
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:2557  | https://doi.org/10.1038/s41598-022-06664-z

www.nature.com/scientificreports

Sleep macro‑ and microstructure 
in breast cancer survivors
J. Perrier1,7*, M. Duivon1,7, P. Clochon1, S. Rehel1, F. Doidy1, J. M. Grellard2,3, 
C. Segura‑Djezzar2,3, J. Geffrelot2,3, G. Emile2,3, D. Allouache2,3, C. Levy2,3, S. Polvent1, 
F. Viader1, F. Eustache1, F. Joly2,3,4,5,6 & B. Giffard1,6

Complaints of sleep disturbance are prevalent among breast cancer (BC) patients and are predictors 
of quality of life. Still, electrophysiological measures of sleep are missing in patients, which prevents 
from understanding the pathophysiological consequences of cancer and its past treatments. Using 
polysomnography, sleep can be investigated in terms of macro‑ (e.g. awakenings, sleep stages) and 
micro‑ (i.e. cortical activity) structure. We aimed to characterize sleep complaints, and macro‑ and 
microstructure in 33 BC survivors untreated by chemotherapy and that had finished radiotherapy since 
at least 6 months (i.e. out of the acute effects of radiotherapy) compared to 21 healthy controls (HC). 
Compared to HC, BC patients had a larger number of awakenings (p = 0.008); and lower Delta power 
(p < 0.001), related to sleep deepening and homeostasis; greater both Alpha (p = 0.002) and Beta power 
(p < 0.001), related to arousal during deep sleep; and lower Theta power (p = 0.004), related to emotion 
regulation during dream sleep. Here we show that patients have increased cortical activity related 
to arousal and lower activity related to sleep homeostasis compared to controls. These results give 
additional insights in sleep pathophysiology of BC survivors and suggest sleep homeostasis disruption 
in non‑advanced stages of BC.

Breast cancer (BC) is the most frequently diagnosed in women in the majority of countries  worldwide1 with 
greatest prevalence of sleep complaints, notably insomnia ones, compared to other cancer  types2,3. Insomnia 
is defined as a dissatisfaction with sleep quality caused by difficulties to falling asleep, maintaining sleep, early 
morning awakening, or non-restorative sleep leading to daytime impairments, at least three times a week and 
for at least 3  months4. Sleep complaints are now well recognized in non-central nervous system (CNS) cancer 
patients, not only following  chemotherapy5,6 but also before the occurrence of  treatments7–11. Despite significant 
sleep complaint from  patients12,13, it has not been fully attested by objective evaluations such as polysomnography 
(PSG) that is considered as the gold standard of sleep  evaluation14,15. Previous experimental studies dedicated 
to evaluate sleep using PSG in BC patients are scarce and have shown either a lack of sleep alterations following 
 chemotherapy16–18 or deleterious effects of chemotherapy and/or  radiotherapy19,20. Regarding radiotherapy, one 
study reported larger duration of NREM Stage 2 following radiotherapy in breast cancer patients compared to 
healthy  controls19. However, in this study, the delay between the PSG recording and the end of radiotherapy 
was unclear.

PSG allows to go further in the understanding of sleep modifications, not only in its macrostructure (i.e. 
sleep architecture as reflected by sleep stages, sleep efficiency, total sleep time, number of awakening), but also 
in its microstructure as reflected by spectral analyses of the electroencephalography (EEG). Especially, power 
spectrum analyses consist of computing Fast Fourier Transforms on EEG signal in order to reveal the frequency 
and the amplitude of its waves. Results are combined by averaging the data in different frequency bands that 
have been previously related to sleep electrophysiological modifications. For examples, sleep spectral analyses 
provide additional information related to deepening of sleep (i.e. Delta band), to emotion and dreaming (i.e. 
Theta band)21, to sleep fragility and environmental awareness (i.e. Alpha band)22,23, or to arousal particularly 
during Non-Rapid Eye Movement—NREM sleep (i.e. Beta band)24. With healthy ageing, previous reports have 
shown that Delta power decreases and Alpha and Sigma power increase, indicating that sleep becomes lighter 
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with  age25,26. In insomnia disorder, a recent meta-analysis reported increased Alpha, Sigma and Beta power and 
lower Delta power compare to healthy adults, notably during NREM  sleep27.

