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medicated state) interaction with average sigma power between 13.6- 14.6Hz on overnight 

consolidation (p > 0.7) was found.  

Sleep Spindles 

In Dataset A, given the already lowered spindle density in patients, their impaired 

consolidation for finger tapping compared to controls seemed to be less pronounced with 

increasing spindle density (b = 0.19, t(76) = 2.07, p = .042). After removing the same outlier in 

the patient group as before, however, this interaction effect vanished (p = .21). No other 

interaction with other spindle parameters (count, amplitude, duration, frequency) reached 

significance.  

In Dataset B, no interactions between spindle density, count, amplitude, duration or 

frequency, and group (between controls, unmedicated and medicated) on overnight consolidation 

were found.  

SW-spindle coupling 

Lastly, we checked if any of the group differences in the coupling parameters were 

correlated with overnight consolidation. In Dataset A, an interaction between SW-spindle count 

and group on overnight consolidation (after removal of one outlier) was found (b = 0.002, t(75) = 

2.02, p = .047), which indicated a stronger positive correlation between the SW-spindle count and 

overnight consolidation for patients (r = 0.422), than for controls (r = 0.04). Similarly, an 

interaction between SW-spindle delay dispersion and group on overnight consolidation (after 

removal of the same outlier) was found, (b = -2.27, t(75) = -2.47, p = .015). Here, patients with 

more delay dispersion (i.e., more temporal variance between the spindle and SW co-occurring) 
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showed worse overnight consolidation (r = -0.295), whereas this relation was less strong in 

controls (r = 0.25).  

In Dataset B, no significant interaction effect between SW-spindles count, delay its 

dispersion, and group between any of the groups (p > 0.4). 

Depression severity and outcome 

Depression severity (HAMD) for patients in each of the three datasets, is shown in Table 

4. In both datasets B and C, depression scores significantly decreased between baseline and 7 

days, (p < .001), as well as between 7 days and 28 days, (p < .001). We combined the three 

datasets to check for a relationship between depression severity and spindle density, count, slow-

wave amplitude, duration, SW-spindle delay dispersion, and overnight. All the controls were 

pooled together, as were all the patients in a medicated state, which for Dataset C were the 

patients after 7 days of medication. HAMD scores administered at the time of the pooled EEG 

recording sessions were used in the analysis.  

Higher HAMD scores were related to less spindle density (b = -0.02, t(99) = -3.28, p = 

.001, BF10 = 21.51), lower spindle count (b = -12.98, t(99) = -2.46, p = .016, BF10 = 2.91) and 

shorter spindle duration (b = -0.002, t(99) = -2.98, p = .004, BF10 = 9.81). No association between 

the SWs or SW-spindle features and depression severity reached significance. In addition, no 

association between depression severity and overnight procedural memory consolidation was 

found (p > 0.1). To check if these links are explained by age, a moderation analysis was 

performed by adding age as a predictor in the regression model. The interaction between 

depression severity and age on spindle density was not significant (p > 0.6) suggesting age is not 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2021. ; https://doi.org/10.1101/2021.03.19.436132doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.19.436132
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

 

a strong moderator to the depression-severity-spindle effects. As expected, a main effect of age 

indicated that older patients show lower spindle density (b = -0.02, t(97) = -2.24, p = .03). In 

addition, we checked for similar associations between sleep parameters and the number of 

patient-reported total depression episodes. The number of episodes was negatively related to 

spindle frequency (b = -0.07, t(97) = -2.54, p = .012), as well as to SW amplitude (b = -3.6, t(97) 

= -2.36, p = .21). No association between number of episodes and overnight consolidation was 

found (p > 0.4). Lastly, Dataset B and C reported a binary classification of treatment response 

based on ≥ 50% reduction in Hamilton score between baseline and after 28 days (n = 68). None 

of the reported sleep features were significant predictors of treatment response. See Table 5 for a 

complete overview of all correlations between sleep parameters and depression outcome scores.  

