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Abstract

Devastating and persisting traumatic memories are a central symptom of post-traumatic stress disorder (PTSD). Sleep problems are

highly co-occurrent with PTSD and intertwined with its etiology. Notably, sleep hosts memory consolidation processes, supported by

sleep spindles (11-16 Hz). Here we assess the hypothesis that intrusive memory symptoms in PTSD may arise from excessive memory
consolidation, reflected in exaggerated spindling. We use a newly developed spindle detection method, entailing minimal assumptions
regarding spindle phenotype, to assess spindle activity in PTSD patients and traumatized controls. Our results show increased spindle
activity in PTSD, which positively correlates with daytime intrusive memory symptoms. Together, these findings provide a putative
mechanism through which the profound sleep disturbance in PTSD may contribute to memory problems. Due to its uniform and unbiased
approach, the new, minimal assumption spindle analysis seems a promising tool to detect aberrant spindling in psychiatric disorders.

Statement of Significance

Post-traumatic stress disorder (PTSD) is characterized by intrusive traumatic memories and frequent sleep problems. Sleep hosts memory
consolidation processes supported by sleep spindles (11-16 Hz). Here we assess the hypothesis that intrusive memory symptoms in PTSD
may arise from excessive memory consolidation, reflected in exaggerated spindling. We use a newly developed spindle detection method,
entailing minimal assumptions regarding spindle phenotype. Our results show increased spindle activity in PTSD, which positively correl-
ates with daytime intrusive memory symptoms. Together, these findings provide a putative mechanism through which profound sleep dis-
turbance in PTSD may contribute to memory problems. Due to its uniform and unbiased approach, the new, minimal assumption spindle
analysis seems a promising tool to detect aberrant spindling in psychiatric disorders.

Key words: post-traumatic stress disorder (PTSD); sleep; sleep spindles; sleep-dependent memory consolidation; intrusive memory
symptoms; minimal assumption spindle detection
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Introduction

The majority of individuals (over 70%) experience a traumatic
event in their lifetime, leading to a lifetime prevalence of
post-traumatic stress disorder (PTSD) in about 7% of the gen-
eral population [1, 2]. A characteristic symptom of PTSD is in-
voluntary, distressing recall of the traumatic event, which can
occur in the form of intrusive memories, flashbacks, or night-
mares. Besides, these memory disturbances, PTSD patients
suffer from severe sleep problems [3], like insomnia, night-
mares, distressed awakenings, nocturnal panic attacks, and
sleep terrors [4]. These sleep problems, which occur in 70%-90%
of patients [5] and often predate the trauma [6], are thought
to play an important role in PTSD genesis and maintenance
[5, 7, 8]. Indeed, sleep problems, either predating or following
trauma, are a strong predictor for the development of PTSD [9,
10]. They are also a frequent residual symptom after successful
psychopathology-oriented treatment [11] and then constitute a
strong predictor for relapse.

Interestingly, sleep importantly supports memory consoli-
dation [12] through sleep spindles [13-16]: waxing and waning
oscillations in the sigma frequency band (11-16 Hz), gener-
ated by thalamocortical feedback loops. Sleep spindles have
been shown to reflect the reprocessing of individual memory
traces [13] and have been implicated in memory consolida-
tion by a large body of evidence [17-19], including some recent
studies regarding emotional memory ([15, 20]). Sleep spindles
are temporally coupled with sharp-wave ripples, marking
hippocampal neuronal replay, and synchronize across dif-
ferent cortical areas through the coordinating action of slow
oscillations [21]. This spatiotemporal coupling appears par-
ticularly relevant for the consolidation of episodic memories
([19, 22]).

In a recent study [23], we observed increased sigma power
during NREM sleep in PTSD. As sigma power is highly correlated
to sleep spindle activity [24], this might reflect altered spindling
in PTSD. The sigma power increase occurred against the back-
drop of a strong loss of slow oscillation power and shift toward
higher-frequency activity, peaking over frontal, especially right-
frontal, areas. This desynchronization of activity marks a local
loss of sleep depth and suggests increased information pro-
cessing in prefrontal association cortices, which are normally
deactivated during sleep [25]. Of note, markers of (frontal) cor-
tical desynchronization during PTSD sleep have been observed
previously [26-28] and have been related to a state of chronic
distress and hyperarousal persisting during sleep ([8, 29-33]).
Furthermore, some studies suggest that desynchronization may
accompany states of stress [34] and emotional distress [35, 36]
during sleep, also in the absence of PTSD.

