
D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/43/10/zsaa064/5814942 by guest on 09 N

ovem
ber 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/43/10/zsaa064/5814942 by guest on 09 N

ovem
ber 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/43/10/zsaa064/5814942 by guest on 09 N

ovem
ber 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/43/10/zsaa064/5814942 by guest on 09 N

ovem
ber 2020



D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/43/10/zsaa064/5814942 by guest on 09 N

ovem
ber 2020



6  |  SLEEPJ, 2020, Vol. 43, No. 10

These results satis�ed all three tests for Night 1 and two of the 
three for Night 2, showing good reproducibility of our original 
�ndings on slow-spindle oscillatory frequency.

The group difference in fast-spindle oscillatory frequency 
on Night 2 for the replication analysis was not signi�cant 
(p� =� 0.435) but in the same direction as it was for the dis-
covery analysis (Figure� 3B). Although the effect was small 
(effect size�=�0.26), it fell within the 95% CI of the discovery 
effect size (Figure�4B). The group differences remained statis-
tically signi�cant for the combined analysis (p�=�0.020, effect 
size� =� 0.54). These results satis�ed two of the three tests, 
indicating a reproducible trend of our original �nding on fast-
spindle oscillatory frequency on Night 2.� The group differ-
ences in fast-spindle oscillatory frequency on Night 1 were 
not statistically signi�cant for both discovery and replication 
sets, but the trends were consistent and in the same direction 
as on Night 2 (Figure�3B).

Table S1 provides the ROI-based spindle oscillatory fre-
quency values for the discovery and replication sets. To com-
plement the ROI-based assessment of reproducibility, we show 
the topographical results from the discovery and replication 
analyses side-by-side, which allows for a visual assessment of 
reproducibility (Figure�5).

We conducted several additional analyses to verify the ro-
bustness of our �ndings. First, the results reported above were 
based on the combined analyses of N2 and N3 sleep spindles. 
We also examined N2 sleep spindles alone and found similar 
results (Figure S3). Second, to address the possibility that our 
�ndings may have been due to between-group differences in the 
number of EEG arousals (i.e. abrupt shifts in EEG frequency), we 
veri�ed that the number of EEG arousals did not differ between 
the PTSD and non-PTSD groups during either NREM or REM 
sleep stages (all values of p > 0.43), and that our overall �ndings 
remained unchanged after removing arousals from the analysis 
(Figure S4). Third, to verify that our �ndings were robust to dif-
ferences in the spindle-detection algorithm, we re-examined 
our data using a different spindle detector, described by 
Ferrarelli et�al. [43]. Although this new algorithm detected fewer 
spindles than did our algorithm, the overall �ndings remained 
unchanged (Figure S5; see Table S2 for the number and charac-
teristics of spindles detected by each algorithm). Furthermore, 
we veri�ed that using different spindle-detection thresholds (i.e. 
the 92nd and 98th percentiles of the RMS amplitude; Figure S6) 
did not alter our overall �ndings obtained with a 95th percentile 
threshold. Finally, investigation of the four spindle parameters 
for the combined range of spindle frequencies (10�16 Hz), rather 

Table 2.�  Sleep architecture parameters of the discovery and replication�sets

Variable

Discovery set Replication set

PTSD  
[n�=�18]  
Mean (SD)

Non-PTSD  
[n�=�29]  
Mean (SD)

Group  
Comparison  
P-value�

PTSD  
[n�=�13]  
Mean (SD)

Non-PTSD  
[n�=�18]  
Mean (SD)

