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Supplementary Table 1: Dutch words and German translations used in the learning task (English translations in brackets).  
	rundvlees
	Rindfleisch (beef)
	speeksel
	Speichel (saliva)
	buis
	Rohr (pipe)

	tijdschrift
	Zeitung (newspaper)
	veer
	Feder (feather)
	kerk
	Kirche (church)

	jukbeen
	Jochbein (cheekbone)
	vuur
	Feuer (fire)
	speelgoed
	Spielzeug (toy)

	soep
	Suppe (soup)
	bontjas
	Pelzmantel (fur coat)
	eiwit
	Eiweiss (albumen)

	hoogleraar
	Professor (professor)
	strook
	Streifen (stripes)
	vijg
	Feige (fig)

	spijs
	Brei (mash)
	mees
	Meise (tit)
	lat
	Latte (batten)

	draak
	Drache (dragon)
	veld
	Feld (field)
	moeras
	Sumpf (bog)

	maanlicht
	Mondlicht (moonlight)
	eetlepel
	Esslöffel (tabelspoon)
	brandstof
	Brennstoff (fuel)

	vacantie
	Ferien (holiday)
	penseel
	Pinsel (brush)
	veter
	Schuhband (shoelace)

	steen
	Stein (stone)
	sluis
	Schleuse (watergate)
	ijskast
	Kühlschrank (fridge)

	woordenboek
	Wörterbuch (dictionary)
	snuit
	Schnauze (muzzle)
	rits
	Reihe (line)

	naam
	Name (name)
	walm
	Qualm (fume)
	tegel
	Fliese (tile)

	werf
	Hof (court)
	beugel
	Bügel (bow)
	trui
	Trikot (tights)

	inkt
	Tinte (ink)
	duim
	Daumen (thumb)
	draad
	Faden (wire)

	zwaan
	Schwan (swan)
	munitie
	Munition (munition)
	ijzer
	Eisen (iron)

	griep
	Grippe (flu)
	bijl
	Axt (axe)
	stof
	Staub (dust)

	kraal
	Koralle (coral)
	boter
	Butter (butter)
	pols
	Puls (pulse)

	steiger
	Gerüst (stage)
	molen
	Mühle (mill)
	krijt
	Kreide (chalk)

	boom
	Baum (tree)
	onderdak
	Unterkunft (accommodation)
	vuil
	Schmutz (dirt)

	kogel
	Kugel (bowl)
	dal
	Tief (low)
	eierdooier
	Eidotter (yolk)

	bovenarm
	Oberarm (upper arm)
	poort
	Tor (gate)
	olijf
	Olive (olive)

	stoom
	Dampf (steam)
	werktuig
	Werkzeug (tool)
	servet
	Serviette (napkin)

	grond
	Boden (ground)
	wol
	Wolle (wool)
	been
	Knochen (bone)

	kuit
	Laich (spawn)
	halfrond
	Halbkugel (hemisphere)
	eikehout
	Eichenholz (oak wood)

	gangpad
	Durchgang (passage)
	schuur
	Schuppen (hovel)
	navel
	Nabel (navel)

	pot
	Topf (pan)
	kraag
	Kragen (collar)
	zitkamer
	Wohnzimmer (living room)

	borstkas
	Brustkorb (chest)
	lever
	Leber (liver)
	kermis
	Jahrmarkt (carnival)

	netvlies
	Netzhaut (retina)
	knoopsgat
	Knopfloch (buttonhole)
	ketting
	Kette (chain)

	goud
	Gold (gold)
	mol
	Maulwurf (mole)
	watten
	Watte (cotton)

	vorst
	Frost (frost)
	aroma
	Geruch (smell)
	amandel
	Mandel (almond)

	zakdoek
	Taschentuch (handkerchief)
	dansvloer
	Tanzfläche (dancefloor)
	melk
	Milch (milk)

	regenbui
	Regen (rain)
	landschap
	Landschaft (landscape)
	zweep
	Peitsche (whip)

	gist
	Hefe (barm)
	twijg
	Zweig (branch)
	suikerriet
	Zuckerrohr (sugar cane)

	kruid
	Gewürz (spice)
	bagage
	Gepäck (lugagge)
	schrift
	Heft (issue)

	gijzelaar
	Geisel (victim)
	pamflet
	Flugblatt (flier)
	kleurstof
	Farbstoff (stain)

	gat
	Loch (hole)
	aarde
	Erde (earth)
	berk
	Birke (birch)

	herberg
	Wirtshaus (tavern)
	schouder
	Schulter (shoulder)
	stroop
	Sirup (treacle)

	zoogdier
	Säugetier (mammal)
	maaltijd
	Essen (meal)
	boord
	Ufer (shore)

	rubber
	Gummi (gum)
	snavel
	Schnabel (beak)
	folder
	Prospekt (brochuer)

	lunch
	Mittagessen (lunch)
	straat
	Strasse (street)
	lessenaar
	Lesepult (lectern)



