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Summary

Certain neurophysiological characteristics of sleep, in particular slow oscillations

(SOs), sleep spindles, and their temporal coupling, have been well characterised and

associated with human memory abilities. Delta waves, which are somewhat higher in

frequency and lower in amplitude compared to SOs, and their interaction with spin-

dles have only recently been found to play a critical role in memory processing of

rodents, through a competitive interaction between SO–spindle and delta–spindle

coupling. However, human studies that comprehensively address delta wave interac-

tions with spindles and SOs, as well as their functional role for memory are still lack-

ing. Electroencephalographic data were acquired across three naps of 33 healthy

older human participants (17 female) to investigate delta–spindle coupling and the

interplay between delta- and SO-related activity. Additionally, we determined intra-

individual stability of coupling measures and their potential link to the ability to form

novel memories in a verbal memory task. Our results revealed weaker delta–spindle

compared to SO–spindle coupling. Contrary to our initial hypothesis, we found no

evidence for an opposing dependency between SO- and delta-related activities dur-

ing non-rapid eye movement sleep. Moreover, the ratio between SO- and delta-

nested spindles rather than SO–spindle and delta–spindle coupling measures by

themselves predicted the ability to form novel memories best. In conclusion, our

results do not confirm previous findings in rodents on competitive interactions

between delta activity and SO–spindle coupling in older adults. However, they

support the hypothesis that SO, delta wave, and spindle activity should be jointly

considered when aiming to link sleep physiology and memory formation.
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1 | INTRODUCTION

Specific brain oscillations during human non-rapid eye movement

(NREM) sleep, most importantly thalamo-cortical spindles (12–15 Hz)

and cortical slow-wave activity (SWA), which can be divided into slow

oscillations (SOs, 0.5–1 Hz) and delta waves (1–4 Hz) (Steriade,

Nunez, Amzica, 1993), have been linked to successful memory consol-

idation, and thus, the ability to retain novel memories (Rasch &

Born, 2013). The differentiation between SOs and delta waves can be

made based on their origin, frequency, extent, and amplitude (Genzel

et al., 2014; Steriade, Nunez, Amzica, 1993). SOs are generated within

cortical networks and exhibit high-amplitude oscillations with a fre-

quency of <1 Hz. Delta waves, by contrast, result from the interaction

between pace-making thalamic neurons and the neocortex and are

higher in frequency (1–4 Hz) and lower in amplitude.

In humans, the role of SOs for memory processes has been exten-

sively investigated. As such, previous studies have shown increased

SO activity after learning, correlating with retention performance after

sleep (Mölle et al., 2009). There is also growing evidence that tempo-

ral co-ordination of SOs with spindles, rather than SO activity in isola-

tion, is crucial for memory consolidation (Helfrich et al., 2018;

Ladenbauer et al., 2017). Moreover, SO–spindle coupling was shown

to substantially vary between individuals, but to be stable intra-

individually, indicating that this parameter may be a general trait (Cox

et al., 2018). This observation may have implications for individual

memory abilities beyond sleep-related memory consolidation, namely

the ability to form novel memories. With regard to delta waves most

studies have considered SO and delta activity jointly as SWA, thus

precluding investigation of delta-coupling behaviour with spindles, as

well as any attempt to delineate their distinct contribution to memory

processes (Ngo & Born, 2019).

One recent rodent study suggested a causal role for delta waves

and their interaction with spindles for memory (Kim et al., 2019). In

this study, disturbance during delta wave up-states by means of opto-

genetic stimulation led to a relative increase in SO-nested spindles,

enhanced re-activation strength in involved neuronal ensembles, and

improved memory performance after sleep. Disturbance during SOs

had the opposite effect, resulting in a relatively higher number of spin-

dles nested to delta waves, reduced ensemble re-activations, and

impaired performance, suggesting the following: first, there seems to

be an opposing dependency between SO- and delta wave-generating

systems; second, SO and delta waves may have competitive func-

tional roles in memory (Ngo & Born, 2019). While SO-related spindles

support memory consolidation, delta-related spindles seem to benefit

forgetting, possibly to support downscaling processes during sleep to

restore the brain's capacity to learn (Kim et al., 2019). Interestingly, in

rats not SO–spindle coupling by itself, but the ratio between SO-

nested spindles to delta-nested spindles was the sleep parameter

most predictive for memory performance gains after sleep, underscor-

ing their opposing functional roles for memory. Whether these inter-

relationships also exist in humans is largely unknown but may be

particularly valuable when evaluating interventions that are aimed to

modulate memory abilities in healthy and pathological ageing.

In the present study, we therefore first aimed to characterise

delta–spindle coupling in healthy older adults (aged ≥50 years), and to

compare it to SO–spindle coupling. Second, we aimed to address the

previously described competitive interplay between SO- and delta-

related activities in natural human nap sleep. Third, we investigated

stability of SO–spindle and delta–spindle coupling measures over mul-

tiple nap sleep assessments to reveal whether these sleep parameters

exhibit a trait-like character. Finally, we tested for associations

between ability to form novel memories and SO–spindle and delta–

spindle coupling measures in healthy older participants.

