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A B S T R A C T   

Sleep spindles are a signature feature of non-REM (NREM) sleep, with demonstrated relationships to sleep maintenance and learning and memory. Because PTSD is 
characterized by disturbances in sleep maintenance and in stress learning and memory, there is now a growing interest in examining the role of sleep spindles in the 
neurobiology of PTSD. This review provides an overview of methods for measuring and detecting sleep spindles as they pertain to human PTSD and stress research, 
presents a critical review of early findings examining sleep spindles in PTSD and stress neurobiology, and proposes several directions for future research. In doing so, 
this review underscores the extensive heterogeneity in sleep spindle measurement and detection methods, the wide range of spindle features that may be and have 
been examined, the many persisting unknowns about the clinical and functional relevance of those features, and the problems considering PTSD as a homogeneous 
group in between-group comparisons. This review also highlights the progress that has been made in this field and underscores the strong rationale for ongoing work 
in this area.   

1. Introduction 

Sleep spindles are brain rhythms oscillating at approximately 11–16 
Hz that are a defining feature of NREM, especially NREM stage 2 (N2) 
sleep (Fernandez and Luthi 2020). Sleep spindles derive their name from 
their signature appearance, waxing and waning as in the shape of a 
wool-spinning spindle, and are detectable via visible inspection of the 
scalp EEG signal. These rhythms reflect bursts of a cyclic interaction 
between cortical pyramidal neurons, thalamic reticular nucleus (TRN) 
neurons and thalamocortical (TC) neurons, involving TRN inhibition of 
TC cells, followed by re-bound firing of TC cells, leading to TC cell 
re-activation of TRN cells (Piantoni et al., 2016), Fig. 1). This forms an 
excitatory-inhibitory thalamic loop underlying the generation of 
spindle-like neuronal activity (Steriade 2003). The activity of this 
thalamic loop is heavily governed by projections from cortical to TC cells 
and shared reciprocal excitatory connections. Spindle oscillations 
generated by synchronous corticothalamic activity are measured at 
cortical layers in the local field potentials and are measured at the scalp 
surface using electroencephalography (EEG). Sleep spindles signal co
ordinated activity between the cortex, thalamus and hippocampus in the 
context of learning and memory (Staresina et al., 2015; Fernandez and 
Luthi 2020); their visibility at the EEG scalp level therefore renders sleep 
spindles incredibly appealing to study as an easily identifiable indicator 

of critical human brain activity. While there is compelling evidence that 
sleep spindles, or certain features thereof, are highly heritable and stable 
within individuals (Purcell et al., 2017), there is evidence that some 
sleep spindle characteristics, such as amplitude, duration and density, 
diminish as a function of age (Martin et al., 2013). There is also a bur
geoning literature demonstrating that features of sleep spindles vary in a 
state-like fashion, such as in the context of learning, and that they may 
be associated with certain psychiatric conditions (Fernandez and Luthi 
2020). In psychiatric disorders, they have been most extensively studied 
in schizophrenia (D’Agostino et al., 2018), but there is now early 
research examining their characteristics and function in the context of 
stress and stress disorder research (Dang-Vu et al., 2015; Beck et al., 
2022; Denis et al., 2022), especially posttraumatic stress disorder 
(PTSD) (Wang et al., 2020a; Denis et al., 2021; van der Heijden et al., 
2022). 

Published research provides an important rationale for studying the 
characteristics and functions of sleep spindles in PTSD. First, sleep 
disturbance is a core feature of PTSD, and a substantial body of evidence 
indicates that sleep plays a fundamental role in the development and 
maintenance of the disorder (see (Germain 2013, Richards et al., 2020) 
for reviews). While progress has been made in identifying objective 
sleep differences in PTSD relative to controls (Kobayashi et al., 2007; 
Zhang et al., 2019), sleep disturbance is a transdiagnostic phenomenon 
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in psychopathology (Baglioni et al., 2016) and sleep biomarkers truly 
specific to PTSD or stress induced psychopathology are still lacking 
(Mellman 2019). Identifying biomarkers of abnormal sleep and their 
function in PTSD would be incredibly useful for purposes of targeted 
diagnosis, prevention, and treatment. Second, an older but significant 
body of literature indicates that sleep spindles play an important role in 
sleep continuity, or the maintenance of undisrupted sleep (Fernandez 
and Luthi 2020). Sleep spindle abnormalities might therefore be impli
cated in the subjective and objective sleep disruptions experienced in 
PTSD. However, the relevance of sleep spindles to sleep continuity 
problems in PTSD has yet to be systematically investigated. Last but not 
least, EEG sleep spindles are a surface indicator of learning and memory 
processes (Diekelmann and Born, 2010) and recent research even sug
gests a relationship specifically between spindle characteristics and 
declarative memory for negatively valent, emotional information 
(Kaestner et al., 2013). PTSD is a condition that revolves around a 
declarative and emotional (i.e., traumatic) memory, and is characterized 
by re-experiencing symptoms in the form of intrusive wake and sleep 
recall of lived traumatic experiences. Examination of the function of 
sleep spindles in a disorder in which memory is a core element is 
therefore highly indicated and could potentially uncover important 
sleep mechanisms linking stress exposure to psychopathology. 

In light of the emerging literature on sleep spindles and PTSD and the 
strong theoretical rationale for this work, it appears timely to review 
what has been learned thus far on the characteristics and function of 
sleep spindles in PTSD, and to delineate avenues for future research. The 
latter may be particularly important because the number of spindle 
detection strategies and sleep spindle features that may be selected for 
study are numerous, and the possibility of broad exploration yielding 
spurious findings is therefore high. A mindful approach to measurement, 
hypothesis development and hypothesis testing, that is guided by the 
existing knowledge, is therefore critical to reduce the risk of non- 
reproducible findings and to make progress in the study of sleep spin
dles, stress, and PTSD. 

2. What is a sleep spindle, and how is it detected? 

The AASM visual scoring manual defines the sleep spindle as an EEG 
oscillation in the 11–16 Hz frequency band lasting 0.5–3 s, with a 

waxing and waning amplitude that stands out from the background EEG. 
It is one of the defining features of human NREM stage 2 (N2) sleep 
(Berry RB et al., 2018), although recent data suggest considerable 
inter-subject variability with the lower end of the spindle frequency 
even going down to 9Hz (Cox et al., 2017). Sleep spindles have tradi
tionally been detected by visual scoring of sleep based on pattern 
recognition by the experienced human eye. However, it is 
well-established that within- and between-scorer reliability is far from 
perfect, indicating an important degree of measurement error (Warby 
et al., 2014; Lacourse et al., 2020). Spindles may be especially hard to 
visually detect when other rhythms which are higher in amplitude, such 
as slow oscillations and delta waves, occur simultaneously and obscure 
spindles’ classic appearance. 

Automated computer algorithms are thus now often used to stage 
sleep and are increasingly used to identify sleep spindles for the pur
poses of research (Warby et al., 2014; Coppieters ’t Wallant, Maquet 
et al. 2016). More recently, modern machine learning and signal pro
cessing approaches have sought to further improve the quality of the 
spindle detection methods (see Inset 1 for further details on recent de
velopments in spindle detection). The strength of automated detection 
algorithms is that they allow for the rapid processing of large amounts of 
data and hopefully overcome some of the limitations of manual scoring 
of sleep. The weakness is that there is currently no gold standard for 
automated spindle detection, and that the spindles detected may vary 
widely across studies, which likely contributes to inconsistencies in the 
literature. Likewise, criteria used to build algorithms necessarily define 
thresholds for spindle features with important implications when 
comparing findings across clinical or demographic groups whose spin
dles may look different, or for comparing spindle change over time, even 
within a single night. A great advantage of human visual scoring is the 
adaptability of the human eye to between-subject variability in spindle 
features. For example, a human is more likely to detect spindles with 
lower amplitude in an older subject where automated methods may miss 
them because of thresholding effects. It has been recommended that 
automated spindle detection algorithms be tested against large datasets 
collected from a demographically and clinically heterogeneous subject 
population and previously visually scored through human consensus 
using crowdsourcing methods, such as modeled by Warby and col
leagues (Warby et al., 2014; Lacourse et al., 2020). This may be the best 
way to determine how an algorithm performs within a specific subject 
population and for a question of interest. As far as we are aware, large 
open-source datasets with data from clinical populations, such as PTSD 
subjects, have not yet been created. 

While a detailed description of the specifics of automated sleep 
detection algorithms is beyond the scope of this review (see (Coppieters 
’t Wallant, Maquet et al. 2016; Fernandez and Luthi 2020) for more 
extensive and technical reviews), a summary description may be useful 
for PTSD and stress researchers interested in studying this sleep rhythm 
and is outlined in Inset 1. The objective of most commonly used auto
mated spindle detection methods is to detect a brief increase in the 
continuous spindle power (e.g., the strength of the 9–16 Hz signal) 
compared to background sleep, leading to the detection of a single 
discrete spindle event. However, in addition to studying spindles as 
discrete events, researchers occasionally look at the signal power in the 
spindle frequency band as a measure of sleep-specific information pro
cessing ((Mölle et al., 2011; Ramanathan et al., 2015; Lehmann et al., 
2016); see Inset 1 for visualization of the continuous spindle oscillation 
and identification of discrete spindles therein). As a concrete example, 
researchers can examine the EEG signal power at a specific channel in 
sleep following learning versus a control sleep without performing 
spindle detection. Subsequently, if the signal power within typical 
spindle frequencies are greater in the experimental condition versus 
baseline, then inferences on spindle-specific information processing can 
be drawn. 