In view of the above, we propose—as a working hypothesis—
that the role of sleep disturbance in the pathogenesis of PTSD
involves aberrant memory consolidation. As a step towards
testing this hypothesis, we aim to assess spindle activity in
PTSD, as a neural marker that directly reflects memory reactiva-
tion and consolidation. We, furthermore, aim to assess whether
spindle activity is associated with intrusive memory complaints.

Several methods to detect discrete spindles have previ-
ously been published [19, 37]. However, an acknowledged pit-
fall [38-41] in these methods is the use of nonuniform, a priori
criteria for the definition of sleep spindles. These criteria lack
a physiological base and often include high amplitude and

duration thresholds, leading to arbitrary cutoffs in the ana-
lyzed spindle activity. The use of such methods in quantitative
research has several important drawbacks: for one, spindle ac-
tivity below and above the detection thresholds is not taken
into account in the analysis. Second, arbitrary choices with
respect to the aforementioned criteria and their calculation
can lead to large differences in results, and thus in difficulties
comparing studies. These drawbacks may particularly hamper
spindle analyses in neuropsychiatric disorders, since standard
assumptions about spindle morphology may not apply and
might even prevent the detection of deviant physiology, repre-
sentative of the disorder.

To analyze sleep spindles in an unbiased manner, a new,
minimal assumptions, spindle analysis (MASA) method was de-
veloped. This method defines spindle fluctuations in terms of
waxing and waning dynamics in the sigma band. The waxing
and waning characteristic is an intrinsic property of sleep spin-
dles, reflecting the progressive recruitment of thalamocortical
neurons into the spindle dynamic (waxing phase) followed by
its gradual termination (waning phase), based on neural mech-
anisms that are well understood [42—44]. The core of the MASA
method, hence, entails the detection of individual sigma band
wax and wane patterns of virtually any size. Based on EEG
alone, the source of individual EEG patterns cannot be distin-
guished. As such, MASA considers adjacent spindle fluctuations
independently, even if in some cases they may be generated by
the same spindle dynamic. Following the detection of discrete
spindle fluctuations, multiple amplitude and duration param-
eters are calculated for each event that, together, provide an es-
timate of the shape and size of each spindle fluctuation. MASA
also produces a count of detected spindle fluctuations. Overall,
the method delivers rich and comprehensive data about spindle
activity.

Here we use MASA to assess spindle activity in a previ-
ously acquired data set that includes sleep EEGs of police of-
ficers and war veterans with and without PTSD [23]. Next,
we assess whether changes in spindle activity in PTSD are
associated to intrusive memory complaints. To understand
how potential changes at the level of discrete spindle fluctu-
ations relate to spectral EEG measures absolute sigma power
is also assessed.

Methods
Participants

The participants consisted of patients with chronic PTSD
(n = 14), according to the Clinician-Administered PTSD Scale
(CAPS) for DSM-IV [45], and trauma-exposed controls (n = 14).
Trauma-exposed controls had experienced a traumatic event,
as defined by DSM-1V, but did not meet de diagnostic criteria
for PTSD. All CAPS interviews were performed by a trained
clinician. Participants with PTSD were recruited at ARQ
Centrum‘45, a Dutch national center for the diagnosis and
treatment of PTSD. Trauma-exposed controls were recruited
used through police departments and veterans’ centers. The
two groups were matched on age, gender, profession, and
educational level (Table 1). No differences in alcohol-related
disorders and use were found between groups. Participants
were asked to refrain from medication use prior to the ex-
periment, however, for six of the PTSD patients medication
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could not be interrupted. Five of these patients used sero-
tonin reuptake inhibitors (Paroxetine, Venlafaxine, Sertraline,
Citalopram) and one used a benzodiazepine (Temazepam).
Participants were excluded in case of acute suicidality, pres-
ence of a psychotic, or bipolar disorder, depression with
psychotic features, excessive substance related disorder over
the past 3 months before inclusion, history of neurological or
sleep disorders (prior to PTSD onset), a habitual sleep pattern
with less than 6 hours of sleep per night, or a sleep window
outside 10 PM till 10 AM. The study protocol was approved
by the Medical Ethical Committee of the Amsterdam Medical
Center (AMC) and all participants gave written informed
consent.