2 | METHODS

2.1 | Participants and experimental procedure

A total of 33 healthy older adults (17 female; mean [SD, range] age

65.2 [8.3, 50–77] years) were included in the study. Exclusion criteria

included history of severe untreated medical, neurological, and psychi-

atric diseases; subjective cognitive decline; sleep disorders; cognitive

impairment; intake of medication acting primarily on the central ner-

vous system; alcohol or substance abuse. Our choice to investigate

healthy older individuals was based on the motivation of understand-

ing and eventually improving sleep physiology and memory in ageing.

Data were collected within the scope of an extensive study involving

several sets of slow oscillatory transcranial direct current stimulation

protocols, in addition to the sessions without stimulation that were

used in this report (nine sleep sessions in total; three sleep sessions

‘without STIM’: T1, T2, T3) (Figure 1a). Whereas T1 was always fol-

lowed by T2 nap session, T3 was one of the seven following sessions

(randomised order; please see [Ladenbauer et al., 2022] for more

details, ClinicalTrials.gov Identifier: NCT04714879). The three naps

were separated by �5–6 weeks (mean [SD] time between T1 and T2:

31.2 [41.1] days; mean [SD] time between T2 and T3: 45.2 [32.1]

days). A comprehensive neuropsychological testing was administered

for assessment of cognitive status in each participant (Ladenbauer

et al., 2016). Here, we used the Auditory Verbal Learning Test to

probe memory performance (see below), which was acquired prior

sleep on T1. In each session, participants arrived at the laboratory

between 11:30 a.m. and 2:00 p.m. (at a time suiting their daily routine

to allow them to sleep). After preparation of polysomnographic

recordings, participants were given the opportunity to sleep for a

maximum of 90 min. During the naps an electroencephalogram (EEG)

was recorded. The study was approved by the local Ethics Committee

(Universitätsmedizin Greifswald) and conducted in accordance with

the Declaration of Helsinki. Participants gave written informed con-

sent prior to participation.

2.2 | Memory assessment

As part of the neuropsychological assessment, the German version

of the Auditory Verbal Learning Test (AVLT) was performed by all
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participants to probe memory performance (Helmstaedter

et al., 2001). Participants had to learn a list of 15 unrelated words

within five immediate auditory presentations, each followed by an

attempted recall (termed ‘encoding trials’). Subsequently, a second

15-word interference list was presented, followed by retrieval of the

initial list. Delayed recall and reScognition were also tested after

30 min. Ability to form novel memories for each participant was

indexed by the sum of recalled words from all five encoding trials

(encoding performance) as well as by the difference between last

encoding and first recall trial after interference (immediate recall

performance) (Göder et al., 2013; Mikutta et al., 2019).

2.3 | Electroencephalogram recordings

Polysomnographic data were recorded with a 32-channel Brain Prod-

ucts actiCAP electrode system positioned according to the 10–20

EEG system (reference: nose, ground: FCz) using the BrainAmp DC

F IGURE 1 (a) Overview of the study procedures, including the six nap sessions with sets of transcranial direct current stimulation (STIM) and
the three nap sessions without stimulation, which were employed for the present research question (T1, T2, T3). Whereas T1 was always
followed by T2 nap session, T3 was one of the seven subsequent nap sessions that included six nap sessions during which a stimulation was
applied, and one nap session with only sham stimulation (T3) (randomised order; please see Ladenbauer et al. (2022) for more details). Memory
assessment (MA) of the Auditory Verbal Learning Test took place in the morning before T1. (b) Average time-frequency representations (TFRs)
locked to the slow oscillation (SO) trough or delta trough (time 0), respectively. Shown are averaged power z-scores relative to pre-event baseline
distributions for the T1 nap session. Black lines indicate grand average electroencephalogram signal of all SO (top, n = 175) or delta events
(centre, n = 1091) aligned to the trough (time 0). Bottom, difference of these TFRs (SO-delta) masked by significance (p < 0.05, corrected for
multiple comparison). (c) Histogram indicates distribution of SO phase or delta phase angle at peak of spindle power across all SO or delta events,
respectively (left). Circles depict individual participants’ mean SO phase where spindle power peaks and the coloured line denotes the
corresponding resulting vector length across all participants. C: coupling strength (resultant vector length) for SO–spindle (orange) and delta–
spindle coupling (blue) per participant (right). Circles depict individual participants and bars the mean coupling strength across participants for
each nap condition (T1, T2, T3).
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amplifier (Brain Products GmbH, Munich, Germany) with a sampling

rate of 500 Hz. Horizontal and vertical electro-oculogram (using two

electrodes in T1/T2, and four electrodes in T3) and the electromyo-

gram (positioned at the chin) were recorded. Impedances were

kept <10 kΩ.

2.4 | Electroencephalogram data analysis

The EEG data were analysed using BrainVision Analyser 2.1 (Brain

Products GmbH) and Matlab R2019b (The MathWorks, Inc.) with

functions from the FieldTrip (Oostenveld et al., 2011) and CircStat

toolboxes (Berens, 2009), as well as custom functions. Prior to sleep

scoring and further analysis, data were band-pass filtered (infinite

impulse response filter, 0.032–35 Hz, notch: 50 Hz). To eliminate

arousal and ocular artefacts, a semi-automatic detection procedure

was applied including visual inspection of raw data and an ocular cor-

rection procedure by means of independent component analysis.