Fig. 1. Neural generators across the thalamocortical circuit that act as sub
strates for sleep spindles. 
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2.1. Summary 

In summary, sleep spindles may be detected via visual or computer- 
based automated scoring, and the resulting detected phenomena may 
differ widely across methods. Visually scored sleep spindles based on 
agreement between multiple experts may provide the best gold-standard 
for identifying the classic phenomena of interest, at least in N2 sleep, in 
which spindles may be less obscured by other signals (electrical noise, 
EEG slow/delta waves in N3 sleep). Automated strategies have multiple 
strengths, but typically rely on numerous arbitrary cut-offs impacting 
their sensitivity and specificity for true spindles. Their overall objective 
is typically to identify discrete events based on an increase in power 
satisfying specified amplitude, duration, shape and frequency criteria 
during a specified window. These differences should be taken into 
consideration when comparing findings across studies, and when 
interpreting between-group differences in spindle features. 

3. What features of spindles are examined in stress and PTSD 
research? 

The AASM definition and the detection of sleep spindles based on 
certain features underscores that frequency, duration, shape/ 
morphology, and amplitude are typically the defining elements of the 
sleep spindle, and differences in these features are often used to examine 
group differences and/or predict behavioral outcomes. However, other 
spindle parameters, such as their density and cortical network dynamics 
have been studied in the context of PTSD and stress. 

3.1. Frequency 

Sleep spindle frequency generally refers to the frequency of the os
cillations within a spindle event. Visual scoring typically aims to capture 
all events oscillating within the full range of frequencies from 11 to 16 
Hz. Some researchers also extend the spindle bandwidth down to 9Hz 
(Cox et al., 2017). It should be noted that the lower frequencies fall well 
within the alpha frequency bandwidth (8–12 Hz), which risks confusing 
spindle activity with eyes-closed wake (i.e., brief arousals), especially in 
the posterior leads over occipital cortex. While this is outside the fast 
spindle frequency range in posterior leads (>12Hz), there is still the 
potential for falsely identifying alpha arousals as spindles given that 
alpha arousals are also momentary bursts of increased narrowband 
power (Cantero et al., 2002). This is most likely to occur when the 
roll-off associated with the spindle filtering process (say 12–16Hz) al
lows for bleed-through of lower frequency alpha activity and when 
detection criteria are purely focused on increases in power in the spindle 
band without taking into morphology characteristics of a spindle event 
(detailed in later sections). Care should thus be taken in designing the 
digital filter and ensuring robust spindle detection criteria. Of note, the 
spindle oscillation is not typically stationary for the duration of the 
spindle so that the term “frequency” often refers to the mean frequency 
of oscillations in a visually detected spindle, or alternatively, the mean 
of the sine wave frequencies with maximal power within the automat
ically detected spindle window. The latter frequency is therefore also 
defined as the “peak frequency” due to its association with a power 
maximum (See Insets 1–2 and below). 

Increasingly, including in several studies of PTSD (Wang et al., 
2020a, 2020b; Denis et al., 2021), researchers distinguish between fast 
and slow spindles because of evidence that they may be associated with 
different brain sources, with different scalp surface topographies and 
preponderance in distinct states of sleep (Fernandez and Luthi 2020). 
For instance, in healthy adults, slow spindles tend to occur over more 
frontal brain regions whereas fast spindles occur over more posterior 
brain regions. The proportions of slow vs. fast spindles also differ be
tween N2 and N3 sleep (see Inset 2 for greater detail on the classification 
and biology of fast and slow spindles, since frequency is an important 
criterion studied in PTSD research). 

Notwithstanding these important observations regarding spindle 
frequency in human sleep, it must be noted that the functional signifi
cance of this feature of sleep spindles, including the differentiation be
tween slow and fast spindles, continues to be unclear. One view is that 
slow frontal spindles might correspond more to cortico-cortical dialogue 
with the prefrontal cortex in the human brain during sleep, whereas fast 
spindles might be biased towards thalamocortical communication 
(Mölle et al., 2011). However, this distinction is not binary and there are 
a number of factors that dictate spindle frequencies, including the rates 
of firing of TRN and TC neurons, the duration of inhibition prior to TC 
cell rebound firing (i.e. longer hyperpolarizing rates), and the neuro
modulatory milieu affecting contributing neuronal networks. In addi
tion, fast and slow spindles might differentially relate to demographic 
and clinical factors such as age, medications etc. (De Gennaro and Fer
rara 2003). It is thus challenging to begin with solid hypotheses about 
the relationship of fast and slow spindles to clinical symptoms, behaviors 
or diagnosis. That being said, several recent studies have examined 
spindle frequency and peaks in sigma power in the context of PTSD 
((Wang et al., 2020b; Denis et al., 2021), see Section 4 below). 

3.2. Duration 

Using crowdsourcing methods involving 47 experts visually scoring 
sleep EEG from 180 healthy subjects ranging in age from 18 to 76 years 
old, Lacourse, Warby and colleagues generated a gold-standard open- 
source dataset comprised of over 5000 spindles from N2 sleep (Lacourse 
et al., 2020). They found that spindle duration was on average 0.79 s (S. 
D. 0.14) in younger subjects and 0.75 s (0.16) in older subjects. These 
findings are consistent with prior findings from Warby et al., indicating a 
mean duration of 0.75 s (S.D. 0.27) in middle-aged to older adults 
(Warby et al., 2014) and within the same range of values in the analyses 
of another large scale sleep spindle dataset 11,630 subjects (Purcell 
et al., 2017). They found that 14% of detected spindles were shorter than 
the AASM defined duration of 0.5 s. Compared with this gold standard, 
measured spindle durations using automatic detection algorithms are 
highly variable, and depend on the combinations of amplitude, shape 
and/or minimum and maximum duration thresholds used for spindle 
detection. Thus, satisfaction of amplitude or shape requirements for a 
minimum of 500 ms or 400 ms (Mölle et al., 2002; Schabus et al., 2008, 
Staresina et al., 2015a; Purcell et al., 2017) risks non-detection of true 
spindles. On the flip side, satisfaction of duration criteria for up to 3 s 
could theoretically result in the false detection of a single spindle event 
when there may in fact be two or more. Analyses comparing spindle 
durations between groups or across timepoints should therefore 
consider the impacts of their spindle detection criteria during interpre
tation of findings. Likewise, differences in measurement methods should 
be considered when interpreting similarities and differences in findings 
across studies. 

As with spindle frequency, the implications of spindle duration for 
functioning are still poorly understood. Some studies in humans (non- 
clinical subjects) have shown that increased spindle durations correlate 
with offline performance gains and learning (Morin et al., 2008, Schabus 
et al., 2008; Fogel and Smith 2011), although the exact mechanisms 
underlying this effect remain unclear given that spindle duration can be 
positively correlated to other spindle features such as spindle power. The 
reduced duration in conjunction with advancing age may be an indicator 
of reduced availability of neuronal populations to recruit in the spindle 
(Helfrich et al., 2018). The functional significance of an increased 
average duration in women as compared to men is also not well un
derstood. Age-related changes and some preliminary hints of reductions 
in insomnia and autism may indicate reduced functioning of cortico
thalamic circuitry in producing spindles (Fernandez and Luthi 2020). 
Therefore, exploration of PTSD vs. control differences in spindle dura
tion would be predominantly exploratory at this juncture. 
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3.3. Amplitude 

Spindle amplitude is typically defined as the value of the peak 
amplitude of the visually detected spindle, or the peak amplitude of the 
spindle envelope in the automatically detected window. Data from the 
above-cited crowdsourcing study (Lacourse et al., 2020) reported an 
average visually-scored spindle amplitude of 31 μV (S.D. 7) in younger 
subjects and 26 μV (S.D. 7) in older subjects, with a similar difference in 
mean amplitude between women (32 μV (S.D. 8)) and men 27 μV (S.D. 
6). These measurements were based on C3 spindles, where spindle 
amplitude is known to be the highest. The amplitude of spindles, simi
larly to the amplitude of electrical brain signals in general, is likely a 
reflection of engagement and synchrony in underlying neural sources of 
the spindle. Therefore, an increase in spindle amplitude could reflect 
greater activity in thalamoreticular and/or thalamocortical neurons 
contributing to spindling activity. It is also reflective of the signal to 
noise ratio inherent in neurophysiological recordings and is thus highly 
dependent on artifact correction methods. Here, examining peaks in the 
power spectrum within the spindle band against the background 1/f 
power law (see Inset 1) can be particularly useful. Moreover, it is 
important to recall that factors such as volume conduction (conduction 
of depth signals at the cortical surface through the skull and measured 
across the scalp surface) and distance of signal detection electrodes from 
intracranial sources have impacts on amplitude (Buzsaki et al., 2012) 
and can potentially introduce considerable variation in mean EEG 
spindle amplitudes across individuals (Hagemann et al., 2008). 
Furthermore, it is critical to note that most automated detection algo
rithms set specific requirements for amplitude, either in terms of abso
lute voltage or voltage relative to background. This may affect the 
sensitivity to detect true spindles given varying signal-to-noise ratios, 
and depending on the amplitude threshold there might be a bias to 
detect only spindles with the largest amplitude. This can potentially 
obfuscate group differences or changes across timepoints. As suggested 
earlier, the amplitude criterion tends to correlate with other criteria 
such as duration and density as well. To our knowledge, no studies have 
reported PTSD vs. control differences in spindle amplitude per se, 
although Van der Heiden and colleagues found that a measure 
combining amplitude features of waxing and waning spindle-band ac
tivity did predict PTSD symptoms (see below, (van der Heijden et al., 
2022). 