Lastly, given our other finding that unmedicated patients showed a high spindle amplitude 

compared to healthy controls, we explored if spindle amplitude was related to depression severity 

and outcome in unmedicated MDD patients from Dataset B only. After the removal of one 

outlier, neither the association between spindle amplitude and the number of episodes nor with 

depression severity or outcome was significant (ps > .4), nor was the association between spindle 

density and depression severity, outcome, or number of episodes (ps > .2). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2021. ; https://doi.org/10.1101/2021.03.19.436132doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.19.436132
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

 

Discussion 

We aimed to systematically and comprehensively map non-REM sleep alterations of 

MDD patients against healthy controls. We explored the influence of non-REM sleep alterations 

on procedural memory consolidation and their relation to depression severity and outcome. 

Overall, no major alterations in non-REM sleep macrostructure were found in patients compared 

to controls. In contrast, a higher spindle amplitude was found in unmedicated patients compared 

to controls, whereas in medicated patients, longer SWs with lower amplitude and a more 

dispersed SW-spindle coupling were found. Overnight procedural memory consolidation was 

impaired only in medicated patients and was associated with lower sleep spindle density. 

Sleep macrostructure 

Our reported changes in sleep architecture confirm earlier findings of REM sleep being 

reduced and delayed [4], as well as of lowered sleep efficiency, expressed in higher proportions 

of N1 and increased wake periods after sleep onset. Importantly, we only find these changes in 

MDD patients when medicated, not when unmedicated. Possibly, REM sleep alterations in the 

unmedicated MDD sample (Dataset B) were absent because these changes need time to manifest: 

these patients were relatively young and had the lowest number of depressive episodes 

beforehand. Alternatively, these changes are driven by the antidepressant medication, as they 

mirror well-described REM-suppressing effects expected by the antidepressants they received 

[15,42,43]. Unmedicated patients showed higher amounts of wake after sleep onset and worse 

subjective sleep quality compared to controls, which did not dissipate after short-term medication 

intake on the 7-day follow-up. However, we found hints of reduced arousal during sleep, 
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expressed as reductions of alpha-band activity during non-REM [44,45], only after prolonged 

medication in patients (i.e. after 28 days, Dataset C). This suggests that medication could 

objectively reduce night-time arousal, but does not subjectively increase sleep quality in the short 

term.  

In contrast, changes in non-REM architecture were not as obvious in our samples. Only in 

pooled samples, a shorter SWS duration and its prolonged onset time became apparent in the 

medicated patients. Although a large proportion of the drugs our patients received are known to 

boost (e.g. certain types of TCA) or tend to increase SWS duration (e.g. SSRIs or Bupropion; 

[43], they seemed ineffective in doing so in our study. In our younger sample (Dataset B), lighter 

non-REM sleep (i.e. N2) increased under medication in the one-week follow-up. Surprisingly, 

although SWA was reduced in this follow-up, this did not manifest in reduced SWS time. This 

finding suggests that alterations in SWS duration may only be robust in larger samples.  

Slow-wave characteristics 

A more detailed spectral analysis revealed that the reductions in SWS and SWA of 

medicated patients were specific to the upper delta band range (1–4 Hz). Recently, increases in 

this band range were revealed to be indicative for proper non-REM initialization and 

homeostatic, restorative processes, while lower bands (< 1 Hz), constituting the main activity 

used for scoring SWS, were not [46]. In line also with patients’ subjective sleep quality reports, 

this suggests that our medicated patients lacked such restorative and homeostatic features of non-

REM sleep. In fact, general reductions in SWS and SWA have previously been reported in many 

MDD cohorts [5] even in younger samples that were unmedicated after a 2-week drug clearance 

[6,47]. However, our unmedicated MDD patients did not show such reductions in delta/SWA 
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bands or SWS, although they reported the lowest subjective sleep quality. Age-related 

SWS/SWA decline is unlikely to explain this [48], but depression history might. Our young 

unmedicated sample had markedly lower numbers of previous episodes than previous reports 

[6,47] and we could link more depressive episodes to lower SW amplitudes in our samples. This 

also fits well with the null or opposite findings in samples with markedly lower depression 

severity [8,9] or smaller sample size [7]. Again such SWA/delta band reductions in our 

medicated patients also mirror earlier reports of acute REM-suppressing effects of SSRI 

paroxetine [49]. However, no such reductions have been reported with other SSRI types such as 

trazodone, citalopram, fluvoxamine, or paroxetine [50-53]. Beta band activity, related to 

antidepressant drug use [49] or arousal in general [44], was altered in medicated and unmedicated 

state as well but, we could not attribute them consistently to any patient state. Taken together, it 

might thus be that typical MDD medication induces detrimental changes to REM and non-REM 

sleep that are long-lasting, i.e. their effects on sleep lasted longer than drug clearance periods of 

patients with a prior history of depression and medication (cf. [6]). 