Sleep stages were scored based on standard criteria (Rechtschaffen &

Kales, 1968), as EEG derivations recommended by the American

Academy of Sleep Medicine (AASM) were occupied by stimulation

electrodes in one of three naps. Sleep Stages 3 and 4 were sum-

marised as N3 in the subsequent analyses according to the AASM

guidelines. Only naps with a minimum duration of N2/N3 of 15 min

were included in the analysis, resulting in the following number of

excluded naps: four in T1, four in T2, and one in T3, with a maximum

of one excluded nap per participant. Thus, nine (27%) participants

were included in the analysis with only two naps instead of three. To

characterise the temporal relationship between SOs and spindles, as

well as delta waves and spindles, we performed time–frequency rep-

resentations (TFRs) and phase–amplitude coupling (PAC) analysis for

frontal (Fz, FC1, FC2) and centro-parietal (Cz, CP1, CP2) regions of

interest (ROIs) (Ladenbauer et al., 2017). These were calculated on

30-s non-overlapping epochs of N2 and N3 (sampling rate 500 Hz).

The ROIs were selected on the basis of previous research indicating

fronto-central and parieto-central dominance of SOs and spindles, as

well as their coupling (Helfrich et al., 2018; Mölle et al., 2011). Given

the well-described more local and frontal topographical prominence

of delta waves (Bernardi et al., 2018), these ROIs are likewise suitable

for delta–spindle coupling.

2.4.1 | Slow oscillation, delta wave, and spindle
detection

The SOs of interest were detected using procedures previously

applied in several studies (Helfrich et al., 2018; Ladenbauer

et al., 2021; Mölle et al., 2002; Staresina et al., 2015). Only

artefact-free data from N2 and N3 were used for event detection. For

SO event detection, EEG-data were band-pass filtered at 0.16–

1.25 Hz (two-pass finite impulse response [FIR] band-pass filter,

order = three cycles of the low cut-off frequency). All downward zero

crossings were marked as potential start- and end-points of discrete

SO oscillations. The time between two successive downward zero

crossings was determined, and events were considered SOs for dura-

tions between 1 and 2 s, corresponding to a frequency of 0.5–1.0 Hz.

For all selected events, the trough-to-peak amplitude was determined.

The 25% of events with the largest amplitudes were considered SOs

and included in further analysis. For delta-wave detection, EEG-data

was band-pass filtered at 0.75–4.25 Hz (two-pass FIR band-pass filter,

order = three cycles of the low cut-off frequency). Time between suc-

cessive downward zero crossings needed to be 0.25–1 s, correspond-

ing to a frequency of 1–4 Hz for an event to be considered a delta

wave. Only the 25% of events with the highest amplitudes were con-

sidered delta waves and included in further analysis. For spindle

detection, we similarly used procedures that were applied in previous

studies (Helfrich et al., 2018; Ladenbauer et al., 2021; Mölle

et al., 2009). First, EEG-data was band-pass filtered at 12–15 Hz

(two-pass FIR band-pass filter, order = three cycles of the low cut-off

frequency). Root mean square (RMS) values of the filtered signal were

calculated with a moving average of 200 ms. Events with RMS ampli-

tude values above an individual threshold determined as the 25% of

spindle events with the highest RMS amplitude values for a duration

of 0.5–3 s were considered spindle events. Artefact-free segments of

±2.5 s around the event centres (SO/delta wave trough or spindle

centre) were extracted from the unfiltered signal for further analysis.

To address the issue of spurious cross-frequency coupling, which can

be caused by differences in oscillatory power (Aru et al., 2015), we

performed a normalisation of individual events to minimise amplitude

differences prior to all subsequent analyses.

2.4.2 | Temporal relationships of SOs, delta waves,
and spindles

The present investigation builds on the compelling evidence for the

distinction between SOs and delta waves (Achermann &

Borbély, 1997; Mölle et al., 2002; Steriade, McCormick, D. & Sej-

nowski, 1993), and primarily addresses the competitive interplay

between SO- and delta-related activities, previously described only in

rodents, and their functional roles in memory in older humans. We

used several complementary approaches to investigate the temporal

relationships between SOs, delta waves, and spindles: TFR analyses,

PAC analyses, and — in accordance with the rodent study (Kim

et al., 2019) — an analysis on the ratio between SO-related spindles to

delta-related spindles (SO/delta nesting index) that was most informa-

tive for memory performance in rodents. For this purpose, discrete

spindles were detected that occurred in temporal proximity to SOs or

delta waves (please see below for more details). To address the sug-

gested interdependence between SO- and delta-related activities, we

also compared SO–spindle coupling in low–high delta power

segments.

Time–frequency representation. For the TFR analyses, detected SO

and delta event segments were normalised using a z-score based on

the mean and standard deviation calculated from the averaged event

segment per participant and channel as established in previous studies
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(Ladenbauer et al., 2021). TFRs were calculated to display spectral

densities of frequencies between 5 and 20 Hz in a time window of

±1.25 s around the SO trough. Therefore, spectral densities were

calculated in 0.25-Hz steps using a sliding (10-ms steps) Hanning

tapered window with a variable, frequency-dependent length. The

window length always comprised a full number of five cycles to

ensure reliable power estimates. The baseline interval (�2.5 to

�1.25 s) was used for a baseline correction of TFRs. The TFRs were

then averaged across all segments and all electrodes of the respec-

tive ROI for each nap. The same procedure was applied to the delta

event segments.