3.4. Morphology 

The waxing and waning feature of the sleep spindle is thought to be 
due to the gradual recruitment of thalamocortical neurons into the 
synchronous oscillation, followed by gradual disengagement of neurons 
from the oscillating network. Automatic detection methods do not al
ways explicitly account for the presence of the classic waxing and 
waning spindle shape, but many include criteria that are consistent with 
it. For instance, spindle detection methods require sigma power in the 
specified frequency bandwidth to rise to a detection threshold (such as 3 
S.D. of all power across sleep) and then be above 1 S.D. for a specified 
duration on either side of the timepoint satisfying the detection 
threshold. Thus, indirectly the detection algorithm accounts for a rise in 
spindle power to a peak and then to a decay, all while satisfying certain 
duration constraints (Inset 1 and see also (Clemens et al., 2005; 
Andrillon et al., 2011; Clemens et al., 2011)). In addition, it is possible to 
include the number of peaks and troughs within the detected window as 
an additional criterion to be satisfied. Since the morphology of a true 
spindle consists of repeated peaks and troughs, including this as a cri
terion can protect against detection of transient power increases due to 
artifacts in the EEG signal that might be wrongfully detected as a spindle 
event. Using a novel strategy for spindle detection, a recent EEG sleep 
PTSD study explicitly detected spindles based on the waxing and waning 
of spindle-band amplitude (see (van der Heijden et al., 2022), and 
Section 4below). After computing the envelope of spindle band 

oscillations (see Inset 1), the authors then computed the slope of the 
envelope (slope in Inset 1, for example). A spindle peak was defined as 
the point where the slope switched from positive to negative, and a 
trough was defined as where the slope changed from negative to posi
tive. The authors then generally defined spindles to be data between one 
trough to the next; this would necessarily include periods with the 
waxing (rise in power to peak) and waning (fall in power from peak) 
morphology of spindles (See PTSD Studies for further discussion, 
below). Studies investigating the morphology of spindles relative to 
PTSD are scarce, and little is known in terms of the functional implica
tions of variability in this morphology (for example symmetry, kurtosis, 
etc.) with respect to PTSD. 

3.5. Density 

In contrast to the above features, reflecting characteristics of a single 
sleep spindle, spindle density refers to the frequency of occurrence of 
detected spindles per unit time, typically in units of spindles per minute, 
and typically measured separately for N2 and N3 spindles. Increases in 
spindle densities are thought to reflect the excitability of corticothalamic 
networks and have been heavily implicated in memory consolidation; 
specifically, the increased spindle densities in the sleep following a 
learning task or exposure to stimuli are thought to represent increased 
activation of the thalamocortical spindle network. Mechanistically, it 
has been proposed that such increased spindle activity can potentially 
induce intra-neuronal calcium increases and thus incentivize synaptic 
potentiation of neuronal assemblies (Rosanova and Ulrich 2005). 
Increased spindle density can thus lead to synaptic reinforcement in 
thalamocortical networks during learning (Eschenko et al., 2006). This 
increase in spindle density is a strong predictor of offline task-specific 
learning gains and is thus a robust indicator of sleep-specific memory 
processing (Gais et al., 2002; Clemens et al., 2005; Eschenko et al., 
2006). Sleep spindle densities also tend to be higher in females than 
males and tend to diminish with age (Purcell et al., 2017). In large-scale 
studies of N2 spindles in non-clinical human samples, average spindle 
density hovers around 2 spindles per minute, but also demonstrates an 
asymmetrical distribution with rates up to 10 spindles per minute in 
some individuals (Warby et al., 2014; Purcell et al., 2017; Fernandez and 
Luthi 2020, Lacourse et al., 2020). Our preliminary research has eval
uated the role of sleep spindle densities in PTSD; here our results indi
cate that sleep spindle density increases in sleep following stress and 
rather than serve to consolidate memories associated with stress, they 
may in fact differentially impact emotional information processing 
associate with stressors in high vs. low PTSD (See preliminary findings 
below, and (Natraj et al., 2022)). Early research is indeed suggestive that 
examination of sleep spindle density is one of the more promising ave
nues for exploration in research on sleep and stress/PTSD (see Section 5 
below). 

3.6. Cortical networks 

Apart from evaluating spindle properties at individual channels, 
measurements at multiple cortical areas afforded by high density EEG 
channels can lead to the analysis of whole brain spindle networks. The 
goals of such approaches are to accurately uncover connectivity be
tween spatially diverse EEG electrodes in the spindle band that is 
distinct from spurious connectivity due to the intrinsic noise in cortical 
measurements. 

Here, most of the approaches involve analyzing the phasic consis
tency (pairwise) between electrodes’ spindle oscillations. A common 
method involves the measurement of coherence, or frequency-specific 
synchronization in activity, in the spindle band between any two 
channels (Nolte et al., 2004; Bastos and Schoffelen 2016). In the context 
of PTSD research, a related measure is the phase locking value, used by 
Wang et al. (Wang et al., 2020b). The phase locking value (PLV) eval
uates the difference in oscillatory phase between two channels (See Inset 
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3), and proposes to uncover functional networks while taking into ac
count volume conduction and measurement noise that can falsely affect 
connectivity analyses. The amplitude of the PLV denotes the strength of 
the phase coupling between any two channels while the angle, also 
referred to as the mean phase difference (MPD), denotes the lead/lag 
offset between the two channels. A depiction of the basic principle of 
phase based analyses is outlined in Inset 3. Further details and consid
erations pertaining to measurement of cortical network dynamics of 
sleep spindles, given their examination in PTSD, are provided in Inset 3. 

Notwithstanding these compelling methods for examining whole 
brain sleep spindle dynamics, current limitations in our understanding 
of the underlying anatomical generators of such functionally coupled 
activity creates a barrier to interpretation of differences. Methodological 
problems related to volume conduction in particular, and general 
neurophysiological noise, also limit our confidence in the degree to 
which connectivity of signals detected at the scalp surface actually 
reflect synchrony of deeper networks. 

3.7. Nesting 

While spindles are a hallmark feature of N2 sleep, they can also co- 
occur with slow oscillations (SOs, <1.25Hz oscillations) in N3 sleep. 
SOs are large up and down states in brain wave activity that typically are 
global rhythms in slow wave sleep at the EEG level (though appear to be 
more local at the mesoscale electrocorticographic level (Nir et al., 
2011)) and generally are a hallmark feature of slow wave sleep during 
N3. This co-occurrence of SOs and spindles, two cardinal NREM sleep 
rhythms, is called nesting. Typically, nesting is defined as the presence 
of a discrete spindle event within close proximity to the start of a SO 
(Mölle et al., 2002; Klinzing et al., 2016). In addition, rises in the 
background spindle power during a SO can also be used as indicators of 
nesting rather than the presence of spindles as discrete events. Research 
has shown that SO-nested spindles tend to increase during learning and 
memory consolidation and correlate with improvements in offline gains 
during sleep (Diekelmann and Born, 2010; Staresina et al., 2015; 
Latchoumane et al., 2017). This phenomenon of SO-spindle nesting, 
along with the temporal cooccurrence with hippocampal rhythms 
termed “ripples” (Clemens et al., 2011; Staresina et al., 2015; Latch
oumane et al., 2017) is thought to reflect information transfer between 
brain systems during memory consolidation in slow wave deep sleep. 
Understanding the nesting of spindles to SOs in N3 sleep in relation to 
the processing of stressors in PTSD is a ripe avenue for research. To our 
knowledge, ours is the only lab that has preliminarily examined nesting 
in the context of sleep, stress and PTSD, with evidence that nesting in
creases in response to stress exposure, and differentially in 
trauma-exposed individuals with high vs. low PTSD symptoms (Natraj 
et al., 2022). 

3.8. Summary 

In summary, amplitude, duration, frequency, morphology, density, 
cortical dynamics, and nesting are features of spindles commonly 
examined in the literature. Despite an early understanding of physio
logical contributors to variability in these features, the functional sig
nificance of variability in most of these features is still poorly 
understood. This issue must therefore be considered when interpreting 
group differences in these features. 