In the context of cancer, it may be that, despite subtle modification in sleep architecture, alterations in the 
sleep electroencephalogram can be more visible using spectral analysis of sleep as previously shown in patients 
suffering from insomnia disorder. Indeed, in these patients suffering from insomnia disorder, without other 
comorbidities such as sleep-apnea or cancer, subjective complaints of sleep disturbance assessed by self-rating 
questionnaires are often discordant with sleep measured objectively using  PSG28. In contrast, greater cortical 
arousal (i.e. increased Beta power spectrum) has been successfully revealed during sleep in insomnia using 
spectral  analyses24. Indeed, as in aging, sleep spectral analysis can thus be a more sensitive measure of sleep dis-
ruption than sleep  architecture29, making such analysis potentially useful in highlighting slight sleep disruptions 
and allowing deepen understanding of electrophysiological modifications associated with sleep in BC patients. 
To our knowledge, no study until now has investigated sleep spectral analysis in non-CNS cancers patients. Still, 
previous reports suggested that tumors disrupt the homeostatic processes of  sleep30, a process that is related to 
the Delta power spectrum during sleep. Sleep is well-known to be under the regulation of two processes (i.e. S 
and C), that interact  continuously31. Process S refers to sleep pressure accumulated during the day, while process 
C is related to circadian rhythms over 24 h.

The current cross-sectional study aimed at quantifying sleep macro- and microstructure modifications with 
PSG in BC survivors untreated by adjuvant chemotherapy and evaluated at least 6 months after radiotherapy 
(i.e. out of the acute effects of radiotherapy) compared to healthy controls. Overall, we expected greater sleep 
complaints and sleep structure modifications in BC patients compared to healthy controls.

Results
Participant’s characteristics. Demographics and psychological characteristics of HC and patients and 
clinical characteristics of patients are presented in Table  1. No significant difference was observed between 
groups for demographics and psychological characteristics.

Sleep disturbance complaints. Results of subjective sleep disturbance are reported Table 2. BC patients 
had significantly more sleep complaints (M = 8.1, SD = 4.5) and insomnia symptoms (M = 11.8, SD = 6.5) than 
HC (PSQI: M = 5.5, SD = 2.8, p = 0.012, ISI: M = 7.2, SD = 4.5, p = 0.004). According to the ISI, 63% of BC 
patients and 48% of HC had complaints of sleep disturbance related to insomnia (i.e. ISI score ≥ 8). This rate of 
participants having sleep disturbance did not differ significantly between the two groups (p=0.43).

Table 1.  Demographical and psychological characteristics of HC and BC patients, and clinical characteristics 
of patients (means and standard deviations). HC: Healthy Controls; BC: Breast cancer patients; BDI: Beck 
Depression Inventory; STAI: State-Trait Anxiety Inventory; NA: Not Applicable; * one patient had a breast-
conserving surgery and a mastectomy; Wilcoxon-Mann–Whitney test was realized.

HC (n = 21) BC (n = 33) Group effects (HC vs BC)

Means (SDs) p-values

Age (years) 62.6 (4.4) 60.2 (5.4) 0.62

Education (years) 11.8 (1.7) 12.4 (3.5) 0.49

Depression (BDI) 4.1 (3.2) 3.0 (2.4) 0.39

Trait anxiety (STAI) 42.3 (9.3) 40.6 (9.6) 0.53

Stage of the cancer N (%)

 0
 I
 IIA

NA
NA
NA

17 (52%)
12 (36%)
4 (12%)

NA

Breast-conserving surgery
Mastectomy

NA
NA

29 (88%)
5 (15%)* NA

Time since radiotherapy (months) NA 8.0 (2.4)
5 not treated NA

Table 2.  Subjective sleep complaints of HC and BC patients. *One 1 patient whose questionnaires answered at 
home are missing. HC: Healthy Controls; BC: Breast cancer patients; PSQI: Pittsburgh Sleep Quality Index; ISI: 
Insomnia Severity Index. Student’s t test was realized. Pearson chi-squared test was used to determine whether 
sleep disturbance rate varied between groups. p-values<0.05 are in bold.