Polysomnography

For polysomnographic recordings, participants were given
the opportunity to sleep undisturbed for nine hours during
a lights-off period, starting between 11 PM and 12 PM, de-
pending on habitual sleep times. The polysomnographic re-
cordings took place at the in-patient clinic of ARQ Centrum’45,
a Dutch national center for the diagnosis and treatment
of PTSD. Participants slept at the department twice, in the
context of a broad diagnostic assessment before treatment
onset. Data for the current study were recorded on one of
the two nights, with the order of the nights counterbalanced
over participants and disease status (PTSD, trauma-control)
through semi randomization. Polysomnography included
an EEG recording (F3, F4, C4, 02, referenced to the average
of the mastoids (M1, M2), two EOG electrodes monitoring
eye-movements, and two electrodes for submental EMG (for
the full montage see [23]). All signals were recorded with an
ambulatory 16-channel Porti amplifiers (TMS-i) and Galaxy
sleep analysis software (PHI international), sampled at a rate
of 512Hz. Sleep stages were scored visually, according to the
standard AASM criteria [46], in duplicate, by two highly ex-
perienced professionals (a sleep scientist/lab technician and
a sleep scientist/clinician).

Table 1. Sociodemographic and clinical characteristics of PTSD pa-
tients and trauma-exposed controls

PTSD CTRL
Professional background (n, %)
Police 12(75%) 10(71%)
Veteran 4(25%) 4(29%)
Mean age(SD) 45.6(7.9) 44.4(8.7)
Gender(n,%)
Male 15(94%) 13(93%)
Female 1(6%) 1(7%)
Educational level(n,%)
Lower vocational education 3(19%) 0(0%)
Middle vocational education 10(63%) 11(79%)
Higher vocational education 3(19%) 3(21%)
Clinical characteristics
CAPS score(mean,SD) 82.8(11.6) 5.3(4.7)

Medication (n, %)

Unmedicated 8(57.1%) 14 (0%)
Serotonin Reuptake Inhibitors (SSRI) 5 (35.7%) 0 (0%)
Benzodiazepine 1(7.1%) 0 (0%)

van der Heijdenetal. | 3

Sigma power

In a previously published study using this data set [23], we
showed that NREM sleep of patients with PTSD showed a sub-
stantial loss of slow oscillation power, while higher-frequency
activity, including sigma band activity, was increased compared
with controls, especially over right-frontal areas. Importantly,
however, the study was based on relative power measures,
which—given the power-law distribution of EEG signals (that
is, power tends to fall off with increasing frequency following
a power-law function) means that changes in higher frequen-
cies can partially reflect changes in lower frequencies. Thus, we
here analyzed right-frontal absolute sigma power, which is in-
dependent of power in other frequencies. The sigma frequency
content of the EEG (11-16 Hz) was analyzed using fast Fourier
transform-based spectral analysis (4-second time windows with
50% overlap, 0.25 Hz bin size; Hamming window) on right-frontal
electrode, F4, for N2 sleep. First, through visual inspection of the
data, EEG epochs containing artifacts were removed. Next, for
each frequency bin in the sigma band, the power per 30-second
epoch was computed and summated over all epochs. Finally, ab-
solute power bins were merged across frequencies, and power
was divided by time in N2 for each participant.

Minimal assumptions spindle analysis

Automatized detection of discrete spindle events and compu-
tation of spindle event parameters, used a minimal assump-
tions spindle analysis algorithm (module within Galaxy sleep
analysis software, see Figure 1), provided by PHI international,
Amsterdam, The Netherlands. Specifically, sleep EEG data of
electrode F4 (referenced to the average of the mastoids), were
filtered in the sigma range (11-16 Hz) using a Finite Impulse
Response (FIR) filter built into the algorithm (bandwidth 0.5
Hz). A FIR filter was chosen for its linear phase response and
nonrecursive characteristics, to minimize filtering artifacts
(which otherwise get introduced at the frequency bound-
aries of the filter’s bandwidth). With a moving window of
0.2 seconds, shifting per sample, the standard deviation of
the filtered signal was calculated, resulting in a spindle en-
velope with a sample rate of 512 Hz. The size of the moving
window was chosen to create a spindle envelope that follows
the waxing and waning of sigma frequency oscillations faith-
fully, without following individual spindle oscillations at the
lowest frequency in the filtered frequency range (11 Hz). The
resulting envelope thus represents the burst-like shape of the
signal. To convert the spindle envelope of the filtered signal
to pV, the envelope was multiplied by 2. To define peaks and
troughs, the first derivative (slope) of the envelope was cal-
culated, after first down-sampling the data to 5 Hz (achieved
by taking the root mean square of the envelope data over
sequential stretches of 0.2 seconds). A peak was defined if
the slope changed from positive to negative, a trough vice
versa. A hysteresis of 0.2 pV was used to neglect low ampli-
tude background noise in the envelope, while still including a
broad range of spindle fluctuations for analyses. Next discrete
spindle fluctuations were defined as the stretch of data from
one trough to the next. In the current version of MASA, we
did not apply a duration threshold, nor a temporal proximity
threshold to merge adjacent spindle fluctuations, meaning
that visual spindles may be split up into various detected
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Figure 1. Spindle detection method and definition of spindle parameters. The
EEG signal was filtered into spindle frequency (11-16 Hz). With a moving window,
the standard deviation of the filtered signal was calculated, resulting in a spindle
envelope that follows the burst-like shape of the signal, from which spindle fluc-
tuations are detected.