4. Sleep spindles in PTSD vs. controls: published findings to date 

The published literature provides early evidence of differences be
tween PTSD and controls in sleep spindle characteristics. Table 1 con
tains a summary description of study methods and findings. A pubmed 
search for articles with key words “spindles,” “PTSD”, “posttraumatic 
stress disorder,” was performed. Articles cited in the identified publi
cations were reviewed to identify other articles that may have been 

missed using these focused search terms. 
Dotan and colleagues published the first study of which we are aware 

examining sleep spindles in PTSD (Dotan et al., 2008). They studied a 
sample of 15 subjects with PTSD and 15 healthy control students. The 
authors focused on visually scored N2 sleep spindle density and hy
pothesized that higher sleep spindle density in PTSD would explain some 
reports that PTSD was associated with higher arousal thresholds 
(“deeper” sleep) than that observed in controls. They found no differ
ence in spindle density between PTSD and controls. Several methodo
logical issues restrict the generalizability of these findings, including a 
small sample size, a single night of PSG, demographic differences be
tween the PTSD and control groups, among others. Post-hoc analysis 
indicated that SSRI use was associated with a significant increase in N2 
spindle density. This finding may serve as a reminder that medication 
use is critical to control for in such studies. 

More recently, Wang and colleagues published a study examining 
sleep spindle features in 78 male combat-exposed veterans with PTSD (n 
= 31) and without PTSD (n = 47) using high-density EEG (Wang et al., 
2020b). Participants were aged 18–50, were free of medications 
affecting sleep or daytime functioning, had no current severe or un
treated depression, had no active post-concussive symptoms or active 
involvement in TBI treatment, and had no history of psychotic disorders. 
Each participant’s sleep was studied for 2 consecutive nights in the 
laboratory, each involving an 8-h sleep opportunity, with night 1 and 
night 2 effects analyzed separately. They compared several sleep spindle 
features, including amplitude, duration, frequency and density between 
PTSD and controls, with the objective of identifying potential sleep 
spindle biomarkers for PTSD. Using a previously published automated 
spindle detection method, they analyzed oscillations in the 10–16 Hz 
frequency band, and examined slow spindles (here, 10–13 Hz) and fast 
spindles (here, 13–16 Hz) separately. They divided the full sample into 
discovery and replication subsamples, a method for enhancing confi
dence in exploratory findings by examining the reproducibility of find
ings from the first (discovery) sample in the second (replication) sample. 
They utilized several statistical methods to assess reproducibility across 
the two subsamples, to control for comparisons on multiple spindle 
features and types (fast vs. slow), and to correct for the potential effect of 
age on spindle features. The researchers’ findings indicate that the 
oscillatory frequency of slow spindles is higher in PTSD than in matched 
controls. They also found a similar but weaker and less consistent 
finding suggestive of a higher oscillatory frequency in fast spindles in 
PTSD vs. controls. They performed several additional analyses to 
examine the robustness of their findings, including the analysis of N2 
spindles alone, repeat analyses with removal of EEG arousals, re-analysis 
with an alternative spindle detection algorithm, and re-analysis using 
the full 10–16 Hz bandwidth. They report similar findings using these 
alterations. Linking their findings with PTSD symptom scores as 
measured by the clinician-administered PTSD scale (CAPS), they found 
that a positive correlation between slow spindle oscillatory frequency 
and intrusive symptoms of PTSD withstood multiple comparisons. The 
main interpretation associated with these findings was that higher slow 
spindle oscillatory frequency may reflect overall brain hyperarousal in 
PTSD. 

Wang and colleagues published findings from a separate analysis on 
the same set of sleep data as described above, focused on spindle-band 
specific inter-channel synchronization of spindles (Wang et al., 
2020a). They utilized the same sample, same spindle detection method, 
and same discovery and replication sub-samples as above. Based on the 
typical topographical distribution of fast and slow spindles, they used a 
single frontal channel (Fz) as a reference for slow spindles, and used a 
single parietal channel (Pz) as a reference for fast spindles for analysis of 
phase relationships across channels. Using the discovery dataset, they 
observed high phase locking value (PLV) in both PTSD and controls, 
indicating strong phase coherence across channels, and did not observe 
differences between groups for either fast or slow spindles. They did 
observe group differences in the mean phase difference (MPD) for slow 
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Table 1 
Brief Summary of Methods and Findings in Studies of Sleep Spindles in PTSD vs. Controls.  

Authors Sample Characteristics Sleep Comparisons Spindle Detector Slow and Fast Spindle 
Distinctions 

NREM 
stage 

Primary Hypotheses Findings: PTSD vs. Control Findings: Associations with 
Clinical Variables (post-hoc) 

Dotan 
et al. 
(2008) 

N = 30 (15 PTSD, 15 
healthy control students) 

1 night of PSG (no 
adaptation night); in 
sleep lab 

Visually Scored N/A N2 N2 Spindle Density would be higher 
in PTSD relative to controls 

No PTSD vs. Control 
differences in Spindle Density 

SSRI use was associated with 
higher Spindle Density 

Wang et al. 
(2020b) 

N = 78 (31 PTSD, 47 
controls) combat-exposed 
male veterans aged 18-50 

2 consecutive nights 
of PSG, analyzed 
separately (no 
adaptation night); in 
sleep lab 

Automated 
detection 
algorithm 

Slow: 10–13 Hz N2 and 
N3 

N/A: Exploratory analysis of group 
differences in spindle amplitude, 
duration, oscillatory frequency, and 
density using discovery and 
replication datasets 

Slow spindle frequency was 
higher in PTSD vs. controls 

Slow spindle oscillatory 
frequency was correlated with 
CAPS-based intrusive symptom 
score. This effect survived 
multiple comparison control. 

Fast: 13–16 Hz 

Wang et al. 
(2020a) 

N = 78 (31 PTSD, 47 
controls) male combat- 
exposed veterans aged 18- 
50 

2 consecutive nights 
of PSG, analyzed 
separately (no 
adaptation night); in 
sleep lab 

Automated 
detection 
algorithm 

Slow: 10–13 Hz N2 and 
N3 

N/A: Exploratory analysis of group 
differences in measures of 
coherence, based on the Phase 
Locking Value (PLV) and the Mean 
Phase Difference (MPD) using 
discovery and replication datasets 

No PTSD vs. control 
differences in PLV. MPD for 
slow spindles was higher in 
PTSD vs. controls. 

MPD was negatively correlated 
with total CAPS score in the 
sample as a whole, although not 
in PTSD subjects alone. 

Fast: 13–16 Hz 

Denis et al. 
(2021) 

N = 97 (45 with PTSD, 52 
controls) males and 
females, mean age 24, with 
recent trauma exposure 

1 night of PSG after 
an adaptation night, 
at home 

Automated 
detection 
algorithm 

Slow: Oscillations with 
peak frequency of 
9–12.5 Hz; 

N2 and 
N3 

NREM spindle frequency would be 
higher in PTSD relative to controls. 

Fast spindle frequency was 
higher in PTSD vs. controls 

No associations surviving 
multiple comparisons. 

Fast: Oscillations with 
peak frequency 
between 12.5 and 16 
Hz 

Van der 
Heijden 
et al. 
(2022) 

N = 28 (14 with PTSD, 14 
matched controls) police 
officers and war veterans, 
mean age 45, all trauma- 
exposed 

1 night of PSG during 
one of two nights in 
sleep lab (no formal 
adaptation night) 

Proposed 
automated 
detector of 
spindle-shaped 
activity 

N/A: spindle-shaped 
activity in 11–16 Hz 
bandwidth was 
detected; Right frontal 
electrode only 

N2 N/A: Examined differences between 
PTSD and controls in spindle 
activity across ranges of duration, 
frequency, amplitude. Amplitude- 
based measures of spindle activity 
were defined and calculated. 

Spindle activity, based on a 
smaller difference between 
peak and trough amplitudes, 
was elevated in PTSD vs. 
controls and survived control 
for medication use. 

A spindle activity index based on 
peak and waxing and waning 
amplitudes of spindle shaped 
fluctuations correlated with the 
clinical interview based intrusive 
memory score.  

N
. N

atraj and A
. Richards                                                                                                                                                                                                                    



Neurobiology of Stress 23 (2023) 100516

7

spindles, indicating a lower MPD in PTSD relative to controls, which was 
similar across the 2 nights of data collection, but which did not survive 
control for multiple comparisons for the 64 channels. However, they did 
find a similar pattern of effects in the replication sample, and found that 
the dataset combining the discovery and replication samples yielded a 
significant group effect of MPD, focused on phase difference between 
spindles in left centro-parietal channels and the reference frontal 
channel, that survived multiple comparisons across 64 channels and also 
survived Bonferroni corrections for selected channel pairs within the 
region of interest. Linking this finding to PTSD symptoms, they explored 
relationships between MPD and CAPS score in the entire sample and 
found a negative correlation between MPD and CAPS score, suggesting 
that a larger phase difference was associated with a lower symptom 
burden. Notably, however, this effect was absent in PTSD subjects. 
Noting a trend negative correlation between MPD and CAPS hyper
arousal symptoms in PTSD (not corrected for multiple comparisons), the 
authors proposed that the relatively lower MPD in PTSD could be a 
reflection of hyperarousal in thalamocortical circuits in PTSD. 