Supplementary Table 2. Behavioral data of “Gains” and “Losses” for cued and uncued words in each experimental group
	
	Cued 
	Uncued
	t
	P

	Gains
	
	
	
	

	
	Sleep
	4.73 ± 0.65
	2.93 ± 0.35
	2.46
	0.02*

	
	Sleep control
	2.67 ± 0.57
	2.53 ± 0.41
	0.22
	0.82

	
	Active waking
	2.58 ± 0.37
	2.23 ± 0.32
	0.89
	0.89

	
	Passive waking
	2.94 ± 0.51
	2.71 ± 0.31
	0.41
	0.68

	
	
	
	
	
	

	Losses
	
	
	
	

	
	Sleep
	3.20 ± 0.52 
	4.80 ± 0.48 
	-2.53
	0.02*

	
	Sleep control
	4.67 ± 0.46
	4.87 ± 0.40
	-0.33
	0.74

	
	Active waking
	6.76 ± 0.83
	6.05 ± 0.72
	0.85
	0.41

	
	Passive waking
	9.35 ± 1.11
	7.29 ± 0.67
	1.83
	0.08

	
	
	
	
	
	

	Gains minus Losses
	
	
	
	

	
	Sleep
	1.53 ± 0.79
	-1.86 ± 0.69
	3.52
	0.003**

	
	Sleep control
	-2.00 ± 0.69
	-2.33 ± 0.71
	0.42
	0.67

	
	Active waking
	-4.17 ± 0.95
	-3.82 ± 0.87
	-0.37
	 0.71

	
	Passive waking
	-6.41 ± 1.38
	-4.58 ± 0.71
	-1.26
	0.22

	
	
	
	
	
	


Data are means ± s.e.m; “Gains”: cued words, which were not remembered in the pre- but remembered in the post-sleep test. “Losses”: cued words, which were remembered before sleep, but not after sleep. *: P < 0.05; ** P < 0.01. 












Supplementary Table 3. Number of cueings specific to conditions and sleep stages
	
	Gains
	Losses
	HitHit
	MissMiss
	Control

	Overall
Percent (%)
	52.1 ± 6.1
5.8 ± 0.8
	33.1 ± 5.8
3.5 ± 0.6
	272.1 ± 8.9
29.7 ± 0.6
	255.8 ± 10.1
27.8 ± 0.6
	302.2 ± 9.9
32.9 ± 0.4

	N2
Percent (%)
	21.5 ± 3.8
5.5 ± 0.8
	15.5 ± 2.9
3.6 ± 0.6
	126.0 ± 12.9
29.3 ± 0.6
	120.2 ± 11.8
28.2 ± 0.8
	142.8 ± 13.6
33.3 ± 0.3

	SWS
Percent (%)
	30.6 ± 5.7
6.6 ± 1.1
	17.6 ± 3.4
3.5 ± 0.5
	146.1 ± 17.5
29.6 ± 0.8
	135.6 ± 13.9
28.1 ± 0.6
	159.4 ± 18.5
32.1 ± 0.1



Data are means ± s.e.m; “Gains”: cued words, which were not remembered in the pre- but remembered in the post-sleep test. “Losses”: cued words, which were remembered before sleep, but not after sleep.
“HitHit”: cued words, which were remembered before sleep and after sleep. “MissMiss”: cued words, neither remembered before sleep nor after sleep. N2: NonREM sleep stages N2, SWS: slow-wave sleep. The upper line of each row indicates the absolute values, the lower line indicates the relative amount in percent















Supplementary Results: 

Behavioral analysis of “Gains” and “Losses”
On the behavioral level, we analyzed “Gains” and “Losses” in all four experimental groups (main sleep group, sleep control group, active waking and passive waking). The analysis revealed that cueing during sleep increased the number of “Gains” and reduced the number of “Losses” in the sleep group, but not in the three control groups (3-way interaction between the factors “Gains vs. Losses”, “cued vs. uncued” and “condition”; F(3,60) = 3.59, P = 0.019).  Post hoc tests indicated that only in the main sleep group, “Gains” as well as “Losses” significantly differed between cued and uncued words (both P = 0.02, see Table 3), resulting in significantly more “Gains” than “Losses” for cued as compared to uncued words in this group (P = 0.003).  No effect of cueing was observed for “Gains” and “Losses” in the sleep control group (P > 0.29) as well as in the two waking groups (all P > 0.20, except for a marginally increase in “Losses” by cueing in the passive waking group (P = 0.08), see Table 3). Please note that every cued word was repeated 10–11 times during the sleep period, resulting in sufficient number of trials for the EEG-analysis.