Spindle characteristics 

Interestingly, non-REM spindle band activity was increased independent of medication 

intake in the young patient group only (Dataset B). This was also reflected in intensified 

individual spindles (i.e. higher amplitude) of these patients. This pattern marked the most specific 

difference with controls. While reductions in spindle amplitude have previously been associated 

with sleep deprivation [54], this seems to be unlikely the case in our sample, given that our 

unmedicated sample spent more time awake after sleep onset, which counters to what is expected 

after sleep deprivation the previous night. In addition, one can speculate on the influence of a 
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disturbed circadian rhythm in MDD patients compared to healthy [55], which are known to 

regulate spindle amplitude in younger (< 40 years) adults [56]. Unfortunately, our datasets did 

not include any measurements on circadian rhythm, therefore this remains to be directly tested. In 

contrast, our patients with the longest time on medication (i.e. Dataset A and Dataset C 28-day 

medication follow-up) showed lowered spindle density. This reduction was absent after 

combining Dataset A with the short-term medication (i.e. 7-day follow-up) of Dataset B and C 

against respective controls. Conversely, younger patients with no medication or after only 1-week 

of medication failed to show reductions in spindle density. Together this pattern of results seems 

to suggest that long-term, but not short-term medication lowers spindle density. This is however 

surprising, given that most patients were prescribed with antidepressants known to increase sleep 

spindle density after first use (e.g. SNRI, and some TCA) or leaving them unaffected (SSRI; 

[42]). It should however be noted that spindle density decreases with older age [57,58]. Thus, the 

absence of spindle reductions in the markedly younger patients (in Dataset B) may suggest that 

age plays a synergistic and augmenting role in reducing spindles in depressed patients. In 

addition, again longer history of depression and concomitant long-term medication-induced 

changes might also account for such spindle density declines, as both were correlated as such. 

This can however only be answered by future studies including sufficiently drug-cleared or first-

episode unmedicated and older patients.  

SW-spindle coupling 

SW-spindles are thought to express the hippocampal-neocortical dialog necessary for 

memory consolidation processes during sleep [16]. Especially the accuracy and timing of SW-

spindle coupling are vital for these processes [26,59,60]. We found that the number of spindles 
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that lock to slow waves (SW-spindles), as well as their delay to the preceding slow-wave 

downstate, were unaltered in patient-control comparisons. However, the accuracy of this coupling 

(i.e. SW-spindle delay dispersion) worsened in all samples under medication. This was our 

strongest effect on sleep microstructure in the patient groups. Crucially, this mistiming of SW-

spindles was not related to overnight memory procedural consolidation. Indeed, previous studies 

manipulating SW-spindles either through medication or transcranial stimulation, have shown 

only benefits for verbal and declarative memory consolidation [61,62] but not procedural 

memory consolidation [63]. Thus, such changes might relate more to structural changes in 

hippocampal-cortical networks [26,59,64-66] related to degradation in patients than as a direct 

proxy for memory consolidation. However, we could not confirm any structural changes in 

hippocampal volumes in our MDD patients [21]. 

Medication and psychiatric diagnosis 

Different medication types show different effects on sleep features. Though not 

exhaustive, we subtyped patients by medication type across. We could recreate some, but not all, 

of the principal sleep alterations (e.g. reduced spindle density and SW amplitudes) and in part 

exclude mediating effects of demographic factors like age. If medication was driving all observed 

effects in our patients, then the supplementary explorative investigation could not capture this.  

Other psychiatric populations were previously investigated on non-REM alterations, 

including for sleep spindle alterations. For example, several studies have specifically found 

robust spindle impairments in schizophrenia [67], related to cognitive performance, sleep-

dependent procedural memory consolidation, and positive symptoms. Also, spindle amplitude 

has been found to be correlated with symptomology in schizophrenia and even suggested as a 
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potential biomarker [68]. In addition, a preliminary but clear mechanistic understanding for this is 

in place, whereby a dysfunctioning thalamic reticular nucleus (TRN; where sleep spindles 

originate) is related to these spindle abnormalities, impaired sleep-dependent memory 

consolidation, as well as with symptomology in schizophrenia. Moreover, a recent study looked 

into the role of sleep spindles in bipolar patients in euthymic or stable mood [69]. Here, the 

authors found a reduction in spindle density in euthymic patients and link these results with the 

schizophrenia literature, such as overlap in terms of heritability between the disorders and 

responses to similar types of antipsychotics. Furthermore, the authors connected sensory gating 

deficits as seen in both bipolar as well as in schizophrenia patients with a dysfunctioning TRN. 