Phase–amplitude coupling. In addition, we determined PCA

between SOs and spindle activity based on previous studies (Helfrich

et al., 2018; Ladenbauer et al., 2021), which allows a more precise

characterisation of coupling independent of their frequency.

Thereby two parameters for each participant and nap were

obtained: the SO phase of peak spindle power and the resultant vec-

tor length that represents the coupling strength between the two

oscillations. We therefore filtered the normalised SO event seg-

ments in the SO frequency band (0.16–1.25 Hz) and extracted the

instantaneous phase angle using the Hilbert transform. Subse-

quently, the same segments were filtered in the spindle frequency

band (12–15 Hz) and the instantaneous amplitude was extracted

from the Hilbert transform. We only considered the time range �2

to +2 s to avoid filter edge artefacts. In a next step, the maximum

spindle amplitude and corresponding SO phase was extracted for

each participant, nap, channel, and SO event. Finally, we determined

the mean SO phase and corresponding resultant vector length

across all events for each participant and nap using the CircStat

toolbox (Berens, 2009) for MATLAB. The same procedures were

used to determine delta–spindle PAC, using a filter of 0.75–4.25 Hz

for the delta frequency band.

Slow oscillation/delta nesting index. In addition to the two above

described approaches, which characterise delta-spindle interactions

and SO-spindle interactions in more detail, we calculated a sleep

parameter that takes both SO–spindle and delta–spindle activity into

account and was found to be the most predictive for memory consoli-

dation in rats (Kim et al., 2019). Therefore, nested spindle events were

defined according to previously used criteria (amplitude: 25% highest

amplitudes, duration: 0.5–3 s), with their centre occurring within �0.5

to +0.5 s around the up-state of the SO or delta wave, respectively. If

a spindle occurred within the nesting window of both, a SO and a

delta wave, it was allocated to the event with the smallest time differ-

ence between the slow wave up-state and the spindle centre. To

determine SO nesting, all spindles nested to SOs were counted. Delta

nesting was determined by counting the number of delta-nested spin-

dles in each nap. Equivalent to the original rodent study (Kim

et al., 2019), we calculated the SO/delta nesting index for each nap by

dividing the number of SO-nested spindles by the number of delta-

nested spindles. Nesting analyses were calculated for each nap sepa-

rately. To explore associations with memory performance, averages

were calculated over all nap conditions for SO–spindle and delta–

spindle coupling measures, as well as for the SO/delta nesting index.

2.4.3 | Interdependence between delta activity and
SO-related spindles

In light of recently published results on the interdependence between

SO- and delta-related activity in rats using optogenetic stimulation

(Kim et al., 2019), we further addressed this issue in natural human

daytime sleep of older adults. We therefore compared SO–spindle

coupling for low versus high delta power segments. According to the

findings in rats, SO–spindle coupling was expected to deviate depend-

ing on delta power. To this end, we determined delta power by apply-

ing a Hilbert transformation on the delta band-pass (1–4 Hz) filtered

data. Delta power was averaged over the 30-s epoch and all elec-

trodes of the respective ROI. A within-subject median split was

applied to distinguish between epochs of low and high delta power

for each nap (Iacobucci et al., 2015). TFR analysis for SO events and

PAC analysis for SO–spindle associations were repeated for low and

high delta power intervals.

2.5 | Statistical analysis

To test for event-locked power differences in the TFRs, we applied

two-tailed paired-samples t tests (group level statistics) to compare

spindle power fluctuations in SOs versus delta waves. Correction for

multiple comparisons (�1.2 s to +1.2 s, 5–20 Hz) was performed

using a cluster-based permutation procedure as implemented in

FieldTrip (Maris & Oostenveld, 2007). Given that phase is a circular

metric, traditional analyses for repeated measures were not applicable.

In line with previous studies, we expected maximal spindle power

around the SO up-state (i.e., �0 �) and compared whether this was also

the case for delta–spindle coupling using the V test (Berens, 2009).

Statistical analyses for linear metrics were conducted with R

(R Core Team, 2020) using the packages lme4 (Bates et al., 2015), ICC

(Wolak et al., 2012), R2glmm (Jaeger, 2017), and tidyverse (Wickham

et al., 2019). Linear mixed-effect models (random intercept models)

were computed for the dependent variables resultant vector length

(coupling strength) and SO/delta nesting index. The repeated mea-

surements (factor nap condition: T1, T2, T3) were level-1 units nested

in individuals (level-2 units). Models included fixed effects for the

oscillation (SO or delta wave), or delta power (low or high),

respectively.

To test for intra-individual stability of relevant coupling measures

across all nap conditions, intra-class correlation coefficients (ICCs)

were calculated for both SO–spindle and delta–spindle coupling

strengths (resultant vector lengths) and the SO/delta nesting index,

previously used to test trait-specific nature of variability in sleep/

wake parameters (Tucker et al., 2007; van Dongen et al., 2005).