HC
(n = 21)

BC
(n = 32*) Group effects (HC vs BC)

Means (SDs) t(df=52) p-values

Sleep quality (PSQI) 5.5 (2.8) 8.1 (4.5) 2.61 0.012

Insomnia severity (ISI)
7.2 (4.5)
ISI < 8: n=11
ISI ≥ 8: n=10

11.8 (6.5)
ISI < 8: n=12
ISI ≥ 8: n=20

3.03
X-squared = 4.90

0.004
0.43
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Sleep macrostructure (sleep architecture) results. Sleep architecture measures are reported in 
Table  3. A significant group effect was observed on the number of awakenings longer than 1  min with BC 
patients having significantly more awakenings (M = 9.6, SD = 4.3) than HC (M = 6.8, SD = 2.8, p = 0.008).

No significant difference between BC patients and HC was observed neither on other sleep parameters (i.e. 
TIB, SOL, TST, SE), nor on the percentage of sleep stages.

Sleep microstructure results. Results are described in Table 4. No significant interaction was observed 
between factors group and cortical area, thus only group and cortical area effects as well as averages means and 
standard deviations across all EEG electrodes are reported in Table 4.

During Stages 1 and 2, power spectra for the Delta (ps < 0.01) and Alpha (ps < 0.01) frequency bands differed 
between groups. BC patients had significantly lower Delta (Stage 1: M = 37.9, SD = 6.3, Stage 2: M = 50.8, SD 
= 5.9) than HC (Stage 1: M = 39.9, SD = 5.1, p = 0.002, Stage 2: M = 52.7, SD = 5.8, p = 0.004). BC patients also 
had higher Alpha power spectrum (Stage 1: M = 20.6, SD = 5.7, Stage 2: M = 15.8, SD = 4.9) than HC (Stage 1: 
M = 18.7, SD = 4.7, p = 0.001, Stage 2: M = 14.4, SD = 4.0, p = 0.006). In addition, during Stage 2, Beta power 
differed between groups with BC patients having higher Beta power (M = 9.30, SD = 2.8) than HC (M = 8.45, 
SD = 3.0, p = 0.01).

During Stage 3, a significant effect of group was observed for Delta, Alpha, and Beta frequency bands (ps 
< 0.01). BC patients had lower Delta (M = 64.1, SD = 5.9) and higher Beta (M = 4.36, SD = 1.6) and Alpha (M 
= 10.4, SD = 4.2) power spectrum than HC (Delta: M = 67.0, SD = 5.8, p < 0.001, Beta: M = 3.63, SD = 1.4, p < 
0.001, Alpha: M = 8.94, SD = 3.5, p = 0.002).

During REM sleep, Theta power spectrum differed between groups, with BC patients having lower Theta 
power (M = 24.2, SD = 4.4) than HC (M = 25.8, SD = 4.2, p = 0.004).

Discussion
The current cross-sectional study aimed at quantifying sleep macro- and microstructure modifications with PSG 
in BC survivors untreated by adjuvant chemotherapy and evaluated at least 6 months after radiotherapy compared 
to HC. We focused not only on sleep architecture but also on more fine-grained investigations related to sleep 
(i.e. spectral analyses) based on EEG signal and thus reflecting cortical effects. These results are close to those 
reported in healthy ageing and insomnia disorder, which questioned about the contribution of insomnia symp-
toms and age to these modifications. Still, because our groups did not differ in terms of insomnia symptoms rate 
and in terms of age, we can suppose that it reflects an effect of cancer and its past treatments. To our knowledge, 
this is the first study to report spectral analyses results during sleep in BC patients, allowing a deepen and finer 
understanding of sleep pathophysiology in BC patients.

Regarding sleep architecture, results revealed greater number of awakenings in BC patients than in HC. 
Regarding spectral analyses of cortical EEG during sleep, results revealed modifications of power spectrum in 
Delta, Alpha and Beta bands during NREM sleep (i.e. Stages 1, 2 and 3) in BC patients compared to HC. During 
REM sleep, BC patients differed from HC for the Theta power spectrum. Of note, no significant topographical 

Table 3.  Sleep architecture of HC and BC patients (means and standard deviations). HC: Healthy Controls; 
BC: Breast cancer patients; TST: Total Sleep Time; ANOVA analyses were realized using AHI as a covariate; 
p-values<0.05 are in bold; small (η2 ≥ 0.01), medium (η2 ≥ 0.06), and large (η2 ≥ 0.14) effects.