The contrast between the many investigations of sleep spindles in schizophrenia but few in MDD 

is surprising, especially since MDD is the more prevalent disease (World Health Organization, 

2017). Here, we report similar sleep spindle density reductions in medicated MDD patients as 

also found in medicated schizophrenia patients, showing largely overlapping medication types 

including benzodiazepines, various antidepressants, and mood stabilizers. 

 Depression severity predicted reduced sleep spindles in medicated patients. Since this was 

not observed in the unmedicated sample, we speculate that decisions of physicians to prescribe a 

spindle-increasing vs decreasing drug might have indirectly related them to depression severity. 

In addition, diagnosis of depression is subjective and variable: it relies on self-reported symptoms 

of at least five out of nine symptoms (DSM-V) of which 256 combinations can be diagnosed as 

depression. Patients also differ in treatment response [70] and have been subdivided into so-

called ‘biotypes’ by fMRI resting-state connectivity biomarkers in limbic and frontostriatal 

networks [71]. It is thus likely that subtypes of depression exist, but until now, have not been 
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systematically distinguished. Therefore, given the variable definition of MDD and the observed 

variance within our cohorts and between other cohorts in the literature, one might speculate that 

the non-REM sleep alterations we reported may be found in certain biotypes of depression but 

not all. It thus remains open which impairments across psychiatric diseases can be explained by 

medication or single symptoms since many sleep studies have exclusively investigated in 

medicated patients and did not control well for potential patient subtypes. Future large-scale 

collaborative big-data sleep studies could be able to directly test this hypothesis using modern 

clustering techniques. 

Procedural memory consolidation 

 We also failed to confirm that procedural memory consolidation is impaired in our 

Dataset B as opposed to such previous reports in Dataset A [27]. Though procedures were 

comparable, the times of practice were not. Patients from Dataset B performed the task both in 

unmedicated and medicated state, providing a source of practice. Additionally, long-term 

medication might have induced partial psychomotor performance deficits [72,73] affecting the 

procedural baseline levels, and thus also limit its subsequent consolidation. This was not 

observed in the group with short-term medication, which also showed higher baseline levels and 

may have benefited from previous training before medication onset. Further, age-depression 

interactions could also explain this discrepancy since group differences in overnight 

consolidation was previously observed in older individuals only [18]. Generally, overnight 

consolidation of procedural memory, similar to sleep spindle density, seems to decline with older 

age [74,75] and may become even more apparent with additional psychiatric illness. In turn, older 

age inherently also leads to a higher chance of longer depressive episodes as well as more 
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episodes in total. Possibly, lasting changes in procedural memory may occur in a cumulative 

manner, where under an acute state of depression, no observable changes have occurred yet. 

However, in our samples, the influence of the number of episodes on overnight consolidation 

performance was not significant. To tackle this question directly, future studies should look into 

long-term effects in bigger samples over time. In addition, when pooling available patients in the 

medicated state (Dataset A and B) they showed a stronger association between spindle density 

and overnight consolidation than controls. Thus, the actual lack of an association between spindle 

density and procedural memory consolidation in our healthy controls conflicts with previous 

reports (e.g.[76,77]) although in line with similar attempts in MDD patients [78]. Furthermore, 

our findings could also be explained by the fact that our MDD sample showed more variance in 

spindle density overall, especially after combining the data of lower-performing patients of 

Dataset A with the higher-performing patients of Dataset B. In addition, this could point to 

underlying subtyping of MDD patients, where one subgroup represents high-functioning patients 

with intact sleep spindle densities and overnight consolidation ability whereas the other subgroup 

represents lower-functioning patients with impaired spindle density and consolidation. Lastly, in 

conflict with prior reports [20], procedural memory consolidation was also not predicted by 

hippocampal volumes (see supplementary materials for the analysis).  