spindle fluctuations. All resulting spindle fluctuations with
amplitude between 5 and 35 pV were analyzed. This ampli-
tude window was chosen (to some extent arbitrarily) to ex-
clude fluctuations that might reflect background noise (<5 pV),
as well as those that, given an amplitude > 35 pV, might also
incorporate noise (sources other than spindle dynamics).

For each spindle fluctuation, four parameters were calcu-
lated: duration, peak amplitude (absolute maximal amplitude),
waxing amplitude (difference between the absolute level of the
peak and the absolute level of the trough prior to the peak), and
waning amplitude (difference between the absolute level of the
peak and the absolute level of the trough after the peak) (see
Figure 2).

Spindle index

In order to correlate spindle activity to clinical measures re-
flecting memory intrusions, we developed an index that cap-
tured the deviations of the PTSD spindle envelope into a single
measure. To this purpose, we only considered spindle fluctu-
ations that were significantly different between groups. These
parameters were intercorrelated to assess the shared informa-
tion content. The correlation matrix of the spindle parameters
that were changed in the PTSD group (peak, wax, and wane
amplitude) showed that wax and wane amplitude were highly
intercorrelated (r=0.989, p <0.01). Thus, these two variables
showed a similar information content and were subsequently
averaged into a single variable for the creation of the spindle
index. Wax and wane amplitude were each less correlated with
peak amplitude (wax amplitude vs peak amplitude: r = -0.651,
p < 0.01; wane amplitude vs peak amplitude: r = -0.660, p < 0.01).
Therefore, a Spindle Amplitude Index (SAI) was calculated as
peak amplitude divided by the average of the wax amplitude
and wane amplitude.

mmn Wax amplitude

uv o —— s Wane amplitude
s Peak amplitude
= Spindle envelope
N Spindle fluctuation

time (s)

Figure 2. Spindle fluctuation characteristics. From the spindle envelope, the fol-
lowing amplitude parameters are calculated: peak amplitude (absolute maximal
amplitude), waxing amplitude (difference between the absolute level of the peak
and the absolute level of the trough prior to the peak), and waning amplitude
(difference between the absolute level of the peak and the absolute level of the
trough after the peak).

Statistical analyses

As the spindle power and spindle parameter data were left nor-
mally and nonnormally distributed, statistical analyses were
performed using nonparametric methods and all averages in
the results are given as mean ranks. For nonparametric correl-
ation analyses Spearman’s Rank test was used.

Results
Sigma power

Absolute right-frontal sigma power in N2 was compared be-
tween PTSD and controls using a two-tailed Mann-Whitney
test. Right-frontal sigma power was increased in PTSD patients
relative to controls by 144% (PTSD = 17.36, CTRL = 10.38, U =44,
p =0.02, see Supplementary Information S2 for a table including
all sleep macro architecture and sigma power). To control for
possible medication effects on right-frontal sigma power, a
Quade’s ANCOVA was conducted in which medication intake
(yes/no) was added as a covariate. In this analysis, the increase
in right-frontal sigma power in PTSD patients remained signifi-
cant (F(1,27) = 4.323, p = 0.048), suggesting a PTSD-related sigma
power increase independent of medication effects.