Denis and colleagues recently published a study of trauma-exposed 
individuals with and without clinical-interview based PTSD (Denis 
et al., 2021). They reported sleep spindle findings on PSG data from 97 
male and female participants with a mean age of 24 years and with a 
history of recent trauma (<2 years). Forty-five (45) met criteria for PTSD 
and 52 did not. The study excluded individuals with a number of psy
chiatric and/or medical conditions known to affect sleep spindles 
and/or sleep. Medication effects were not specifically examined. The 
researchers administered standard PSG, in subjects’ home environ
ments, on one night preceded by an adaptation night. Their analyses 
were based on exploration of group (PTSD vs. control) differences in 
spindle peak frequency, density, amplitude and duration in both N2 and 
N3 sleep and in early and late NREM sleep, and correlations between 
these features and PTSD symptoms. Based on findings by Wang et al. 
described above (Wang et al., 2020b), their pre-registered a priori hy
pothesis stated that PTSD subjects would show higher frequency sleep 
spindles in NREM sleep compared to trauma-exposed controls. Here the 
authors defined slow spindles as those with a peak between 9 and 12.5 
Hz, and fast spindles as those with a peak between 12.5 and 16 Hz. They 
observed that fast spindle peak frequency was slightly higher in PTSD 
relative to controls, although they did not observe such a finding for 
slow spindles. Additional exploratory analyses did not observe any 
findings that withstood multiple comparisons. They also did not observe 
relationships between spindle properties and PTSD symptoms in 
multiple-comparison-corrected analyses. 

A recently published paper investigating spindles and PTSD pro
posed an alternative method of spindle detection involving fewer as
sumptions than typically applied in automated spindle detection 
methods, focused on the waxing and waning property of spindles (van 
der Heijden et al., 2022). They studied 14 police officers and war vet
erans with CAPS-IV-measured PTSD vs. 14 trauma-exposed controls. 
Exclusions included psychotic disorders, bipolar disorder, excessive 
recent substance use, a history of sleep disorder preceding PTSD diag
nosis, and habitual sleep duration of <6 h per night and outside of the 
window of 10pm to 10am. Six participants with PTSD were on medi
cations including SSRI’s (5 subjects) and benzodiazepines (1 subject) for 
clinical reasons. Laboratory sleep PSG was collected on 1 of 2 nights 
spent in the sleep lab for all participants, with counterbalancing of data 
collection night (1st or 2nd) across clinical groups. They analyzed sigma 
band power in the 11–16 Hz frequency band collected from the right 
frontal electrode (F4), referenced to the average of the mastoids, during 
N2 sleep only. To detect spindle-band fluctuations, they examined the 

slope of the spindle envelope over a large enough moving window to 
detect peaks and troughs in spindle-band power based on the sign of the 
slope at each timepoint. Amplitude criteria were applied (min and max 
set at 5 μV and 35 μV, respectively) to ensure that spindling activity was 
distinguished from background neurophysiological noise. The result of 
this method is the measurement of discrete spindle-band fluctuations 
spanning the duration of N2 sleep. Because duration criteria were not 
applied, the authors note that a single visually scored spindle might 
therefore contain numerous such fluctuations. They then calculated 
duration, and three amplitude measures including peak amplitude (max 
absolute magnitude) and waxing and waning amplitudes (difference 
between the peak amplitude and the amplitude of the trough preceding 
and following the peak, respectively) for all fluctuations. They found 
that the mean peak amplitude of these fluctuations was higher in PTSD 
compared to controls, although this effect was no longer significant after 
controlling for medications. They also found that the difference between 
peaks and troughs was smaller in PTSD than in controls, and this effect 
did persist after controlling for medication effects. They explored group 
differences across the distribution of fluctuation durations and did not 
observe group differences. They also examined group effects on density 
of these fluctuations, and did not observe any differences. After 
observing PTSD effects on amplitude, they created an amplitude index, 
defined as the peak spindle amplitude divided by the average of the 
waxing and waning amplitudes. The authors found that this index was 
significantly correlated with higher intrusive (i.e., re-experiencing) 
symptom score on the CAPS, which was accounted for by a significant 
correlation with all the CAPS intrusive symptoms with the exception of 
nightmares. The authors concluded that this effect was indicative of the 
role of heightened spindle activity in aberrant memory processing in 
PTSD. 

4.1. Summary and evaluation of published findings 

These findings reflect important initials steps to examine spindle 
features and dynamics in PTSD vs controls, and to link these to specific 
symptoms of the disorder. Different spindle detection methods were 
utilized by different authors, and different features of spindles were 
examined. If there is a common signal between any two publications, it 
may be that spindle frequency may be increased in PTSD vs. controls, as 
suggested in two studies using different spindle detection methods 
(Wang et al., 2020b; Denis et al., 2021). However, while one group 
observed this effect in slow spindles and not fast spindles, the other 
observed this effect in fast spindles and not slow spindles. As stated 
above, because fast and slow spindles typically manifest preferentially in 
different stages of sleep and have different topographies, and may also 
have different neural generators and functions, the overlap in findings 
must be considered with caution. Understanding the exact frequency at 
which fast and slow spindles operate via power spectral analysis (Insets 
1 and 2) can greatly aid in ensuring consistency in findings across 
research groups. Both research groups speculated that elevated spindle 
frequency may be an indicator of overall elevation in brain activation 
during NREM sleep. Replication of frequency-based findings in combi
nation with greater understanding of the biological basis of spindle 
frequency are therefore indicated to substantiate these findings further. 
Additionally, greater clarity on the underlying neurobiological basis of 
brain “hyperarousal” in PTSD and PTSD sleep is needed to support the 
interpretation that PTSD hyperarousal promotes (or results from) higher 
frequency sleep spindles. Whether abnormal elevations of arousal neu
rotransmitters, possibly contributing to PTSD sleep disturbances 
(Richards et al., 2020), may promote increased spindle frequency in 
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PTSD or in general may merit investigation. Furthermore, the utility of 
the frequency finding as a marker or as a factor contributing to behav
ioral and/or (brain) functional outcomes remains to be determined. As 
with PTSD research in general, much remains to be learned about the 
relationship of brain hyperarousal during either wake or sleep with the 
manifestation of intrusive symptoms. 

Along with these frequency-based findings, other reported findings 
remain to be evaluated and/or replicated through future research. The 
findings reported by Wang and colleagues regarding spindle coherence 
are challenging to interpret. The authors observed significant coupling 
with very low phase offsets, raising the specter of common noise signals 
and volume conduction as a potential factor obfuscating real (larger) 
phase differences. This problem was noted by the authors, and because 
their methods were applied to both PTSD and control subjects, this issue 
may be less problematic, but the relevance of this finding to behavior 
and brain function nonetheless remains fairly opaque. For instance, 
increased phase-coupling between distant EEG electrodes might poten
tially indicate globally coordinated thalamocortical spindle activity and 
as such might be strong indicators of whole brain systems during 
memory consolidation given that sleep spindles are typically isolated 
cortical phenomena (Nir et al., 2011). There is also the potential that 
such coordinated activity can be linked to SOs which are known to have 
waves of propagating activity over the cortex (Massimini et al., 2004). 
Research in other psychiatric conditions such as schizophrenia have 
generally shown that reduced coherence can be a marker for impaired 
consolidation (Wamsley et al., 2012), however the neurophysiological 
relevance of such globally coordinated spindle networks with respect to 
PTSD is poorly understood and in its infancy of being researched. 
Nonetheless, the authors used rigorous methods and multiple strategies 
to support the robustness of their findings. 

Only one study (Dotan et al.) examined the relevance of spindles to 
sleep continuity based on a priori hypotheses, despite the body of evi
dence indicating a role for sleep spindles in sleep maintenance (Dotan 
et al., 2008). These authors, however, reported no differences based on 
analysis of spindle density. Post-hoc analyses by Wang et al. indicated 
that fast spindle frequency tended to predict awakenings per sleep hour 
in PTSD patients, leading to a speculative link between higher spindle 
frequency and brain hyperarousal. No studies of which we are aware 
closely examined spindle counts or density with measures of arousals or 
microarousals in trauma-exposed or PTSD subjects. 