Conclusions 

Overall, our current explorative study suggests no clear spindle or non-REM or even REM 

deficits in depressed patients unless medicated. Only in the medicated sample did we find a 

consistent hampering of slow-wave, spindle activity, and reduced accuracy of SW-spindle 

coupling that aligned with procedural memory consolidation deficits in older but not younger 
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medicated patients. In addition, procedural memory consolidation failed to consistently associate 

with SW-spindle mistiming and other non-REM features. Nevertheless, medication state and 

ensuing long-term effects in depressive patients seemed to be majorly but not exclusively 

associated with sleep alterations, and likely explains why sleep alterations overlap with other 

psychiatric populations in a medicated state. If sleep alterations map more closely to specific 

phenotypes of depression remains open. However, the medication-associated alterations are 

indicative of impaired memory and restorative processes during sleep but they alleviate little of 

the lost subjective sleep quality that patients report. This should caution physicians to weight the 

subtle but vital detriments of sleep features more carefully against more obvious benefits.  
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Figure Captions 

Figure 1: Finger tapping task design. Participants were instructed to tap a sequence (e.g. 4-1-3-2-

4) as accurate and fast as possible on a computer keyboard with their non-dominant hand. The 

number of correct sequences was the main behavioral outcome measure. During a training 

session, participants had to tap the sequence for 12 runs of 30 seconds each, with a 20-second 

break between runs. The difference between the first run and the mean of the last three runs was 

considered the “training effect”. After 24 hours, which included a full night of EEG recorded 

sleep, three additional runs were tested. The difference between the mean of these three test runs 

and the mean of the last three training runs was considered the “consolidation effect”.  

Figure 2: EEG non-REM sleep power spectra group comparisons. (A) In Dataset A, Medicated 

MDD patients (red) show reduced power in 1–4.6 Hz of non-REM sleep compared to controls 

(grey). (B) In Dataset B, Unmedicated MDD patients compared to controls (grey) show increased 

power in the fast spindle band range (13.6–14.4 Hz). Unmedicated MDD patients compared to 

themselves in the medicated state (dark blue) show increased power in the lower frequencies 

(2.6–3.4Hz). Medicated patients, compared to controls show reduced power in lower frequencies 

but increased power in the fast spindle band as well as in the higher frequencies (>18 Hz). (C) In 

Dataset C, both 7-day (light green) and 28-day (dark green) medicated MDD patients show 

reduced power in the lower frequencies (1.2–3.4 Hz and 1.6 –3.6 Hz resp.) and increased power 

in the higher frequencies (>18.6 Hz and > 17.4 Hz resp.) compared to controls (grey). In addition, 

7-day medicated MDD patients show reduced power in the 5.5–10.4 Hz range compared to the 

same patients after 28 days. 
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Figure 3: Non-REM event features. (A) In Dataset A, Medicated MDD patients had a lower 

sleep spindle density than Controls (outlier depicted, significance based after outlier removal), as 

do 28-day Medicated patients compared to Controls in Dataset C. (B) In Dataset B, Unmedicated 

MDD patients show higher sleep spindle amplitudes than Controls. (C) In Dataset A, Medicated 

MDD patients show lower slow waves (SW) amplitudes than Controls, as did 7-day and 28-day 

medicated patients compared to controls in Dataset C. (D) In Dataset A, Medicated MDD 

patients had SW of longer duration than Controls, as did Medicated compared to Unmedicated 

patients in Dataset B. (E). No differences in each dataset on SW-spindle counts (F) nor delay 

between spindle and SW (downstate) trough (G) but an overall increase in delay dispersion 

(spread of the delay, in standard deviation [SD]) of spindles within SW in Medicated compared 

to Controls can be seen across datasets. Data is depicted in clouds of dots per individual, group 

mean (yellow diamond), and a 25%–75% quarter-quartile boxplots with minimum and maximum 

the 1.5 times the inter-quartile difference and smoothed density plots within the full group range. 

Significances for two-group comparisons in asterisks (*, p < .05; **, p < .01, ***, p < .001).  

Figure 4: Finger tapping task performance for baseline, training, and consolidation over 24 

hours. (A). Amount of correctly tapped sequences of the first 30-second run. Medicated patients 

in Dataset A tap fewer sequences correct than Controls. (B) Percentage change score between the 

first run and the mean of the last three runs. (C) Percentage change score between the mean of 

three test runs after sleep in the morning and the mean of the last three training runs before sleep. 