Resulting estimates indicate the stability of the inter-individual differ-

ences across the three naps and were interpreted according to bench-

mark published ranges: ‘slight’ (0.0–0.2), ‘fair’ (0.2–0.4), ‘moderate’
(0.4–0.6), ‘substantial’ (0.6–0.8), and ‘almost perfect’ (0.8–1.0)

(Landis & Koch, 1977). Pearson's r correlation coefficients were then

computed to test for a linear relationship between memory

WÜST ET AL. 5 of 11
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performance (encoding, immediate recall) and SO–spindle coupling

strength, delta–spindle coupling strength or SO/delta nesting index

(each coupling measure averaged over the three nap conditions for

each participant), corrected for age and gender. The p values have to

be interpreted with caution in this exploratory study. In this study,

15 unadjusted p values are reported. Considering a two-sided signifi-

cance level of 0.05 and a correction for multiple testing (Bonferroni

correction) the adjusted significance level is 0.05/15 = 0.0033.

Therefore, only p < 0.0033 should be interpreted as statistically signif-

icant. Interpretation of results is mainly based on effect size measures

such as correlation coefficients and partial R2 values as well as on esti-

mates and 95% confidence intervals (CIs).

3 | RESULTS

Participants slept on average for 81 min (mean [SD]: T1: 79.7 [15.2];

T2: 81.1 [16.2]; T3: 81.1 [13.0] min). Sleep architecture was compara-

ble with previous reports in healthy older adults during daytime nap-

ping, with large proportion of lighter NREM sleep and only short to

none N3 and REM sleep (mean [SD] time spent in wake: 6.0 [7.5], N1:

24.2 [15.4], N2: 44.8 [16.8], N3: 3.9 [6.5], R: 1.3 [4.1] min) (Baran

et al., 2016; Ladenbauer et al., 2021). Number and density of detected

oscillatory events are displayed in Table 1. As results for TFR and PAC

analyses were similar between all nap conditions, we mainly report

and depict results for T1, unless stated otherwise. As the same applies

for the two ROIs, we depict results for the frontal ROI only (see

Figures S1 an S2 for results from the centro-parietal ROI and T2, T3).

Given the limitations of the frequency approach in sharply distin-

guishing between SO and delta waves, we assessed how many events

were included in both the delta and SO analyses. We found that in

T1, a mean (SD) of 6.24 (4.40) events overlapped, in T2 7.38 (4.61),

and in T3 6.06 (5.27). As we consider this a negligible proportion of all

SO (3%–4%) and delta events (0.5%–0.6%), we did not address this

issue in the following analysis. Besides, when Steriade et al. described

the SO phenomenon in detail, they already proposed that the SO trig-

gers and groups not only spindle but also delta activity, leading to

occasional overlap of SO and delta waves at the cortical level during

early N3 (Amzica & Steriade, 1998; Steriade, Nunez, Amzica, 1993).

3.1 | Slow oscillation–spindle coupling was
stronger than delta–spindle coupling

As expected, averaged SO amplitude was higher in comparison to

delta wave amplitude (Table 1). The typical phase dependency of

fluctuating spindle power (12–15 Hz) during SO events were found

to be similar for delta events in the TFR: spindle power was sup-

pressed during the down-state (delta through), increased during the

subsequent down-to-up phase transition, and reached a peak

around the up-state of the delta wave (Mölle et al., 2002; Mölle

et al., 2011) (Figure 1b). In the TFR analysis, no substantial differ-

ence was evident with regard to spindle power during SOs versus

delta waves (Figure 1b bottom).

The PAC results are shown in Figures 1c and S1. The preferred

phases of peak spindle power were similar, that is, spindle power max-

ima occurred preferentially in the late rising phase of both SO and

delta events, although in SO events they occurred slightly more syn-

chronised with the up-states than in delta waves, as indicated by a

mean phase of SO closer to 0 � (i.e., in phase synchrony; circular mean

[SD] SO: �16.32 [40.66] versus delta: �25.18 [46.31] �). Similarly, the

grey circular histograms in Figure 1b show that spindle activity in the

SOs was more pronounced around the SO up-phase (0 �), whereas in

delta events, the distribution was more dispersed across all phases.

TABLE 1 Number, density, and
amplitudes of oscillatory events during
N2/N3 sleep for the frontal regions of
interest ROI. Mean (SD) values per nap
are shown.

Oscillatory events during
N2/N3 sleep T1 T2 T3

Number of events

SOs 175.25 (94.94) 101.39 (41.75) 152.78 (87.44)

Delta waves 1091.46 (534.76) 1147.99 (424.16) 1036.2 (475.09)

Spindles 312.54 (156.61) 171.24 (62.14) 304.07 (141.51)

SO-nested spindles 29.22 (19.92) 31.18 (19.5) 26.16 (21.91)

Delta-nested spindles 185.61 (110.72) 202.38 (101.36) 179.51 (106.78)

Events/min

SO density 3.76 (0.63) 2.11 (0.26) 3.44 (0.75)

Delta density 23.97 (1.72) 24.11 (1.63) 23.58 (2.08)

Spindle density 6.87 (1.08) 3.65 (0.57) 7 (1)

SO-nested spindles 0.59 (0.22) 0.65 (0.25) 0.59 (0.28)

Delta-nested spindles 3.87 (1.02) 4.24 (1.24) 4.09 (1.22)

Event amplitudes, μV

SO amplitude 49.78 (27.35) 55.00 (16.47) 51.13 (17.28)

Delta amplitude 38.13 (26.60) 36.27 (7.45) 35.78 (8.28)

Abbreviation: SO, slow oscillation.
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This finding was confirmed by the V test statistics, indicating a higher

maximum concentration of spindle power around the up-phase

(i.e., around 0 �) in SO events (V = 20.83, p < 0.001) compared to

delta events (V = 17.67, p < 0.001).

