 
in REM episodes 15.2 (5.4) 0.69 3.3×10-5 

(*) the transition to deep sleep starts at sleep onset or after the final REM epoch of each sleep cycle and 
ends with the first two consecutive epochs of stage N3 sleep, (†) the deep sleep episode is the period 

comprised of mainly stage N3 NREM sleep, (‡) the transition to REM (TTR) episode is the period following 
the last two consecutive epochs of stage N3 sleep until the onset of the REM episode, (§) the REM 

episode is the period between the first and last REM epoch in each sleep cycle. Pearson's r indicate 

correlations with subjective insomnia severity. Abbreviations: REM = rapid eye movement sleep.  

Odor perception and differentiation tests 
For the participants that fulfilled the minimal odor perception and differentiation 
criteria to be admitted to odor conditioning and targeted memory reactivation, we 
assigned two out of the four odor compounds as the CS+ and CS– odor, aiming at 
distributed combinations of odors across participants (supplementary table S5.2). 
A Chi-square test indicated that the difference between the expected and observed 
frequencies of odor allocation was not significant (χ2(3) = 1.87, p = 0.60). The 
perception accuracy for the allocated CS+ and CS– odors was very high (CS+: 
95.5±15.1%, CS–: 100.0±0.0%), as was the differentiation accuracy between the 
odor pairs (92.4±13.7%). 
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Supplementary table S5.2. Allocation of the four odor compounds for the CS+ and CS– 

odor CS+ CS– 
strawberry 3 6 
gin 3 3 
tamarind 3 2 
white tea 4 2 

 
Supplementary table S5.3. CS+ and CS– re-exposure proportions 
Naturally occurring individual differences in the distribution of sleep stages created a range of CS+ and 
CS– re-exposure proportions during TTR and REM episodes across participants. 

 CS+ re-exposure 
proportions (%)  CS– re-exposure 

proportions (%) 

 mean (SD) range  mean (SD) range 
transition to deep sleep episodes 12.2 (12.1) [0.0 - 27.8]  22.4 (21.1) [0.0 - 62.5] 
deep sleep episodes 22.9 (10.9) [0.0 - 36.6]  22.1 (12.7) [0.0 - 53.6] 
transition to REM episodes 9.0 (15.7) [0.0 - 57.6]  28.6 (26.9) [0.0 - 92.1] 
REM episodes 18.9 (15.9) [0.0 - 44.6]  18.3 (18.2) [0.0 - 54.6] 
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Supplementary table S5.4. Coordinates and statistics of brain regions showing a significant BOLD 
response to one's own singing relative to baseline  
Activations were obtained during the first session. For each cluster, the brain region encompassing the 

local maximum is listed as well as its MNI coordinates (N = 5,000 permutation tests and threshold-free 
cluster enhancement, thresholded at p < 0.05). 

cluster region H x y z 
Activations     

1 amygdala L -20 -7 -14 
2 amygdala R 16 -6 -17 

 hippocampus R 23 -14 -13 
3 medial prefrontal cortex R 1 49 -15 
4 insula R 33 10 -16 
5 Heschl's gyrus R 37 -26 15 

 inferior frontal gyrus, triangularis R 57 28 7 

 planum polare R 52 -5 -1 

 planum temporale R 53 -26 8 

 posterior superior temporal gyrus R 68 -18 2 
6 Heschl's gyrus L -36 -29 9 

 planum temporale L -44 -32 7 

 posterior superior temporal gyrus L -64 -20 -2 
7 anterior superior temporal gyrus R 62 2 -9 
8 temporal pole L -58 5 -5 
9 planum polare L -52 -3 -3 

10 cerebellum L -12 -84 -34 
Deactivations     

1 inferior lateral occipital cortex L -45 -64 -7 

 posterior fusiform cortex L -44 -62 -15 
2 inferior lateral occipital cortex R 46 -66 -5 

 posterior fusiform cortex R 43 -60 -16 

 posterior inferior temporal gyrus R 54 -58 -15 
3 superior lateral occipital cortex L -31 -65 54 
4 superior lateral occipital cortex R 29 -68 32 
5 superior parietal lobule R 33 -54 48 
6 superior parietal lobule L -43 -43 54 

 posterior supramarginal gyrus L -45 -43 52 
7 posterior supramarginal gyrus R 44 -35 45 
8 middle frontal gyrus L -34 -3 64 

 precentral gyrus L -26 -7 68 

 superior frontal gyrus L -26 -4 66 
9 postcentral gyrus L -55 -24 45 

 anterior supramarginal gyrus L -55 -30 47 
10 cerebellum R 32 -46 -32 
11 cerebellum L -49 -52 -30 

Abbreviations: H = hemisphere, L = left, R = right, xyz = MNI coordinates in mm. 
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