Medicated patients in Dataset A perform worse after sleep than Controls. Data depicted like in 

Figure 3. Significances for two-group comparisons in asterisks (**, p < .01; ***, p < .001). 
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Table 1 

Demographics table of the final datasets used for polysomnography analyses (mean ± SE)    

 Dataset A Dataset B Dataset C 

 

Controls Patients Controls Patients Controls  Patients  

n 40 40 40 38 28 30 

Age 46.8 ± 1.69 50.1 ± 1.37 31.5 ± 1.62 31.3 ± 1.65 45.5 ± 3.11 45.6 ± 3.07 

Gender (male/female) 20/20 19/21 19/21 18/20 10/18 11/19 

HAMD at baseline NA 24.5 ± 0.96 NA 19.9 ± 0.62 NA 25.2 ± 1.11 

Number prev. episodes NA 2.1 ± 0.34 NA 1.37 ± 0.25 NA 2.7 ± 0.56 

Datasets A and C show a similar distribution of age, depression severity (moderate to strong), and the number of previous depressive episodes 

(several, typically not the first). Dataset B had a younger age distribution with less severe depression severity (moderate) and a lower number 

of previous depressive episodes (many patients with their first). 
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Table 2  

Sleep architecture table (mean ± SE)    

 Dataset A Dataset B Dataset C 

 

Controls Medicated Controls Unmedicated Medicated 7d Controls  Medicated 7d  Medicated 28d  

N1[%] 8.45 ± 0.75 13.9 ± 1.25*** 13.8 ± 0.95 14 ± 1.08 17.4 ± 1.08 */++ 9.89 ± 0.62 14 ± 1.21** 14.7 ± 1.42* 

N2 [ %] 46.2 ± 1.43 50.3 ± 1.83 45.4 ± 1.11 43.5 ± 1.23 47.1 ± 1.47++ 48.7 ± 1.58 49.7 ± 2.18 49 ± 1.69 

SWS [%] 16.2 ± 1.33 13.1 ± 1.64 19.1 ± 1.18 17.6 ± 1.31 16.1 ± 1.26 15.4 ± 1.41 13.4 ± 1.7 13.9 ± 1.8 

Non-REM [ %] 62.3 ± 1.26 63.4 ± 1.86 64.5 ± 1.06 61.1 ± 1.59 63.2 ± 1.66 64.2 ± 1.32 63.1 ± 1.63  62.9 ± 1.72  

REM [ %] 18.6 ± 0.83 14.3 ± 1.38** 17 ± 0.915 16.8 ± 0.92 12.1 ± 1.01***/+++ 18.3 ± 0.85 13 ± 1.43** 14 ± 1.45* 

WASO [ %] 10.4 ± 1.2 7.8 ± 0.9 4.66 ± 0.53 8.16 ± 1.16## 7.33 ± 0.96* 7.27 ± 1.2 9.09 ± 1.13 7.28 ± 0.98 

TST [min] 461 ± 4.29 462 ± 3.6 471 ± 2.11 468 ± 4.56 468 ± 2.41 467 ± 3.67 464 ± 2.81 466 ± 2.44 

Sleep onset [min] 22.7 ± 2.68 21.7 ± 2.12 15.7 ± 1.55 24.1 ± 5 20.9 ± 2.24  26.3 ± 1.4 32.4 ± 2.57* 30.9 ± 2.61 

SWS onset [min] 21.5 ± 3 31.6 ± 4.84 18.4 ± 1.42 26.8 ± 4.15 26 ± 3.67 19 ± 2.35 24.1 ± 3.54 19.7 ± 2.12 

REM onset [min] 74 ± 5.08 177 ± 17.5*** 89.4 ± 5.76 105 ± 9.18 174 ± 14.7***/+++ 79.2 ± 5.91 186 ± 19.9*** 173 ± 18.8*** 

Sleep stage percentages are given with respect to total sleep time (TST). Note that non-REM sleep was defined as the combination of N2 and slow-wave sleep (SWS) 

without N1 sleep. Different symbols are used for indicating statistical comparisons within the datasets that are significant (highlighted in bold): differences between 