Importantly, a substantial difference between SO–spindle and

delta–spindle coupling emerged for coupling strength, that is, resul-

tant vector length. Due to the linearity of this metric, we were able to

include data of all nap conditions by incorporating the factor nap con-

dition in the model.

We found higher coupling strengths of spindles to SOs as com-

pared to delta waves (model based estimates adjusted for age, sex,

nap, and clustering of measures within subjects, n = 33 subjects/180

measures; mean difference 0.084, 95% CI 0.069–0.099; p < 0.001,

partial R2 = 0.36; Figure 1c).

3.2 | Slow oscillation–spindle coupling strength
was lower in low compared to high delta power
intervals

To test for interdependence between SO- and delta-related activity,

separate TFR and PAC analyses of SO events were conducted for low

and high delta power segments.

Time–frequency analysis revealed no substantial differences in

spindle power between low and high delta power segments

(Figures 2a and S2).

The PAC analyses addressing the SO–spindle phase relationships

in these segments, revealed differences between low and high delta

power segments. On the one hand, higher concentrations of spindle

power maxima were found around the SO up-states for low delta

power segments (across all SO events as well as for participant-

averaged SO phases; see histogram and circles in Figure 2b and S2;

low: V = 22.04, p < 0.001; high: V = 20.37, p < 0.001), indicating

more synchronous SO–spindle coupling in low compared to high delta

power intervals. This was also underlined by the mean SO phase

angles of spindle power peak: SO–spindle coupling was closer to syn-

chrony in low delta power intervals (circular mean [SD] SO phase

�10.07 [38.71] �), as compared to high delta power intervals

(�20.16 [40.65] �).

Interestingly, on the other hand, coupling strength analyses indi-

cated an interrelation in the opposite direction: coupling strength

for SO–spindle coupling was substantially lower in low as compared

to high delta power segments in all three naps (model based esti-

mates adjusted for age, sex, nap, and clustering of measures within

subjects, n = 33 subjects/180 measures; mean difference: �0.057,

95% CI �0.079 to �0.036; p < 0.001, partial R2 = 0.11; Figure 2c).

F IGURE 2 Interrelations between delta activity and slow oscillation (SO)–spindle coupling. (a) Time-frequency representations (TFRs) locked

to SO and delta events of low (left, n = 83) and high (centre, n = 93) delta power intervals. Averaged power z-scores relative to pre-event
baseline distributions are shown. Black lines indicate grand average SO events. Right, Difference of low–high delta power TFRs masked by
significance (right, p < 0.05; corrected for multiple comparison). (b) SO–spindle phase–amplitude coupling for intervals of low (blue) and high
(cyan) delta power, respectively. Histogram indicates distribution of SO phase angle at peak of spindle power across all SO events. Circles
represent averages per participant and the coloured line denotes the corresponding resulting vector length across all participants. (c) Coupling
strength and SO/delta nesting index for SO–spindle coupling per participant in intervals of low and high delta power. Bars denote means across
participants for each nap condition (T1, T2, T3). SO/delta nesting index is the ratio of SO-nested spindles and delta nested spindles.
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Additionally, we compared SO/delta nesting index between low and

high delta power segments and found lower spindle nesting to SOs

in the low compared to the high delta power condition (model based

estimates adjusted for age, sex, nap, and clustering of measures

within subjects, n = 33 subjects/180 measures; mean difference:

�0.027, 95% CI �0.039 to �0.015; p < 0.001, partial R2 = 0.099).

Please see also Table 2 for numbers of nested spindles. We have

furthermore compared number of SO events and their amplitudes

for high versus low delta power intervals and found that SO events

were more frequent in intervals with high delta power compared to

low delta power intervals (please see the Supporting Information,

Data S1, Table S1). Similarly, SO amplitudes were higher in high

delta power intervals.

3.3 | Coupling parameters were stable over
multiple naps

To further examine whether coupling strength of SO–spindle and

delta–spindle coupling were stable over multiple naps within individ-

uals, ICC values were calculated. In addition, the intra-individual sta-

bility was likewise investigated for the SO/delta nesting index. ICC

estimates indicated ‘moderate’ stability of delta–spindle coupling

strength (0.46, 95% CI 0.22–0.66), a ‘fair’ stability of SO–spindle cou-

pling strength (0.29, 95% CI �0.20 to 0.24) and ‘fair’ stability of the

SO/delta nesting index (0.31, 95% CI 0.08–0.54) according to pub-

lished benchmarks (Landis & Koch, 1977). As such delta–spindle cou-

pling, SO–spindle coupling, and the SO/delta nesting index can be

considered at least fairly stable within subjects across three naps.