Spindle parameters

As a first analysis we assessed whether the density of spindle
fluctuations (number of fluctuations/minute) differed be-
tween the PTSD and control participants. This was not the case
(PTSD =15.71, CTRL = 13.29, U =81, p = 0.454). Given the nature
of our method, visually detected spindles may sometimes hold
several spindle fluctuations detected with MASA. Therefore,
we repeated the analysis after merging fluctuations that were
directly adjacent, again finding no difference between groups
(PTSD = 14.6, CTRL = 14.4, U =98, p = 0.945). Next, averages for
each spindle fluctuation parameter were calculated over the
entire distribution and compared between PTSD patients and
controls, using a Mann-Whitney U-test. These tests revealed
higher mean peak amplitude in PTSD participants (17.93) com-
pared to controls (11.07; U =50, p = 0.027). In contrast, local fluc-
tuations between peaks and troughs in the spindle envelope
were shallower in PTSD relative to controls (waxing amplitude:
PTSD = 10.14, CTRL = 18.86, U = 37, p = 0.005; waning amplitude:
PTSD =10.14, CTRL=18.86, U=37, p=0.004). No statistically
significant difference in the duration of these local envelope
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fluctuations was found (PTSD = 12.00, CTRL =17.00, p = 0.108).
The combined evidence points to an inflated spindle envelope in
PTSD patients that rarely drops to lower amplitude levels. This,
in turn, suggests increased spindle activity in PTSD compared
to controls.

To control for medication effects on these spindle param-
eters, Quade’s ANCOVAs were conducted, with medication intake
(yes/no) as a covariate. For peak amplitude, the differences be-
tween groups reduced to trend-level significance (F(1,28) = 3.233,
p =0.084) after controlling for medication intake. The analyses
suggest a minor influence of medication on peak amplitude.
Differences between groups for local trough to peak fluctuations
were unaffected by medication effects (F(1,28) = 6.940, p = 0.014).

In a subsequent analysis step, we examined, for each
spindle parameter, whether the density (spindle fluctuations
per minute) distribution was similar between the PTSD patient
and control group, using a two-sample Kolmogorov-Smirnov
test. This assessed whether differences between groups might
be specific to a particular part of the distribution (e.g. to the
smallest or the largest spindles). No differences were found (all
ps > 0.1, see Supplementary Information S1).

To illustrate the higher sensitivity a MASA approach may
have compared to a more traditional “tresholded approach,”
we repeated the analyses on the spindle parameters using a
12.5 pV amplitude threshold, to mimic more classical spindle
detection approaches. The results of these analyses and a com-
parative evaluation of the two approaches can be found in
Supplementary Information S3.

Spindle activity & intrusive memory symptoms

To analyze whether changes in spindle activity were associ-
ated with PTSD intrusive memory complaints, spindle activity,
indexed by the SAI (see methods) was correlated to the intrusive
memory symptom score of the diagnostic tool for PTSD (total
score of items under criterion B in CAPS-IV) using Spearman’s
rank correlation coefficient test. This revealed a positive correl-
ation (r,=0.383, p = 0.045), indicating a link between increased
spindle activity and memory intrusions of the traumatic event.

Next, we explored whether this correlation was present for
all types of intrusive memory symptoms, by correlating the SAI
to individual scores on the B items of the CAPS-IV. SAI was sig-
nificantly correlated to memory intrusions (CAPS-B1 r,=0.477,
p =0.010), reexperiencing (flashbacks of) the traumatic event
(CAPS-B3 r_=0.406, p = 0.032), emotional and physical responses
to reminders of the trauma (respectively, CAPS-B4 r_=0.412,
p=0.029, CAPS-B5 r_=0.419, p =0.026). The SAI showed only
trend-level correlation to the frequency of trauma-related night-
mares (CAPS-B2F r_=0.322, p = 0.085) and no notable correlation
to nightmare intensity (CAPS-B2I, p =0.251). Together, these
findings demonstrate that increased spindle activity is linked
to intrusive memory symptoms during wake; the relationship
between increased spindle activity and nightmares warrants
further research.

Discussion

Using a minimal assumption spindle analysis (MASA), this
study revealed increased spindle activity in PTSD patients com-
pared to trauma-exposed controls. The increase was reflected
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in inflation of the spindle envelope. That is, spindle fluctuations
had, on average, a higher peak amplitude and the throughs
between peaks dropped less than in controls. In line with in-
creased spindle activity, absolute sigma power was also in-
creased. Furthermore, inflation of the spindle envelope was
associated with more daytime, intrusive trauma memories.