Group  
Comparison  
P-value

Sleep latency (min)       
  Night 1 16.6 (18.8) 13.8 (15.2) 0.346  19.2 (32.2)  7.2 (5.2) 0.138
  Night 2 12.5 (11.1) 7.4 (6.6) 0.042  8.8 (6.7)  12.8 (21.1) 0.326
Sleep ef�ciency (%)       
  Night 1 85.1 (7.5) 84.5 (8.1) 0.735 84.0 (7.5) 87.6 (5.2) 0.186
  Night 2 84.6 (6.6) 89.5 (7.3) <0.001 89.6 (3.9) 88.9 (7.6) 0.873
WASO (min)       
  Night 1  54.2 (28.8)  60.4 (35.3) 0.751  57.5 (26.2)  52.2 (23.9) 0.631
  Night 2  60.9 (31.5)  42.9 (34.2) 0.002  41.1 (22.9)  37.1 (27.9) 0.548
Number of awakenings per sleep hour       
  Night 1  5.3 (2.0)  5.5 (2.3) 0.638  5.2 (1.7)  4.7 (1.9) 0.367
  Night 2  5.5 (1.9)  4.7 (1.8) 0.022  5.3 (1.8)  3.9 (1.2) 0.039
REM density (counts/min)       
  Night 1  5.3 (2.8)  5.4 (3.5) 0.991  2.0 (2.3)  2.5 (2.8) 0.659
  Night 2  5.9 (3.5)  5.9 (4.0) 0.852  2.9 (3.4)  3.1 (3.6) 0.983
N1%       
  Night 1 12.0 (5.4) 12.1 (6.5) 0.424 10.5 (3.7)  9.0 (3.7) 0.238
  Night 2 10.1 (4.1)  9.5 (5.4) 0.090  9.1 (3.3)  7.2 (3.0) 0.105
N2%       
  Night 1 58.0 (7.2) 55.9 (6.9) 0.090 57.1 (7.6) 55.4 (6.6) 0.617
  Night 2 56.3 (6.4) 53.5 (6.6) 0.026 53.8 (8.1) 53.1 (6.4) 0.795
N3%       
  Night 1  8.6 (6.3) 13.2 (7.4) 0.004  9.1 (7.5) 11.7 (5.3) 0.347
  Night 2 10.6 (6.0) 14.4 (7.7) 0.021 11.3 (5.7) 12.8 (6.3) 0.920
NREM%       
  Night 1 78.4 (6.3) 81.1 (5.6) 0.208 76.7 (4.7) 76.2 (4.1) 0.826
  Night 2 77.0 (5.1) 77.4 (5.9) 0.686 74.2 (6.3) 73.0 (6.0) 0.617
REM%       
  Night 1 21.6 (6.3) 18.9 (5.6) 0.208 23.3 (4.7) 23.9 (4.1) 0.826
  Night 2 23.0 (5.1) 22.6 (5.9) 0.686 25.8 (6.3) 27.0 (6.0) 0.617

Bold values indicate p�<�0.05.�
WASO, wakefulness after sleep onset; NREM, nonrapid eye movement; REM, rapid eye movement.
�Wilcoxon rank-sum test after age correction.
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than for slow and fast spindles separately, also revealed similar 
�ndings (i.e. the oscillatory frequency of spindles was higher in 
the PTSD group than in the non-PTSD group; Figure S7).

Correlations between spindle oscillatory frequency 
and PTSD symptom severity

We explored the correlations (by Spearman�s rho) between 
spindle frequencies (slow and fast, from the ROIs in Figure�3) and 
CAPS scores (total score, subscores for each symptom cluster, and 
nightmare item score) using the combined set (31 PTSD and 47 
non-PTSD). The strongest correlation across all participants was 
between slow-spindle oscillatory frequency and the CAPS intru-
sion score (rho� =� 0.37, p� <� 0.001 for both nights). Slow-spindle 
oscillatory frequency was also signi�cantly correlated with the 
CAPS total score (Night 1: rho�=�0.27, p�=�0.017; Night 2: rho�=�0.27, 
p�=�0.019), the CAPS avoidance score (Night 1: rho�=�0.27, p�=�0.017; 

Night 2: rho�=�0.28, p�=�0.013), and the CAPS nightmare item score 
(Night 1: rho�=�0.24, p�=�0.034; Night 2: rho�=�0.24, p�=�0.036). Fast-
spindle oscillatory frequency was signi�cantly correlated with 
the CAPS intrusion score (rho� =� 0.22, p� =� 0.049) and the CAPS 
hyperarousal score (rho� =� 0.25, p� =� 0.029) only for Night 2.� No 
other correlation was signi�cant either across all participants or 
within a group. We note that only the correlation between slow-
spindle oscillatory frequency and CAPS intrusion score remained 
signi�cant after correcting for multiple comparisons using the 
Bonferroni method (corrected p�<�0.01 for both nights)

Correlations between spindle oscillatory frequency 
and sleep maintenance

We further examined whether spindle frequencies were related 
to the increased number of awakenings per sleep hour (poor 
sleep maintenance) in the PTSD group using the combined set. 

Figure 2.  Topographical differences between the PTSD (n�=�18) and non-PTSD (n�=�29) groups in (A) slow- and (B) fast-spindle parameters for the discovery analysis. The 
heat maps show the individual-electrode effect size (a robust version of Cohen�s d) for comparisons between PTSD and non-PTSD subjects. Blue areas show a decrease 
in spindle parameter in PTSD subjects relative to non-PTSD subjects (PTSD < non-PTSD), whereas red areas show an increase (PTSD > non-PTSD). Black dots indicate 
electrodes with uncorrected p-values less than 0.05. White dots indicate electrodes that belong to a statistically signi�cant cluster (p�<�0.05) after accounting for mul-
tiple comparisons across electrodes.
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Figure 4.  Effect sizes of the group differences in (A) slow- and (B) fast-spindle frequencies for the discovery, replication, and combined analyses. The plotted values 
indicate the effect size (a robust version of Cohen�s d) for the selected regions of interest. Positive values indicate that spindle oscillatory frequency was higher in the 
PTSD group than in the non-PTSD group. Error bars indicate the 95% con�dence intervals (CIs) of the effect sizes; the horizontal dashed lines indicate an effect size of 
zero. A�95% CI that does not cross zero implies the effect is signi�cant at the 0.05 level.