3.4 | Nesting index indicated strongest correlation
with the ability to form novel memories

To test for possible associations with the ability to form novel memo-

ries, we have averaged the coupling strength measures as well as

SO/delta nesting index over the three naps; and controlled for the

effect of age and gender. We found a positive association between

SO/delta nesting index and superior performance during encoding

(r = 0.35, p = 0.046). In addition, a trend for a positive association

between SO/delta nesting index and immediate recall was observed

(r = 0.33, p = 0.06, Figure 3a). SO–spindle coupling strength (encod-

ing: r = 0.08, p = 0.66; recall: r = 0.28, p = 0.12, Figure 3b) and

delta–spindle coupling strength (encoding: r = 0.18, p = 0.31; recall:

r = 0.17, p = 0.34, Figure 3c) were not associated with memory per-

formance. Statistical testing of differences between correlations

revealed no substantial differences (all p > 0.1) (Lenhard &

Lenhard, 2014). Circular-linear correlation of SO–spindle coupling

phase with memory likewise indicated only weak associations (encod-

ing: r = 0.10, p = 0.84; recall: r = 0.29, p = 0.23).

4 | DISCUSSION

Our results revealed similarly timed but weaker delta–spindle com-

pared to SO–spindle coupling in healthy older adults. Moreover,

delta–spindle coupling varied between individuals, but was relatively

stable intra-individually. We found no evidence for an inverse depen-

dence between SO- and delta-related activities during NREM sleep,

contrary to our initial hypothesis. Furthermore, the ratio of SO- and

delta-nested spindles, rather than measures of SO–spindle and delta–

spindle coupling in isolation, were associated with the ability to form

new memories.

With regard to delta–spindle interrelations, we showed a tempo-

ral clustering of spindles in delta waves in older humans, in line with

an earlier finding in adult rats (Kim et al., 2019). We have implemented

an approach that allowed us to provide detailed information about

phase and strength of delta–spindle coupling, and to compare spindle

coupling among oscillations of diverging frequencies (e.g., SO and

delta). We found similar patterns with regard to the average timing of

spindle power maxima within the slow-waves phase: in both cases,

peak spindle activity peaked on average during the late rising phase of

the slow waves. However, coupling strength with spindles was much

stronger for SOs as compared to delta waves, indicating a much stron-

ger consistency in the preferred phase of spindle activity during SO

events, which can be interpreted in line with global versus local pro-

cesses (Genzel et al., 2014). It can be assumed that the high amplitude

SOs were more globally synchronised across cortical and sub-cortical

regions than delta waves (Bernardi et al., 2018), thereby enabling a

stronger driving role on thalamic networks and on the generation as

well as timed modulation of sleep spindles (Mak-McCully et al., 2017).

By exploring SO–spindle coupling and the ratio of SO-nested

spindles to delta-nested spindles (SO/delta nesting index) separately

in sleep periods of low and high delta power, we aimed to unveil the

proposed opposing dependency between SO- and delta-related activ-

ity, which was found by disrupting spiking activity either during SOs

TABLE 2 Slow oscillation (SO)- and delta-nested spindles and the SO/delta nesting index for intervals of low and high delta power. Mean
(SD) values per nap are shown.

Nap (mean number of
30-s intervals/nap)

Low delta power High delta power

T1 (49) T2 (51) T3 (47) T1 (49) T2 (50) T3 (47)

SO-nested spindles 11.7 (7.8) 13.1 (8.4) 10.3 (8.3) 16.4 (10.9) 17.5 (9.5) 14.2 (11.7)

Delta-nested spindles 83.1 (49.9) 95.7 (49.6) 78.1 (51.3) 97.3 (55.8) 100.5 (45.6) 89.3 (47.5)

SO/delta nesting index 0.14 (0.05) 0.13 (0.03) 0.13 (0.04) 0.16 (0.04) 0.18 (0.04) 0.15 (0.06)
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or during delta waves using optogenetic stimulation in rodents (Kim

et al., 2019). When delta waves were disturbed, their amplitudes were

reduced, followed closely by an increase in SO–spindle nesting. Given

these findings reciprocal interactions between SOs and delta waves were

proposed, that may enable a competitive balance between consolidation

and homeostasis during sleep. Unexpectedly and at odds with this

hypothesis, we found higher coupling strength in high compared to low

delta power intervals in older human participants. Surprisingly, similar to

coupling strength, the SO/delta nesting index was higher in the high delta

power condition. Thus, we were not able to confirm a competitive inter-

action between SO and delta-wave activity during natural human sleep.

The discrepancy in findings may point to a specificity of species,

age, and/or may arise from differences in study design. As we were

interested in the interaction between delta- and SO-related activity dur-

ing natural (unperturbed) sleep in humans, time periods of differing

delta power were selected and compared. Thereby, we were able to

evaluate a temporal association between delta- and SO-related activity

but could not probe causal interactions using a perturbation approach.

As our complementary analyses revealed that SOs are more frequently

present and have higher amplitudes in intervals with high delta power,

this may provide a partial explanation for the present results. Further,

competitive interactions between SO and delta may also be more locally

restricted and therefore only become evident in local field potential

recordings but not in EEG signals providing macroscale information on

neural activity (Fröhlich, 2016).

In a last step, we were interested whether SO–spindle and

delta–spindle coupling exhibit a trait-like character and may be of

predictive value for the individual ability to form novel memories.