A large body of evidence supports the relation between
spindle activity and memory performance [15, 17, 47-49].
According to this literature, spindles reflect the reactivation and
consolidation of cortical memory traces, enhancing post-sleep
memory for the pertaining information. Spindles are largely
local phenomena [50], reflecting reprocessing of the type of in-
formation encoded in a particular cortical area [13]. The increase
in PTSD spindle activity in this study was found at a right-
frontal location. Functionally, the right prefrontal cortex appears
to have a role in processing of emotional and self-relevant infor-
mation [32, 33, 35, 36, 51]. Speculatively, the observed increase
in PTSD spindle activity in this area might reflect the excessive
reprocessing and strengthening of trauma-related memories
during sleep. Supporting this notion, spindle activity was posi-
tively correlated with daytime intrusive memory symptoms in
PTSD patients. We found only a trend-level relationship between
spindle activity and (frequency of) nighttime intrusive memory
symptoms in PTSD, in the form of nightmares. Given the small
sample size of our study and the relatively sparse incidence of
nightmares this relation should be interpreted carefully.

The current study only assessed spindle activity at a right-
frontal locus, based on findings of our previous study on the
same dataset [23] showing spectral power alterations, including
a sigma band increase, being maximal in this region. A spatially
differentiated study on spindle activity may render important
additional information. However, such a study would preferably
differentiate between fast and slow spindles, which have a dif-
ferent EEG topology [52]. To do this based on a minimal assump-
tion spindle detection method warrants further development.

Besides alterations in sleep spindling, SO dynamics are
strongly impaired in PTSD [23]. SO’s synchronize sleep spindles
and higher-frequency activity within and across cortical regions
[21]. This is thought to support long-range communication
across the brain, including the hippocampo-cortical cross-talk
underlying system-level consolidation of episodic memories [21,
53]. Accordingly, several studies have found positive correlations
between SO-spindle synchronization and memory consoli-
dation ([54, 55]). The lack of coordinating SO activity (in PTSD)
may undermine these system-level consolidation processes. As
a result, event memory traces might be strengthened in their
original hippocampus-dependent form, with preservation of
episodic detail and emotional tone, rather than being integrated
into memory networks as more general memories.

It might here be noted that the alterations in sleep spindles
and slow oscillations discussed above are likely interlinked with
other observed changes in PTSD sleep physiology, including
changes in REM sleep’s spectral topology [13], neuroendocrine
[27] and autonomic regulation [56]. These changes, which to
some extent may reflect a state of hyperarousal during sleep, are
all likely to affect information processing, as well as the normal
play out of general recovery processes, during sleep.

A particular strength of this study was the use of a novel
spindle detection method, involving minimal assumptions re-
garding spindle morphology. This method holds several benefits
over traditional spindle detection methods using high, arbitrary
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thresholds. For one, criteria that base themselves on the norm,
by definition neglect phenomenology outside of the norm, thus
underestimating or altogether failing to detect abnormalities in
nonnorm groups or conditions. Compounding the problem, ar-
bitrary threshold, and baseline choices in traditional spindle de-
tection methods can vastly affect analysis results, undermining
findings’ robustness and comparability between studies. MASA
could increase sensitivity, reproducibility, and comparability in
spindle research, while combating arbitrarily chosen spindle de-
tection threshold parameters, as urged by various experts in the
field [15, 24].

Our study also has limitations, including a limited sample
size. While the tight matching of patient and trauma-controls on
a broad range of sociodemographic variables aids the power to
detect PTSD-related differences, the uniform participant sample
(treatment-seeking, mostly male, police officers, and veterans,
with severe, chronic PTSD) warrants caution in extrapolating to
other PTSD populations.

In summary, increased sleep spindle activity may provide a
mechanism through which the profound sleep disturbances in
PTSD contribute to intrusive memory symptoms. Besides their
fundamental interest, these findings emphasize the need to take
sleep-related symptoms into account in PTSD treatment strat-
egies, both as a treatment target and as an outcome measure.
While it might be tempting to consider treatments targeted
at sleep spindle disruption, we would rather advocate treat-
ments aimed at restoring healthy sleep, including restoration
of sleep continuity and sleep depth and, therewith, normalizing
spindling as well as other sleep physiological parameters.

This study constitutes a first effort to develop a minimal as-
sumption approach to quantifying spindle activity in the EEG
and illustrate its potential in a clinical study. Furthermore,
method development and application of this approach to other
datasets could strengthen the method’s potential. Applying
minimal assumptions for spindle detection, may have powerful
applications in psychiatric research due to a broad, uniform de-
tection range, which is permissive towards pathology-associated
physiological aberrancies, while increasing comparability be-
tween studies.
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