Controls and Medicated patients in Dataset A, B, and C use asterisks (*, p < .05; **, p < .01; ***, p < .001), between Controls and Unmedicated patients in Dataset B, use 

hashes (##, p < .01), and within patients for their follow-ups ( Dataset B unmedicated vs. medicated 7d) use pluses (++, p < .01; +++, p < .001). 
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Table 3  

Procedural memory results from finger tapping task (mean ± SE)   

 Dataset A Dataset B 

 

Controls Medicated Controls Unmedicated Medicated 

Baseline 6.65 ± 0.576/ 

6.33 ± 0.493 (1rm) 

4.15 ± 0.463** 

 

7.8 ± 0.76/ 

7.26 ± 0.545 (1rm) 

6.08 ± 0.606 7.33 ± 0.813 

Training 1.75 ± 0.237/ 

1.62 ± 0.208 (1rm) 

1.76 ± 0.175 1.72 ± 0.381/ 

1.26 ± 0.201 (2rm) 

1.24 ± 0.353/ 

0.913 ± 0.137 (1rm) 

0.877 ± 0.247 / 

0.654 ± 0.11 (1rm) 

Consolidation 0.088 ± 0.025 -0.132 ± 0.033 ***/ 

-0.112 ± 0.027 *** (1rm) 

0.107 ± 0.039 0.048 ± 0.047 0.479 ± 0.42 / 

0.003 ± 0.067 (2rm) 

Results are reported twice; once including all outliers and once after removal of outliers 3sd from the overall mean. Different symbols are used for 

indicating statistical comparisons within the datasets that are significant (highlighted in bold): differences between controls and medicated patients in 

Dataset A and B use asterisks (**, p < .01; ***, p < .001). There were no statistically significant differences between any controls and unmedicated patients 

in Dataset B nor within patients for their follow-ups (i.e. Dataset B unmedicated vs. medicated). Dataset A had all data of all controls and patients available 

(all n=40). Dataset B partly lacked finger tapping data: Controls, (baseline n = 40, training n = 40, consolidation, n = 38), Unmedicated (baseline n = 37, 

training n = 37, consolidation n = 36), Medicated (baseline n = 36, training n = 33, consolidation, n = 35). Further exclusion indicated with 1/2 rm = one/two 

outlier(s) more than 3sd from the mean removed.  
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Table 4 

Depression severity over time in HAMD scores (mean ± SE) 

 

Patients (A) Patients (B) Patients (C) 

HAMD base 24.5 ± 0.963 19.9 ± 0.621 25.2 ± 1.11 

HAMD week 1 NA 15.2 ± 0.778 20.3 ± 1.25 

HAMD week 4 NA 10.4 ± 0.834 14.1 ± 1.48 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 21, 2021. ; https://doi.org/10.1101/2021.03.19.436132doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.19.436132
http://creativecommons.org/licenses/by-nc-nd/4.0/


52 

 

 

Table 5  

Correlation table between depressive scores and sleep parameters. 

 HAMD-score Number of prev. 

episodes 

Response outcome 

 r p r p r p 

Spindle density [/epoch] -0.31 0.001 -0.14 0.18 -0.07 0.6 

Spindle count -0.24 0.016 -0.04 0.66 0.00 1 

Spindle amplitude [µV] 0.12 0.24 0.06 0.54 0.07 0.55 

Spindle frequency [Hz] -0.1 0.34 -0.25 0.01 0.00 0.98 

Spindle duration [ms] -0.29 0.004 -0.07 0.46 0.00 0.98 

SW density [/epoch] -0.05 0.64 -0.11 0.27 0.07 0.6 

SW count -0.07 0.51 -0.03 0.76 0.07 0.55 

SW amplitude [µV] -0.1 0.34 -0.23 0.02 0.15 0.22 

SW frequency [Hz] 0.12 0.21 -0.05 0.66 0.15 0.22 

SW duration [ms] -0.12 0.23 0.04 0.66 -0.15 0.21 

SW-Spindle count -0.12 0.22 0.01 0.89 -0.11 0.36 

Delay [ms] -0.4 0.69 0.25 0.01 -0.15 0.23 

Delay dispersion [sd] -0.07 0.51 0.02 0.82 -0.11 0.37 

Delta power [1–4.8 Hz] 0.05 0.64 -0.16 0.1 0.17 0.16 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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