Consistent with a previous finding (Cox et al., 2018), our results

during daytime napping indicate intra-individual stability of cou-

pling parameters, in line with the trait-like hypothesis. Of note,

delta–spindle coupling strength indicated highest stability, while

SO–spindle coupling strength and the SO/delta nesting index

showed lower (‘fair’) consistency between the three nap sessions.

The lower stability of these two parameters may be due to differ-

ences between nap and nocturnal sleep.

Interestingly, the SO/delta nesting index was positively associ-

ated with individual ability to form novel memories, while delta–

spindle as well as SO–spindle coupling strength by themselves were

not. This finding underscores the relevance of interactions between

SO- and delta-spindle nesting and points towards a competitive role

of SO- versus delta-nested spindles in memory formation, in which

SO-nested spindles promote memory formation, while delta-nested

spindles seem to impede this process or actively promote forgetting. In

contrast to Kim et al. (2019), we did not investigate sleep-dependent

memory consolidation, but the ability to form novel memories as a func-

tion of the participant's characteristic micro-sleep parameters. Despite

this difference, our findings can be considered consistent with a frame-

work in which SO-nested spindles—coupled to hippocampal ripples—

can promote bi-directional communication between the hippocampus

and neocortex during sleep, enabling the transfer of prior hippocampal-

dependent representations to neocortical long-term storage sites

(Klinzing et al., 2019). This transfer to a more neocortical representation

simultaneously restores hippocampal encoding capacity (Walker, 2009)

and may thus enhance the ability to form novel memories.

An unanswered question in Kim et al. (2019) was whether delta-

related activity supported forgetting by participating in synaptic

downscaling, or whether delta exerted its effects by merely attenuat-

ing consolidation effects, possibly by impacting on SO- and spindle-

generating networks (Kim et al., 2019; Ngo & Born, 2019). Assuming

that synaptic downscaling promotes encoding of new memories, rela-

tively more delta-nested spindles should be favourable for memory

formation. However, we found the opposite relationship, with more

SO-nested spindles relative to delta-nested spindles facilitating mem-

ory formation. Thus, taken together, our behavioural results support

the notion that interactions between SOs and delta waves during

F IGURE 3 Association with memory. Scatter plots of partial correlation (after eliminating variations explained by age and gender) for the
Auditory Verbal Learning Test encoding and immediate recall with SO/delta nesting index (a), SO–spindle coupling strength (b), and delta–spindle
coupling strength (resultant vector length) (c). The SO/delta nesting index was positively associated with better encoding and trend wise with

better immediate recall, while no correlation was found for SO–spindle and delta–spindle coupling strength with memory performance. SO/delta
nesting index is the ratio of SO- and delta-nested spindles. Black lines show the trend lines. *p < 0.05.
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sleep may drive competing processes related to memory, but do not

indicate that synaptic downscaling is involved in these processes.

Several limitations should be considered when interpreting our

findings: first, in accordance with the conventions for differentiating

slow waves into SOs and delta waves (Klinzing et al., 2019), as well as

previous findings that speak in favour of the frequency criterion

(Achermann & Borbély, 1997; Mölle et al., 2002), we chose to use that

as the main criterion to distinguish the waveforms. Although this

choice led to a small overlap between SO and delta events, it is more

appropriate for older individuals. Indeed, age differences in slow-wave

frequency are relatively small and remain within the frequency range

of 0.5–1 Hz, whereas slow-wave amplitudes show marked reductions

with age (Muehlroth & Werkle-Bergner, 2020). In the original rodent

study (Kim et al., 2019), a down-state amplitude criterion was used

for differentiation between SOs and delta waves instead. Despite this

difference, results still reveal similar distinction in slow-wave proper-

ties: SO and delta waves differ substantially in their amplitudes.

Second, we used the spindle frequency range 12–15 Hz that was

demonstrated to play an essential role in the context of SO coupling and

memory consolidation (Mölle et al., 2011). However, given previous evi-

dence on large between-subject variability of slow and fast spindle fre-

quency and topography (Cox et al., 2017), an individualised approach for

spindle frequency assessment might also be considered in future studies.

Moreover, this study was an exploratory analysis of an existing

data set that comprised nap sleep in older adults only. The additional

inclusion of young subjects would lead to increased generalisability of

our results. Moreover, inclusion of nocturnal sleep, which is rich in N3

(where delta waves and SOs predominate), would be favourable, even

though the fraction of global slow waves was previously shown to be

larger for N2 than N3 (Malerba et al., 2019).

In summary, our results show differences between delta waves

and SOs in terms of amplitude and coupling strength with spindles,

which may at least contribute to functional differences. Unlike recent

findings in rodents, no evidence was found for opposing dependency

between delta activity and SO–spindle coupling during natural sleep

of healthy older human participants. However, in functional terms our

data similarly suggests that SOs, delta waves and spindles should be

jointly considered when aiming to link sleep physiology and memory

formation. In this respect, our findings support the notion that SO–

spindle coupling and delta–spindle coupling may serve distinct func-

tional roles with regard to memory processes. Future studies in

humans should investigate whether a precisely timed manipulation of

slow-wave oscillations by non-invasive brain stimulation would reveal

a competitive interplay between delta- and SO-related activity.
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