Relation of sleep stage specific cueing and reactivation advantage:
	In order to disentangle more precisely a potential relationship between cueings in specific sleep stages (sleep stage N2 and SWS) and memory advantage of cueings, we correlated a “sleep stage cueing factor” (number of cueings per condition in SWS minus number of cueings per condition in sleep stage N2; conditions: “Gains”, “Losses”, “HitHit”, “MissMiss”) with the cueing success (memory for uncued words subtraced from cued words). None of these correlations reached significance (all P > 0.35).

Impact of pre-retention interval performance on cueing success
	Since the vocabulary learning performance before the retention interval differed between participants (range 40–82 remembered words out of 120, respectively 33.3–68.3 %), we were interested if there would be a connection between this performance level and subsequent cueing success. In order to model cueing success, we subtracted memory for uncued words from cued words. Interestingly, and in line with a previous finding (Bergmann et al., 2012), we found in each of the three experimental cueing groups (main sleep group, active and passive waking group) an association between the pre-retention interval performance and the memory advantage induced by cueing (main sleep group: r = 0.88, P < 0.001; active waking: r = 0.71, P = 0.001; passive waking: r = 0.697, P = 0.002; the correlation coefficients did not differ significantly between groups (all P > 0.2 ); for illustration see Supplementary Fig. 4). Thus the better participants were during learning, the stronger was the effect of cueing irrespective of sleep or waking. Further studies are needed to investigate this association systematically.  

Sleep stage specific ERP analysis:
	To examine sleep stage specific influences on event related potentials, we additionally analyzed ERPs for cuings during sleep stage N2 and SWS separately. The same time window (800 – 1.200ms) and electrode site (Fz) as in the main analysis was chosen. Please note that only subjects were included which had a minimum of 20 trials per condition in the particular sleep stage. Thus 10 subjects entered the analysis for sleep stage N2 and 12 subjects for SWS. Generally, results for ERP amplitudes were closely comparable between words presented during sleep stage N2 and SWS sleep. For example, ERP amplitudes for “Gains” were more negative than losses in sleep stage N2 (t9= -2.21, P = 0.054, see Supplementary Fig 2 a - d) as well as in SWS (t11= -2.95, P = 0.013, see Supplementary Fig 2 e - h). Importantly, we observed no significant interaction for the amplitude difference between “Gains” and “Losses” in sleep stage N2 vs. SWS (F1,20 = 0.005, P = 0.94).  Thus our results concerning event related potentials differ just negligible between sleep stage N2 and SWS (Supplementary Fig.2), indicating that the results of our overall analysis, merging both sleep stages, represent a stable pattern of activity, with a more pronounced negativity associated with successful cueing. 
 
Sleep stage specific induced theta power analysis:
As with the sleep stage specific analysis of event related potentials we additionally analyzed induced power changes for the theta band separately for sleep stage N2 and SWS. The same time window (700 – 900 ms) and electrode site (FC6) as in the main analysis was chosen.  Results were generally similar between sleep stage N2 and SWS (see Supplementary Fig 3). However, the difference in theta power between “Gains” and “Losses” was stronger during sleep stage N2 (t9= 4.60, P = 0.001) as compared to SWS (t11= 2.44, P = 0.035) as indicated by a significant interaction between these two factors (F1,20 = 4.39, P = 0.05). Furthermore, the increase in theta power mainly occurred at right frontal electrodes, while the topography during SWS included both right frontal and left parietal regions as reported in the main analysis including both sleep stages (see supplementary Fig. 3 c and f). Interestingly during SWS an additional increase in slow spindle activity associated with “Gains” (10 – 13 Hz) emerged between 600 and 800 ms (electrode FC6 (F4,44 = 2.67, P = 0.045), with significant stronger slow spindle power associated for “Gains” than for “Losses” (t11= 2.44, P = 0.028); see Supplementary Fig. 3 g - i).

ERP and oscillatory theta activity during waking
	As with the main sleep group we analyzed event related potentials and theta power with regards to three of the five different conditions (“HitHit”, MissMiss” and “Control”). Due to the small trial number concerning “Gains” in both waking groups, we abstained from calculating differences between “Gains” and “Losses”. With regards to ERP analysis we selected in accordance with previous findings concerning subsequent memory effects three different time segments for statistical analysis (i.e.: 0 – 300ms, 400 – 800ms and 100 – 1.200ms). Concerning the active waking group we could not find any significant difference in the three time segments between “HitHits” and “MissMiss” (all P = >0.4). In the passive waking group ERP amplitudes at electrode site Fz differed significantly in the early time window (0 – 300ms), with amplitudes associated with “HitHits” being more positive then “MissMiss” (t16 = 2.18, P = 0.046). Concerning the middle time window (400 – 800ms) a statistical trend emerged (t16 = 2.07, P = 0.054), while the amplitude difference did not differ in the late time window (1.000 – 1.400ms; for illustration concerning the ERP results of both waking groups please see Supplementary Fig. 5).
 Similarly to the calculation of the EEG effects during sleep, a false discovery rate (FDR) of P < 0.05 was used to protect against error inflation due to multiple testing of multiple electrodes. None of the electrodes in the passive waking group survived the statistical threshold of p < 0.05 (FDR-corrected).
Furthermore we analyzed oscillatory theta activity in both waking groups with regards to “HitHits” and “MissMiss”. We could not find any differences in theta power concerning those two conditions neither in the active nor in the passive waking group. 
  