Sleep parameters

HC
(n = 21)

BC
(n = 33) Group effects (HC vs BC)

Means (SDs) F (1,51) p-values η2

Time in bed (min) 461.8 (52) 478.4 (50) 1.35 0.25 0.026

Sleep onset latency (min) 24.9 (20) 27.0 (18) 0.15 0.70 0.003

Sleep latency to Stage 3 42.3 (21) 54.8 (40) 1.69 0.20 0.031

Latency to REM (min) 118.8 (54) 121.8 (51) 0.04 0.84 <0.001

Total sleep time (min) 355.5 (68) 353.8 (57) 0.01 0.92 <0.001

Sleep efficiency (%) 76.9 (11) 74.2 (11) 0.73 0.40 0.014

Number of awakenings < 1 min 21.3 (11) 25.1 (13) 1.63 0.21 0.023

Number of awakenings > 1 min 6.8 (2.8) 9.6 (4.3) 7.58 0.008 0.13

Number of stage transition 151.4 (47) 164.9 (53) 1.28 0.26 0.017

TST stage 1%
Time (min)

8.6 (3.7)
29.7 (12)

8.8 (5.1)
30.8 (18)

0.08
0.072

0.78
0.79

<0.001
<0.001

TST Stage 2%
Time (min)

50.3 (7.2)
177.0 (34)

51.9 (6.0)
184.3 (40)

0.78
0.49

0.38
0.49

0.015
0.009

TST Stage 3%
Time (min)

22.9 (6.1)
82.5 (31)

22.5 (7.2)
79.1 (27)

0.04
0.20

0.84
0.65

<0.001
0.004

TST stage REM %
Time (min)

18.3 (4.8)
66.3 (24)

16.8 (4.0)
59.6 (18)

1.50
1.38

0.23
0.25

0.028
0.026

Apnea hypopnea index (AHI) 19.6 (13) 19.6 (11) w=360 0.82 NA
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difference was highlighted between patients and controls suggesting that the main sources of sleep related EEG 
activity did not differ between groups but was rather a more widespread effect over the scalp.

Despite a lack of significant difference in sleep efficiency (i.e. time in bed/total sleep time), BC patients had 
larger number of awakenings (longer than one minute) than HC. These results suggest a more fragmented sleep 
with short arousals in BC patients that did not affect sleep efficiency. Overall, BC patients seem to have subtle 
but still present modifications of sleep architecture compared to HC. These results are in accordance with those 
of previous studies suggesting effects of cancer and/or diagnostic on  sleep32,33. One may argue that the greater 
number of awakenings in patients could be driven by the effects of radiotherapy as most of our sample of patients 
was treated with radiotherapy following surgery. However, we ensure a period of at least 6 months between the 
end of radiotherapy and the PSG recordings in order to avoid acute effects of radiotherapy on sleep. In addi-
tion, previous studies that have measured sleep, either with PSG or actigraphy, following radiotherapy did not 
report significantly larger number of awakenings related to radiotherapy either compared to before radiotherapy 
or compared to  HC34,35. Although further studies are needed to confirm this result, we may assume that sleep 
modifications reported in the current study are not specifically related to the long-term effects of radiotherapy.

Regarding sleep microstructure, BC patients had lower Delta power spectrum than HC during NREM sleep. 
Previous reports in rats model of non-metastatic BC have shown Delta power  reduction36 that was accompanied 
by aberrant activity of hypocretin/orexin neurons that are involved in the sleep/wake cycle regulation. Therefore, 
our results confirm previous findings and help to understand pathophysiology of BC during sleep. The Delta 
band during NREM sleep depends on the precise timing of thalamo-cortical  activity37 and is known to reflect the 
homeostatic process of sleep (i.e. process S, where amplitude of Delta activity during NREM increases relative to 
the duration of prior waking)31,38. These results give rationale for altered activity in brain circuits regulating sleep 
homeostasis (i.e. hypocretin/orexin neurons) in BC patients. These results thus support a previous hypothesis 
about tumor disrupting sleep homeostasis in rodents’ model of non-metastatic breast  cancer30. This result is also 
in accordance with a previous report suggesting sleep homeostasis disruption in advanced stages BC patients 
(stages III and IV)20. It may thus be possible that sleep homeostasis is disrupted in BC, even in non-advanced 
stages as represent by the current sample (i.e. mostly stages 0 and I).