Figure 3.  Group differences in (A) slow- and (B) fast-spindle frequencies for the selected regions of interest (ROIs) for the discovery (18 PTSD and 29 non-PTSD), repli-
cation (13 PTSD and 18 non-PTSD), and combined (31 PTSD and 47 non-PTSD) analyses. We selected the ROIs based on the topographical heat maps in Figure�2, with 
an antero-frontal ROI and a centro-parietal ROI selected to show differences in slow- and fast-spindle frequencies, respectively. We computed ROI-based measures by 
averaging electrode values within the ROIs. The plotted values are the group means of the ROI-based measures. Error bars indicate one standard error of the mean. 
Asterisks (*) indicate statistically signi�cant group differences at p�<�0.05, while daggers (�) indicate statistically signi�cant group differences at p�<�0.05 after correcting 
for multiple comparisons across the eight tested spindle parameters.
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We found that PTSD participants with higher fast-spindle os-
cillatory frequency tended to have more awakenings per sleep 
hour (Figure� 6A, Night 1: Spearman�s rho� =� 0.29, p� =� 0.111, 
Pearson�s r� =� 0.48, p� =� 0.006; Night 2: Spearman�s rho� =� 0.21, 
p�=�0.250, Pearson�s r�=�0.385, p�=�0.032). We observed no such 
trend for slow-spindle oscillatory frequency (Figure�6B).

Sleep-spindle oscillatory frequency across 
sleep�cycles

We separately examined group differences in slow- and fast-
spindle mean frequencies (from the two ROIs in Figure� 3) for 
the �rst three sleep cycles using the combined set (Figure�7). For 
slow-spindle oscillatory frequency, a rANOVA revealed a sig-
ni�cant main effect of Group for Night 1 (F1,74�=�8.9, p�=�0.004) 
and Night 2 (F1,74�=�9.0, p�=�0.004). For fast-spindle oscillatory fre-
quency, we identi�ed a signi�cant main effect of Group for Night 
2 (F1,74�=�6.8, p�=�0.011) but not for Night 1 (F1,74�=�1.2, p�=�0.269). 
None of the Group × Sleep Cycle interactions were signi�cant, 
suggesting that the group differences in slow- and fast-spindle 
mean frequencies were similar across the �rst three sleep 
cycles. In contrast, we observed no signi�cant group differences 
in slow- or fast-spindle density for the �rst three sleep cycles 
(Figures S8 and S9).

Discussion
This study aimed to investigate whether sleep spindles are 
modi�ed in individuals with PTSD. We found that the oscillatory 
frequency of slow spindles was higher in PTSD participants than 
in non-PTSD participants, despite the absence of any signi�-
cant group difference in spindle amplitude, duration, or density. 
Importantly, the �nding was consistent across nights and its 

trend was reproducible across subsamples of our study popula-
tion. These results suggest that increased oscillatory frequency 
of slow spindles may be a neural correlate of PTSD during�sleep.

Studies of sleep spindles in PTSD and other 
conditions

There is only one study to date that has directly examined sleep 
spindles in PTSD subjects [18]. Consistent with our observations, 
the study reported that PTSD and control subjects did not differ 
in spindle density. Unfortunately, the study did not examine 
other spindle parameters (i.e. amplitude, duration, and oscilla-
tory frequency) beyond spindle density. A�few other studies [7, 
44, 45], including one from our own group [7] that used the same 
sample as in this study, have investigated PTSD-related changes 
in spindle activity indirectly by assessing sigma power during 
NREM or N2 sleep, which is highly correlated with spindle amp-
litude and density [16]. These studies have consistently reported 
that individuals with and without PTSD do not differ signi�-
cantly in sigma power, in line with the present observations that 
spindle amplitude and density are unaltered in�PTSD.

Although no prior study has investigated the oscillatory fre-
quency of sleep spindles in PTSD, Picard-Deland et�al. [46] exam-
ined spindle oscillatory frequency along with other spindle 
parameters in subjects who had frequent nightmares�a charac-
teristic symptom of PTSD. They found that, compared to controls, 
these subjects showed reduced density of slow spindles in most 
brain regions and elevated oscillatory frequency of fast spindles 
in central brain regions. The pattern of their �ndings for the os-
cillatory frequency of fast spindles is similar to that observed in 
our study, raising the possibility that elevated fast-spindle fre-
quency may be a neural correlate of the pathophysiology of night-
mares shared by PTSD subjects and frequent nightmare sufferers. 
However, in our data, there was no signi�cant correlation between 

Figure 5.  A side-by-side comparison of the results from the discovery analysis (18 PTSD and 29 non-PTSD) and the replication analysis (13 PTSD and 18 non-PTSD). The 
topographical heat maps show the individual electrode effect size (a robust version of Cohen�s d) between the PTSD and non-PTSD groups. Black dots indicate elec-
trodes with uncorrected p-values less than 0.05. White dots indicate electrodes that belong to a statistically signi�cant cluster (p�<�0.05) after accounting for multiple 
comparisons across electrodes.
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