Van der Heijden et al.’s findings point to a possible effect of PTSD (vs. 
trauma-exposed controls) on amplitude of N2 sigma-band fluctuations 
and found an association between a combined measure of peak ampli
tude and difference between peak and average adjacent trough ampli
tudes to predict intrusive symptoms. The methodology used by the 
authors, wherein spindles were identified by their morphological 
properties such as waxing and waning shape, has some advantages and 
disadvantages. An important advantage is that it provides a model-free 
approach for detecting spindles. A disadvantage is that it risks many 
false positives. The authors do apply an amplitude threshold to partially 
address the issue, but this cannot fully resolve the problem, and again 
highlights the challenge of standardizing methods given the diversity of 
the underlying cortical data and subject populations. Finally, the 
reduction of the PTSD effect on peak amplitude to trend when control
ling for medications is problematic, especially given that medications 
were not controlled for in relationships analyzing the amplitude index to 
CAPS symptoms. However, the observation that the ratio of local sigma- 
band peaks and average trough positively predicts intrusive re- 
experiencing symptoms in PTSD is compelling, if replicated, given the 
strong evidence that spindle activity predicts declarative memory. As 
will be described in the next section, such research on spindles and 
memory has mostly focused on spindle density using a variety of spindle 

detection methods. 
Van der Heijden et al. developed their hypotheses based on their 

prior exploratory findings indicating higher levels of frontal sigma 
power in NREM sleep in PTSD vs controls (de Boer et al., 2020), and in 
that report proposed that higher frontal sigma in PTSD might be related 
to exaggerated reactivation and consolidation of trauma memories. 
However, those results based on a predominantly male sample are not 
entirely consistent with other published findings. For example, in a 
larger study of objectively measured sleep in PTSD, Richards el. al. 
found that NREM sigma power was in fact significantly higher in 
trauma-exposed males without PTSD compared to males with PTSD, and 
found no difference between females with and without PTSD (Richards 
et al., 2013). (To note a potentially impactful difference, the latter an
alyses were based on analysis of the C3, rather than frontal electrodes as 
in the Van der Heijden analysis.) Woodward et al. also did not observe a 
NREM sigma power difference between PTSD and control subjects 
(Woodward et al., 2000). In exploratory analyses, however, they did 
observe a relationship between NREM sigma power and CAPS IV hy
perarousal symptoms, which withstood multiple comparisons. Wood
ward and colleagues found this relationship counterintuitive, given the 
established correlation between sigma power and sleep spindles, and 
given that the authors associated sleep spindles with a sleep protective 
function. Overall, discrepancies in results could be attributed to meth
odological differences or to clinical differences in the underlying pop
ulations studied, and as such call for more investigation. 

5. Sleep spindles and negative emotional learning: A function- 
specific avenue for studying sleep spindles and Stress/PTSD 

One of the great challenges of scientific work in posttraumatic stress 
disorder is that it is an extremely heterogeneous disorder. It has been 
observed that, based on the current DSM criteria, there are 636,120 
different ways to satisfy the PTSD diagnostic criteria based on a list of 21 
symptoms segregated into 4 symptom categories (Galatzer-Levy and 
Bryant 2013). Diagnosis requires the presence of a minimum number of 
symptoms within each category, but the combinations of symptoms 
within categories and with symptoms in other categories are unre
stricted. Mellman points out that the heterogeneity of the disorder has 
likely contributed to lack of consistency in objective sleep findings in 
PTSD vs. control comparisons (Mellman 2019). Clinical and de
mographic factors also may complicate results further (Zhang et al., 
2019). This serious problem weighs heavily on science that seeks to 
examine group differences between individuals meeting criteria for a 
PTSD diagnosis from those who do not meet criteria. Combining this 
problem with the lack of standardized methods to detect spindles, and a 
lack of a clear understanding of the biological basis or function of many 
of the spindle features reviewed above, a potentially fruitful strategy 
may be to focus research on specific neurocognitive functions known to 
be correlated with specific spindle features and known to be relevant to 
PTSD. This would also address the issue that sleep spindles in one 
context may be adaptive (beneficial), but in another context may be 
problematic. For example, research has provided solid evidence that 
sleep spindles are sleep protective (Martin et al., 2013; Helfrich et al., 
2018; Fernandez and Luthi 2020), such that an increase in spindle ac
tivity would potentially be a sign of more healthy sleep in PTSD. At the 
same time, if sleep spindle activity (broadly speaking) is an indicator of 
pathological over-consolidation of trauma (van der Heijden et al., 
2022), then we have two opposing effects of the same brain behavior. 
Probing these functions directly, and ideally in participants with a 
trauma history and varying degrees of trauma-related psychopathology, 
may be the best way to better understand the role of spindles in stress 
and PTSD. The role of spindles in learning and memory is perhaps the 
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domain in which sleep spindle science is currently most advanced. 
However, given that trauma information also carries emotional affect, 
extending the study of sleep spindles to the processing of emotionally 
salient (negative) information is highly relevant to PTSD, and has 
already begun. 

Focusing on studies in humans uniquely, several labs, including our 
own, offer early findings hinting at the relevance of this approach. For 
example, Alger, Kensinger and Payne (Alger et al., 2018) studied the 
effect of sleep spindles on memory for negative emotional information in 
a sample of healthy adults aged 18–64. They used a previously published 
spindle detection algorithm to detect spindles (Ferrarelli et al., 2007), 
and used data from the frontal and central electrodes only. They found 
that all measured aspects of sleep spindle activity, including total 
number, mean duration, density and amplitude predicted recognition 
memory for previously viewed emotional image content. These findings 
were limited to N3 spindles, rather than N2 spindles. This finding might 
be consistent with the idea suggested by others (van der Heijden et al., 
2022), that increased spindle activity could be associated with the 
over-consolidation of negative emotional information. However, Alger 
and colleagues did not report on the relationship between spindle fea
tures and neutral image memory to determine whether this relationship 
was unique to emotional image content. Thus, this finding might simply 
be consistent with research supporting the role of spindles in learning 
and memory more generally (Dudai et al., 2015). Kaestner and col
leagues, however, used a within-subjects’ design to examine the rela
tionship of pharmacologically enhanced sleep spindles with recall for 
negative valence, positive and neutral images, and found that zolpidem 
was associated with both increased sleep spindle density and increased 
memory accuracy for negative emotional content relative to a placebo 
sleep condition (Kaestner et al., 2013). Of note, however, while a cor
relation between spindle density and negative emotional memory ac
curacy was observed in one sample sub-group, it was not observed in the 
zolpidem group. More recently, Lehmann and colleagues reported 
compelling findings indicating that auditory cueing during post-learning 
NREM sleep, using words that had been paired with negative and neutral 
images during pre-sleep learning, was associated with improved mem
ory for those pictures(Lehmann et al., 2016). They also reported that 
cueing associated with correct memory was associated with an increase 
in 12–15 Hz oscillatory power shortly after the cue (during sleep). While 
improvement in cued memory performance was positively associated 
with cue-induced spindle power in NREM for both negative and neutral 
memories, this effect was significantly stronger for negative images 
(Lehmann et al., 2016). These findings therefore directly link 
cue-associated spindles (measured via sigma power changes) with a 
subsequent emotional memory benefit. This finding is also consistent 
with evidence that sleep spindles are indicators of sleep-dependent 
replay of learning and the redistribution of memories from temporary 
(hippocampal) storage to (cortical) long-term memory storage (Die
kelmann and Born 2010, Dudai et al., 2015). However, it should be 
noted that not all of these early studies consistently link sleep spindle 
activity, broadly speaking, or sleep spindle density with emotional 
memory effects. For example, Goder and colleagues observed a rela
tionship between sleep spindle density and recognition accuracy for 
neutral, but not negative, images in a study of healthy subjects and 
schizophrenics (Goder et al., 2015). Denis and colleagues reported a 
negative correlation between nested spindles and emotional memory in 
healthy stressed, vs. non-stressed, laboratory subjects and found no as
sociation between N2 spindles and emotional memory in their sample 
(Denis et al., 2022). 

Perhaps more directly relevant to PTSD, Kleim and colleagues 
examined the relationship between objective sleep variables and 

intrusive trauma memories after exposure to a laboratory analog film 
trauma in 18 healthy female subjects (Kleim et al., 2016). They found 
that a higher density of fast parietal N2 spindles was negatively associ
ated with the frequency of intrusive memories of the lab trauma in the 
week following exposure. A non-significant negative correlation was 
similarly observed for frontal N2 slow spindles. They utilized a previ
ously published spindle detection algorithm associated with 
learning-dependent increases in spindle density (Gais et al., 2002). 
Interestingly, the Kleim et al. finding is suggestive of a beneficial effect of 
sleep spindles (density) on stress information processing, rather than a 
maladaptive effect of sleep spindle activity (e.g, overconsolidation, as per 
van der Heijden et al.(van der Heijden et al., 2022)). Kleim’s finding 
related to a clinically-relevant form of emotional memory underscores 
the importance of distinguishing between sleep effects on declarative 
emotional memory performance from sleep effects on the unsolicited, 
distressing memories that are characteristic of PTSD. It has been argued 
that it is in fact quite advantageous (in terms of future survival benefit) 
to have strong declarative recall for a stressful or traumatic event as long 
as the distressing emotional tone associated with the event can be 
dissipated, and there is some evidence indicating that sleep results in the 
enhancement of declarative memory along with the elimination of the 
emotional “tag” associated with that memory (Goldstein and Walker 
2014, Ben Simon et al., 2020). To date, the focus of such theories has 
been on REM sleep, and there has been some controversy (Baran et al., 
2012; Goldstein and Walker 2014). However, there is growing appre
ciation of the role of NREM sleep in healthy emotional information 
processing (Ben Simon et al., 2020). 