This result is in line with recent hypotheses proposing that tumors disrupt homeostatic processes. In addition, 
the current results suggest less deepen sleep in BC patients with potential deleterious effects on daytime function-
ing. BC patients had increase in the Alpha power spectrum during NREM sleep, referring to the Alpha-Delta 

Table 4.  Average power spectra of HC and BC patients (means and standard deviations of all EEG electrodes) 
according to each sleep stage and frequency band. *Means and standard deviations averaged for all electrodes 
(FP1/FP2/F3/F4/F7/F8/Fz/C3/C4/Cz/T3/T4/P3/P4/O1/O2) and all stages (Stages 1, 2, 3 and REM sleep). 
HC: Healthy Controls; BC: Breast cancer patients; ANOVA analyses were realized using AHI as a covariate; 
p-values<0.05 are in bold;; small (η2 ≥ 0.01), medium (η2 ≥ 0.06), and large (η2 ≥ 0.14) effects. Groups of 
electrodes were averaged together to increased statistical power into prefrontal (FP1/FP2), frontal (F3/F4/F7/
F8/Fz), central (C3/C4/Cz), temporal (T3/T4), parietal (P3/P4/Pz), and occipital (O1/O2) areas. Statistical 
analyses were performed using AHI as a covariate. No significant interaction was found between cortical area 
and group effects; thus, these results are not reported.

Sleep stages Frequency bands

HC
(n = 21)

BC
(n = 33) Group effects (HC vs BC)

Cortical area effects (HC 
vs BC)

