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placebo. After correction for multiple comparisons across elec-
trodes using the Benjamini�Hochberg correction, seven elec-
trodes remained signi�cant in quartile 2 and �ve electrodes in 
quartile 4 in stage 2, as shown in Figure�4, A. The range of in-
crease is between 14% and�16%.

	�	 Cluster-based permutation for power spectrum estimation

Cluster-based permutation tests con�rmed the individual elec-
trode analysis, where the zolpidem group exhibited signi�-
cantly greater sigma in stage 2 quartile 1 (p�=�13/2,000), quartile 
2 (p�<�1/2,000), quartile 3 (p�<�1/2,000), and quartile 4 (p�<�1/2,000). 
Signi�cance was also detected in SWS quartile 2 (p� =� 2/2,000) 
and quartile 3 (p�=�42/2,000).

	�	 Correlation between EEG activity and performance

No signi�cant correlations emerged between sigma activity and 
performance change in either the cluster-based permutation or 
individual electrode site after Benjamini�Hochberg correction.

Spindle�density

	�	 Electrode-based estimation

Spindle density was correlated with sigma power (r� =� 0.36, 
p�<�0.001), and zolpidem showed increases in spindle density in 
stage 2 (4% electrodes were signi�cant) and SWS (5% electrodes 

were signi�cant), compared with placebo. However, no compari-
sons survived Benjamini�Hochberg correction (Supplementary 
Table 2).

	�	 Cluster-based permutation for power spectrum estimation

No drug effect was detected for spindle density.

	�	 Correlation between EEG activity and performance

For spindle density, three electrodes located at central occipital 
and left temporal areas displayed a positive correlation with 
overnight retention at quartile 2 in stage 2 after Benjamini�
Hochberg correction (Figure� 5). Similarly, overnight retention 
and cluster-based permutation on spindle density were signi�-
cantly correlated during stage 2 quartile 2 (p�=�33/2,000).

Theta

	�	 Electrode-based power spectrum estimation

When each electrode was considered separately, there was a 
general decrease in theta power in the zolpidem condition com-
pared to placebo in stage 2 (68% electrodes were signi�cant) and 
SWS (40% electrodes were signi�cant). As shown in Figure� 4, 
B, after correction for multiple comparisons using Benjamini�
Hochberg correction, 23 electrodes remained signi�cant in quar-
tiles 1 and 2, 14 electrodes located in the right hemisphere in 

Figure 3.  Power spectrum for zolpidem and placebo in stage 2 and SWS (slow wave sleep) divided into four quartiles, averaged across electrodes. *Statistically signi�-
cant for the mean across all electrodes following Benjamini�Hochberg correction for multiple comparisons (p�<�0.05).

Table 1.  Sleep Architecture

Sleep stage Placebo Zolpidem p

TST (min) 536.18 (47.92) 537.71 (39.15) 0.83
N1 (min) 14.46 (8.44) 13.32 (11.73) 0.59
N1 (%) 2.74 (1.62) 2.55 (2.28) 0.63
N2 (min) 283.66 (53.44) 288.61 (46.66) 0.44
N2 (%) 52.87 (8.61) 53.75 (8.19) 0.40
N3 (min) 110.09 (37.99) 121.66 (41.68) 0.02
N3 (%) 20.64 (7.32) 22.58 (7.46) 0.02
REM (min) 127.95 (32.07) 113.66 (29.06) 0.01
REM (%) 23.76 (5.26) 21.01 (4.58) 0.00
WASO 31.30 (27.60) 25.73 (26.00) 0.11
SE 92.39 (5.64) 93.26 (4.89) 0.18

Means – SD. TST, total sleep time; N1, stage 1 sleep; N2, stage 2 sleep; N3, stage 3 sleep/slow-wave sleep; REM, nonrapid eye movement sleep; WASO, wake after sleep 
onset; SE, sleep ef�ciency.
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quartile 3, and 6 electrodes located in central frontal in quartile 
4 for stage 2 remained signi�cant. For SWS, 23 electrodes re-
mained signi�cant in quartiles 1 and 2 and 14 electrodes located 
in the right hemisphere in quartile�3.

	�	 Cluster-based permutation for power spectrum estimation

The zolpidem group exhibited signi�cantly lower theta in stage 
2 (p�=�98/2,000). All four quartiles showed signi�cantly decreased 
theta for zolpidem compared to placebo in stage 2 (p�<�1/2,000 
for quartiles 1�4) and quartiles 1 (p�<�1/2,000) and 2 (p�<�1/2,000) 
in�SWS.

	�	 Correlations between EEG activity and memory 
performance

The correlation between differences in overnight memory per-
formance and theta power was signi�cant during stage 2 quar-
tile 2 (p�=�37/2,000) from cluster-based permutation. As shown in 
Figure�5, after Benjamini�Hochberg correction for multiple com-
parisons, six electrodes located at right occipital lobe displayed 
a positive correlation with overnight retention at quartile 2 in 
stage 2, one electrode remained signi�cant at quartile 3 stage 
2, suggesting increased theta power has a positive association 
with better memory retention.

Delta

	�	 Electrode-based power spectrum estimation

When each electrode was considered separately, there was a 
general decrease in delta power in the zolpidem condition com-
pared to placebo in stage 2 (23% electrodes were signi�cant) 
and SWS (18% electrodes were signi�cant). After correction for 
multiple comparisons using Benjamini�Hochberg correction, 
three frontal electrodes remained signi�cant in stage 2 quartile 
2.�Nine frontal electrodes were signi�cant in quartile 1 SWS and 
19 electrodes for quartile 2 SWS, as shown in Figure�4, C.

	�	 Cluster-based permutation for power spectrum estimation

The zolpidem group exhibited signi�cantly lower delta in stage 
2 quartile 1 (p�=�4/2,000), quartile 2 (p�<�1/2,000), and quartile 3 
(p�=�7/2,000), as well as quartiles 1 (p�<�1/2,000) and 2 (p�<�1/2,000) 
in�SWS.

	�	 Correlations between EEG activity and memory 
performance

The correlation between overnight retention and delta power 
change was signi�cant in stage 2 quartile 2 using the cluster-
based permutation analysis (p�<�42/2,000). However, there was 

Figure 4.  Topographic plots of the estimated marginal mean difference in spectral power by 4 quartiles between zolpidem and placebo for (a) sigma frequency 
(11-15Hz) at stage 2; (b) theta frequency (4-7Hz) at stage 2 and SWS; (c) delta frequency (1-4Hz) at stage 2 and SWS. Q1: quartile 1; Q2: quartile 2; Q3: quartile 3; Q4: 
quartile 4; dif: difference in the estimated marginal mean between zolpidem and placebo. *Statistically signi�cant at this electrode following Benjamini�Hochberg cor-
rection for multiple comparisons.
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