Another clinically relevant study published by Azza and colleagues 
reported that sleep spindle density was associated with a greater 
reduction in the heartrate response to a negative autobiographical 
memory script presented both before sleep and after sleep in a study that 
involved an imagery reprocessing exercise prior to sleep (Azza et al., 
2022). Data for 21 subjects, predominantly female, who completed a 
90-min nap opportunity, were analyzed for spindle effects. Participants 
underwent a script-driven imagery session involving audio-guided 
imagining of neutral and distressing autobiographical scripts with 
continuous recording of ECG, followed by a rescripting session to modify 
the aversive autobiographical memory to render it less distressing. The 
researchers examined the relationship of N2 sleep spindle density and 
slow wave sleep with change in heartrate from pre-to post-nap 
script-driven imagery, using heartrate during the neutral memory 
exposure as a reference. This study’s results indicate that higher N2 
spindle density promotes emotion regulation, as indexed by a greater 
reduction (post-sleep vs. pre-sleep) in the difference in HR response to 
the emotional vs. neutral script. The authors interpreted this as a spindle 
density benefit for adaptive reconsolidation of “updated” autobio
graphical memory. While preliminary, these findings have direct im
plications for the study of sleep benefits on trauma-focused and 
nightmare treatments, such as CPT, PE and IRT. Together, the Kleim and 
Azza findings are suggestive that a higher density of N2 sleep spindles 
has a beneficial emotional information processing role. 

Preliminary findings from our lab complement the findings of Kleim 
et al. and Azza et al. by providing compelling evidence that sleep spindle 
density affects emotional information processing. We used a nap pro
tocol in 45 trauma-exposed men and women with varying PTSD symp
tom severity. Participants completed two laboratory nap visits after an 
adaptation nap, all separated by at least 6 days. A “stress” nap included a 
fear-potentiated startle protocol in the morning and an image viewing 
session, comprised of viewing a series of negative and neutral valence 
images, prior to the nap. The control nap was not preceded by stressful 
procedures. We found that the density of N2 sleep spindles in the stress 
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nap increased relative to N2 sleep spindle density in the control nap. 
Furthermore, increased N2 sleep spindle density predicted a reduction in 
anxiety symptoms across the nap specifically in subjects with higher 
PTSD symptoms as assessed by a binary split of subjects into a high and 
low PTSD group based on their CAPS score. Additionally, this increase in 
N2 spindle density in the high PTSD group correlated with lower 
memory recall of negatively emotional images as compared to the low 
PTSD group (Natraj et al., 2022). These findings provide evidence that 
sleep spindle density increases with stress, in a manner analogous to that 
observed with learning in other modalities, and that sleep spindles may 
have a differential impact on processing in higher vs. lower PTSD in
dividuals, which emphasizes memory consolidation in healthier subjects 
and emotion regulation in more symptomatic individuals. 

5.1. Summary and comments 

These studies provide early evidence that sleep spindles, especially 
density, may be involved in processing of emotionally salient informa
tion, which processing has important implications for understanding 
mechanisms in PTSD. There is a tension between theories that implicate 
sleep spindles in excess consolidation of emotional memory (e.g., van 
der Heijden et al. in PTSD, and others in non-clinical laboratory studies), 
and findings suggestive that sleep spindles may have an emotional in
formation processing benefit (e.g., Kleim et al., Azza et al., and our 
preliminary research (Natraj et al., 2022)). Emotion processing in the 
clinical context in fact requires the retrieval of negative emotional 
memories, at least to some extent, and the infusion of those memories 
with new and therapeutic content. Therefore, the association of 
“emotional” with “maladaptive” in the context of PTSD and its treatment 
is not necessarily uniformly correct: a spindle association with 
emotional memory may be problematic in the context of PTSD devel
opment or chronic PTSD (over-consolidation) and may be adaptive 
during emotional information processing in healthy individuals or in the 
process of treatment (e.g., consolidation of “updated” emotional auto
biographical memories). Our findings actually suggest that sleep spindle 
density following stress predicts emotion regulation, and not 
over-consolidation of memory, at least as reflected in memory accuracy. 
These early findings provide a fascinating template for future research 
that is highly clinically relevant. 

6. Conclusions/future directions 

This review provides an overview of the methods used to detect sleep 
spindles and measure sleep spindle features, presents the early findings 
examining sleep spindles in PTSD vs. controls, and proposes alternative 
strategies for understanding the relevance of sleep spindles to PTSD 
mechanisms, with a focus here on early research on emotional memory. 
Several important goals are to underscore the extensive heterogeneity in 
sleep spindle measurement and detection methods, the wide range of 
spindle features that may be and have been examined, the many per
sisting unknowns about the clinical and functional relevance of those 
features, and the problems with considering PTSD as a homogeneous 
group in between-group comparisons. Equally important goals are to 
emphasize the work that has been done, the possible consistencies in 
preliminary findings in PTSD vs. control comparisons, and the labora
tory studies analyzing sleep spindles in relation to emotional learning 
and memory. There is a strong rationale for the latter inquiry based on 
well-established functions of sleep spindles in learning and memory and 
a clear relevance of negative emotional memory to PTSD. Of note, 
however: this focused review did not cover the full extent of published 
literature on spindles and stress more generally. For example, a still 
sparse body of studies report associations between sleep spindles and 

stress-related insomnia (Dang-Vu et al., 2015) and spindles as a potential 
indicator of stress-related sleep disturbance(Beck et al., 2022). 

While not studied much to date, understanding the role of sleep 
spindles in sleep continuity, and the interacting effects of sleep spindles 
and other features of sleep on PTSD mechanisms, are possible avenues of 
future research. Sleep spindle activity in the vulnerable transitional zone 
between N2 and REM sleep, may be a particularly interesting with 
respect to the themes of sleep continuity and emotional memory. PTSD 
and sleep research has traditionally emphasized REM sleep effects on 
fear learning and extinction. Increasingly, exclusively REM-sleep-based 
hypotheses regarding sleep and emotional memory are proving unsat
isfactory. Purcell and Manoac reported that a higher density of sleep 
spindles was associated with longer duration of REM sleep based on 
their analysis of sleep from 11,630 human subjects in a general popu
lation sample (Purcell et al., 2017). A recent study in narcoleptics found 
that spindle features predicted memory consolidation only when fol
lowed by REM sleep (Strauss et al., 2022). The interaction of sleep 
spindles in the transitional zone and subsequent REM sleep on emotional 
memory remains to be explored. A recent study of the spectral dynamics 
of NREM sleep in frequent nightmare sufferers specifically examined this 
transitional period and reported a moderate effect of frequent night
mares on high sigma-band power during that period (Blaskovich et al., 
2020). 

All in all, the above studies have established a compelling rationale 
for future research on sleep spindles, stress and PTSD and specifically 
focusing on the multifaceted nature of sleep spindles. It is clear that both 
clinical research in PTSD subjects and laboratory studies (ideally also 
including PTSD subjects) will be important for further progress. A major 
advantage of clinical studies of PTSD vs. trauma-exposed controls is the 
certainty regarding the presence of trauma exposure. Like all human 
laboratory studies seeking to understand mechanisms of PTSD devel
opment, laboratory experiments cannot ethically replicate the traumatic 
nature of stressors experienced in real life. It is therefore impossible to 
discern whether laboratory-based observations of laboratory stress re
sponses reflect biological processes consistent with traumatic, vs. sub- 
acute, stressors. Longitudinal studies, ideally studying sleep prior to 
and after stress exposure, are rare but best suited to determine whether 
observed group effects precede or result from trauma exposure and/or 
PTSD. 

Given the heterogeneity in spindle detection methods and its po
tential implications, it is advisable at this juncture to use previously 
published methods when testing hypotheses that replicate or directly 
build on prior findings. At the very least, providing a well-justified 
rationale for a change in strategy and comparing one’s findings using 
both a new and published strategy, is recommended. As suggested by 
Warby and colleagues, it also may be worthwhile to test new computer- 
based detection strategies against the best visually-scored gold-stan
dard, at least for N2 spindles. This may be even more advisable if a large 
database of spindles derived from a demographically diverse population 
and including both healthy and clinical samples is developed. At the 
same time, advances in machine learning (especially deep learning with 
artificial neural networks for spindle and sleep event detection (Cham
bon et al., 2019; Kulkarni et al., 2019)), advances in understanding the 
biology of sleep spindles and the relevance of sigma power fluctuations, 
and limitations of human scoring highlight that researchers should keep 
an eye open for novel developments in methodology that can most 
faithfully capture the neural phenomena of interest. It should be noted, 
however, that use of existing and/or novel methods will depend on each 
lab’s resources, including availability of human expertise and 
computing resources, the public sharing of data and code, and the 
collaboration of experts with clinical and neuroimaging/signal pro
cessing backgrounds. 
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6.1. Inset 1: Common spindle detection methods 