Supplementary Methods
Sleep scoring
	Polysomnographic recordings were scored offline by three independent raters according to standard criteria (Iber et al. 2007). Electrode sites F4, C4 and O2 referenced against average mastoids (electrodes 57 and 100) as well as HEOG (electrode site 1 referenced against electrode site 32) and VEOG (electrode site 25 referenced against electrode site 127) and EMG were used for offline sleep scoring. 









Supplementary Figure 1. Total theta power 

[image: Figure4Final-01]
 
(a) Total theta power for the different conditions at electrode FC6. (b) Difference in total power between “Gains” and “Losses” (c) Scalp map depicting the topographical distribution.   As with the calculation of the induced theta power, a false discovery rate (FDR) of P < 0.05 was used to protect against error inflation due to multiple testing of multiple electrodes. None of the electrodes survived the statistical threshold of p < 0.05 (FDR-corrected).





Supplementary Figure 2. Sleep stage specific ERP analysis
[image: Macintosh HD:Users:thomasschreiner:Desktop:RevisionFigure1-01.tif]



Event-related potentials (ERPs) associated with successful cueing during N2 sleep (a – d) and SWS (e – h): (a) Successful cueing during sleep stage 2 was associated with a more pronounced negativity at frontal electrode sites (representative electrode Fz). To simplify readability ERPs for Gains and Losses (b) respectively HitHits, MissMiss and the Control condition (c) are plotted separately. (d) Scalp map representing the topographical distribution for the difference between “Gains” and “Losses” in the time window between 800 and 1.100ms, indicating a pronounced frontal distribution. (e - f) The same pattern of event related activity with regards to the 5 different conditions emerged for words being presented during SWS.






















Supplementary Figure 3. Sleep stage specific induced theta power analysis
[image: Macintosh HD:Users:thomasschreiner:Desktop:RevisionFigure3-01.tif]

Oscillatory correlates of successful cueing during N2 sleep (a - c) and SWS (d – i).  (a + b) Successful cueing during sleep stage 2 was associated with a more pronounced induced theta power (representative electrode FC6). (c) Scalp map representing the topographical distribution for the difference between “Gains” and “Losses” in the time window between 700 and 900 ms, indicating a pronounced frontal distribution.
(d + e) Also during SWS successful cueing was associated with stronger induced theta power. (f) The topographical distribution differed from cueing during sleep stage 2 as the frontal effect was more focused on the right side and additionally a left parietal effect emerged. (g + h) Furthermore successful cueing during SWS was associated with enhanced oscillatory power in the range of slow spindles (11 – 13 Hz) succeeding the replayed words. (i) Scalp map representing the topographical distribution for the difference between “Gains” and “Losses” in the slow spindle range in the time window between 600 and 800 ms, indicating a right frontal and left parietal distribution.













Supplementary Figure 4. Pre-retention interval performance and cueing success


[image: Macintosh HD:Users:thomasschreiner:Desktop:CerebCort:Revision:AbbRevision:KorrelationPerformanceCueing-02.tif]

The pre-retention interval performance was correlated in each experimental cueing group with cueing success: (a) main sleep group (r = 0.88, P < 0.001); (b) active waking group (r = 0.71, P = 0.001); (c) passive waking group (r = 0.697, P = 0.002).
 





































Supplementary Figure 5. ERP correlates of cueing during waking

[image: Macintosh HD:Users:thomasschreiner:Desktop:CerebCort:Revision:AbbRevision:EEG_wake-01.tif]

ERP’s to cued words during passive (a + b) and active waking (C):  (a) ERP’s at electrode site Fz for “HitHits”, “MissMiss” and “Control” during passive waking. Amplitude differences between “HitHits” and “MissMiss” reached significance in a time window of 0 - 300ms and a statistical trend between 400 – 800 ms (b) Scalp map representing the topographical distribution for the difference between “HitsHits” and “MissMiss” in the time window between 400 and 800 ms. (c) ERP’s at electrode site Fz for “HitHits”, “MissMiss” and “Control” during active waking. Here the differences in amplitudes did not reach significance, therefore the topographical distribution is not shown. . 


























Supplementary Figure 6. Channel positions
[image: hcgsn_128-01]

Hydrocel Geodesic Sensor Net, schematic representation of the 128 channel montage.
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