While there are many methods in the literature to detect spindles, the 
vast majority involve first band-pass filtering the raw EEG signal into the 
selected spindle frequency band (typically 11–16Hz) and subsequently 
computing the power in the spindle band. To compute power, a number 
of options exist, from computing smoothed power estimates via the root- 
mean square function (the square root of the mean of squares of spindle 
oscillation voltages within a fixed moving window), to estimating the 
envelope of the spindle waveform via the Hilbert transform (Le Van 
Quyen et al., 2001). After computing the power, a discrete spindle event 
is typically identified if the spindle power satisfies a number of 
user-defined criteria, such as an amplitude criterion (e.g., if peak power 
is greater than some cut-off value, say ≥ 3 S.D., of all spindle 
band-specific power) (Andrillon et al., 2011); shape criteria (e.g., if the 
power around the peak rises and falls and surpasses another cut-off 
value, say 1 S.D. of all spindle power, during the rise and fall); dura
tion criteria (e.g., if the sustained increase lasts between 500 ms and 
3000 ms), and/or cycling criteria (e.g., the rhythm contains at least 3 
cycles of spindle oscillations within the detected window). Alternative 
strategies exist. For example, an alternate method of capturing the 
waxing/waning characteristic of sleep spindles is to look at the rise and 
fall of the spindle power (RMS or Hilbert amplitude) by measuring the 
slope of the spindle amplitude; waxing and waning should give rise to a 
positive or negative slope on either side of the peak spindle power (van 

der Heijden et al., 2022). It is important however to note that the 
detection of spindles from the power spectrum can also be artificially 
induced by transient artifacts in the EEG signal which typically is re
flected in broadband increase in power. Thus, it is critically important to 
run statistics on the individual power spectrum for each detected signal 
window in automated detection algorithms to ascertain that there is an 
actual significant increase in spindle band power. One particularly 
elegant analysis technique is statistically analyzing the power spectrum 
of the EEG signal and its deviation from the 1/f power law curve, 
wherein the power of the signal is inversely proportional to the fre
quency (See Inset 1 Figure, and (Voytek et al., 2015; Zhang et al., 2018; 
Donoghue et al., 2020)). 

More recently, modern machine learning and signal processing ap
proaches have sought to improve the quality of the spindle detection 
methods and include supervised methods (wherein the automated sys
tem is fed sample spindles scored by sleep experts and learns to detect 
these in new data (Lacourse et al., 2020) and unsupervised methods 
(where the system is directed to look for spindle patterns based on preset 
parameters (Souza et al., 2016). Newer and highly sophisticated deep 
learning methods are now leading to high-performance classification 
and prediction of spindles. While most spindle detection algorithms 
work at a single channel level, methods that work at multiple channels 
simultaneously also exist (Brunton et al., 2016).   

Inset 1. Example of the detection of a spindle from raw EEG data. The various properties of the spindle both in terms of morphology, amplitude and frequency are 
detailed. In the inset, the power spectrum of this particular raw EEG segment is plotted against a null 1/f power law, and highlights an increase in spindle- 
specific power.  
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6.2. Inset 2: Characteristics of fast and slow spindles 

To ascertain the frequency of a detected spindle and classify it as fast 
or slow, the frequency that exhibits peak power within the detected 
spindle window is obtained from inspection of the power spectrum of 
the EEG signal in a sleep-stage dependent manner. For instance, EEG 
time-domain signals can be converted into the frequency domain using 
spectral transformations such as the Fast Fourier Transform or Wavelet 
Transform using windowed (segmented) epochs within each stage of 
sleep, from which the average power in each frequency can be computed 
and depicted by a power spectrum plot (Inset 2 Figure and see also 
(Babadi and Brown 2014, Prerau et al., 2017)). Peaks in power can be 
statistically quantified by contrasting them with the background 1/f 
power law (see Fig. 1) or contrasting them against non-sleep epochs. 
Using this method on depth EEG and MEG signals, it has been shown 
that frontal cortex tends to be dominated by slower spindle rhythms 
whereas posterior and occipital cortex tends to be dominated by faster 
spindle oscillations. 

There is considerable inter-subject variability in terms of the fre
quency bandwidths delineating slow and fast spindles (Mölle et al., 
2011; Cox et al., 2017). However, the distinct peak frequency of fast and 
slow spindles may be unique and stable within individuals while also 
being heritable, indicating that this feature of spindles contributes to a 
unique “spindle fingerprint”(Fernandez and Luthi 2020). Moreover, this 

differentiation of fast and slow spindles appears to be unique to the 
human cortex possibly driven by recent evolution of the frontal 
neocortex in humans that generates slow spindles, and not so certain in 
the animal neuroscience literature (Cox et al., 2017) where predomi
nantly only fast spindles are to be found (Kim et al., 2019). Finally, it 
should be noted that thalamic neurons exhibit very similar oscillatory 
frequencies as measured at cortex (Steriade et al., 1993), suggestive of a 
potential mechanisms of information transfer between cortex and 
deeper brain regions via thalamocortical feedback loops. 

There is also a notable sleep-cycle dependent evolution of spindles. 
Whereas spindles typically dominate earlier in sleep, especially in N2 
sleep, this is more so for faster posterior spindles than slower frontal 
spindles. Slow frontal spindles are known to be present in N3 sleep as 
well, which is dominated by slow waves (Himanen et al., 2002; Cox 
et al., 2017). Slow spindles tend to oscillate at slightly slower fre
quencies in N3 than in stage 2 sleep. The exact mechanism underlying 
this phenomenon is unclear, possibly reflective of the sleep-stage 
dependent strength of thalamocortical hyperpolarization sequences. 
With respect to fast spindles in N3 sleep, the nesting of faster spindles 
with slow oscillations (oscillations with frequency <1.25Hz) is thought 
to reflect memory consolidation and learning (Morin et al., 2008; 
Tamaki et al., 2008; Staresina et al., 2015). This view is based on the 
nature of the temporal relationship of fast vs. slow spindles to slow os
cillations as described in human and animal studies (Steriade 2003, 
Staresina et al., 2015). 

Inset 2. A) Example of determining whether the 
spindles at a particular channel are fast or slow 
spindles, defined here with ranges of 9–12.5 Hz 
(slow) and 12.5–16 Hz (fast). The power at various 
frequencies within each trial where there was a gen
eral broadband increase in power within the spindle 
band are plotted (top). It can be seen that across tri
als, there was a consistent increase in power within 
the 12–14Hz frequency range (bottom). Averaging 
the power across trials reveals a consistent peak at 
around 13Hz, classifying spindles at this particular 
channel to be fast spindles. B) The general EEG 
topographical distribution (in a 64 channel EEG sys
tem with 58 cortical recording electrodes) of slow 
spindles (top) and fast spindles (bottom).    
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6.3. Inset 3: Connectivity and phase-based analyses of spindles 

A commonly used method to detect the connectivity across diverse 
brain regions is coherence (Nolte et al., 2004). Coherence is a complex 
number, whose magnitude depends on the level of synchrony between 
two signals at a specific frequency and whose phase information denotes 
the relative offset between two signals’ oscillations at that specific fre
quency. If there is perfect synchrony, then the magnitude of the coher
ence is 1; it is 0 for completely unrelated signals. 

There are various extensions on this analysis. Notably, to account for 
the fact that volume conduction from a common cortical source or a 
common EEG reference can falsely give rise to high coherence values, 
Nolte et al. suggested methods to determine whether signals at different 
leads actually reflected a functional connection between source 
neuronal populations (Nolte et al., 2004). In intracranial recordings, for 
example, such measures have elegantly been used to map out 
hippocampal-amygdala connectivity underlying anxiety and mood 
variations (Kirkby et al., 2018). 

The phase locking value is a related frequency-based measure 
(Lachaux et al., 1999) used to understand functional connectivity be
tween diverse brain regions and alleviates some of the noise issues 
associated with coherence. It evaluates the circular distribution of phase 
differences between two electrode’s signals and in general this proced
ure is thought to be more robust to issues such as electrical noise. Such 
phase based analyses and its extensions (Stam et al., 2007; Vinck et al., 
2011) have been used by Laxminarayan, Wang and colleagues in un
derstanding cortical spindle networks in PTSD to great effect (Laxmi
narayan, Wang et al., 2020; Wang et al., 2020a). 

Here we summarize the crux of the phase-based analyses specific to 
spindle networks. In brief, this procedure involves extracting the phase 
time series (in radians or degrees) of each channel’s spindle band ac
tivity (Inset 3 Fig. A and B) and subsequently evaluating the circular 
difference between any two channels’ phase time series (Inset 3 Fig. C). 
The circular difference is used given that the phase information is cyclic 
from 0 to 2π for the spindle signal. A circular histogram or distribution of 
the phase differences is then plotted (Inset 3 Fig. D) and the circular 
mean of all the phase differences is the phase locking value, a complex 
number. From this complex number, we can extract its absolute value 
which is its length and the angular argument which is the mean phase 
difference (Inset 3 Fig. D). The absolute value ranges from 0 (i.e., no 
synchrony) to 1 (i.e., perfect synchrony), meaning that the phase dif
ference is perfectly stable across time. The angle of the complex PLV 
(termed the mean phase difference (MPD) in (Wang et al., 2020b)) 

denotes the lead or lag between the two signals of interest. Note that if 
two signals are not phase-coupled to each other at a specific frequency, 
then the distribution of phase differences will be uniformly distributed 
for all phases i.e., maximally random. As a result, the length of the PLV 
will be close to zero, denoting no coupling. 
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