Means (SDs)* F(1,316) p η2 F(5,316) p η2

1

Delta 39.9 (5.1) 37.9 (6.3) 9.31 0.002 0.013 76.96 <0.001 0.54

Theta 24.0 (4.9) 23.2 (4.8) 2.11 0.15 0.004 37.25 <0.001 0.37

Alpha 18.7 (4.7) 20.6 (5.7) 10.48 0.001 0.026 15.90 <0.001 0.20

Sigma 2.63 (0.9) 2.84 (1.1) 3.62 0.058 0.010 6.29 <0.001 0.09

Beta 13.9 (4.2) 14.8 (4.4) 3.36 0.068 0.009 7.68 <0.001 0.11

2

Delta 52.7 (5.8) 50.8 (5.9) 8.27 0.004 0.009 111.95 <0.001 0.63

Theta 23.0 (3.3) 22.6 (3.5) 1.02 0.31 0.001 124.82 <0.001 0.66

Alpha 14.4 (4.0) 15.8 (4.9) 7.79 0.006 0.020 13.44 <0.001 0.17

Sigma 2.58 (1.3) 2.67 (1.2) 0.37 0.55 0.000 15.82 <0.001 0.20

Beta 8.45 (3.0) 9.30 (2.8) 6.69 0.010 0.015 23.89 <0.001 0.27

3

Delta 67.0 (5.8) 64.1 (5.9) 18.77 <0.001 0.024 89.43 <0.001 0.56

Theta 19.8 (2.6) 20.4 (3.1) 2.96 0.086 0.002 197.36 <0.001 0.75

Alpha 8.94 (3.5) 10.4 (4.2) 9.86 0.002 0.028 4.02 0.002 0.058

Sigma 1.31 (0.8) 1.45 (0.7) 2.80 0.095 0.006 27.08 <0.001 0.30

Beta 3.63 (1.4) 4.36 (1.6) 16.73 <0.001 0.033 33.43 <0.001 0.33

REM

Delta 37.3 (5.6) 36.4 (6.1) 1.53 0.22 0.005 20.39 <0.001 0.24

Theta 25.8 (4.2) 24.2 (4.4) 8.45 0.004 0.023 9.88 <0.001 0.13

Alpha 19.2 (3.8) 20.2 (4.6) 3.07 0.081 0.007 19.99 <0.001 0.24

Sigma 2.84 (0.9) 2.95 (1.0) 0.87 0.35 0.002 6.71 <0.001 0.10

Beta 15.5 (5.2) 16.5 (5.6) 2.12 0.15 0.006 2.91 0.014 0.04
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sleep. As NREM sleep deepened, Alpha disappears and the re-appearance of Alpha during slow-wave sleep 
(Stage 3) has been associated with non-restorative  sleep39. Alpha during NREM sleep has also been associated 
with cortical hyperarousal in insomnia  patients40. Seemly, the greater Beta power in BC patients compared to 
HC during NREM sleep suggests greater cortical arousal in BC patients. This greater cortical arousal could be 
related to non-restorative sleep as the Beta EEG band has been previously linked to cortical arousal during sleep 
in insomnia patients (e.g.27,40–43). Greater cortical hyperarousal in insomnia has been previously linked to greater 
risk for developing depressive  symptoms44, highlighting the need for further light over sleep disturbance in BC 
patients in order to prevent depressive symptoms. During REM sleep, BC patients had reduction of the Theta 
power spectrum compared to HC. The Theta band is the central activity of REM sleep and has been associated 
with dreaming and  emotion21,45, suggesting alteration in emotion regulation related to sleep in BC patients. Still, 
this hypothesis remains to be tested.

Limitations. This study is an exploratory one with a small number of participants, further studies using 
larger sample sizes are warranted. Nevertheless, it paves the road for further investigation in order to better 
understand the pathophysiological modifications associated with BC and its treatments.

Conclusions
Altogether, our results highlighted modifications of sleep structure in BC patients compared to HC. BC patients 
had a greater number of awakenings during sleep as well as greater arousal and a less deepen sleep than HC 
during NREM sleep as reflected by cortical activity. During REM sleep, BC patients seem to have deregulation 
of EEG bands related to emotional regulation and dreaming. Although we had a small sample size, our results 
give additional insights in sleep pathophysiology of BC survivors and suggest sleep homeostasis disruption in 
non-advanced stages of BC.

Materials and methods
Participants. All participants provided written informed consent for the study. The study was conducted 
according to the guidelines of the Declaration of Helsinki, and approved by the ethics committee (CPP Ile de 
France III), n°ID-RCB: 2017-A02778-45.

Participants were recruited between January 2018 and March 2020 at the François Baclesse regional cancer 
center (Caen, France). Among the patients approached, 50 agreed to participate. Eleven patients finally declined 
to participate. An additional six patients were removed from the analyses due to PSG recording issues (i.e. 
holter shut down prematurely) during the ambulatory home-based PSG. Among the 25 healthy controls (HC) 
included, four finally refused to participate. Thus, groups consisted of 33 patients and 21 HC. Informed consent 
was obtained from all subjects involved in the study.

Patient inclusion criteria were : (i) less than 70 years old, (ii) no metastatic BC, (iii) already undergone sur-
gical or radiotherapy treatment, (iv) radiotherapy finished since at least six months ago and no chemotherapy 
treatment, (v) menopausal status since at least one year ago at the time of inclusion, (vi) no personality disorder 
nor progressive psychiatric disorder (vii) no neurological sequelae, (viii) no drug use or alcohol abuse, (ix) be a 
native French speaker, (x) have at least a primary school level of education.

Inclusion criteria for HC were the same as for patients, including no history of cancer and no global cogni-
tive impairment according to the Montreal Cognitive Assessment. HC were matched in age and education with 
BC patients.

Measures. Questionnaires. Depression was assessed with the Beck Depression Inventory (BDI)46 and anxi-
ety was measured with the State Trait Anxiety Inventory (STAI)47. For both questionnaires higher values indicate 
higher depression and trait-anxiety symptoms. The STAI questionnaire was not fulfilled at the same time that 
sleep measurement, thus the State score was not representative of their anxiety state at the time of sleep and only 
Trait anxiety score was reported here.

Perceived sleep quality was assessed using the Pittsburgh Sleep Quality Index (PSQI), a 19-item question-
naire measuring sleep habits (e.g. sleep latency, frequency of awakenings) over the previous month. Scores range 
from 0 to 21, with higher scores reflecting poorer sleep quality. Insomnia’s symptoms were measured with the 
Insomnia Severity Index (ISI) composed of seven items evaluating difficulty falling asleep, maintaining sleep 
and the frequency of early morning awakenings, as well as the degree of dissatisfaction with current sleep and 
its impact on daily activities. Scores range from 0 to 28, with higher scores indicating higher insomnia related 
symptoms. The interpretation of the total score is as follows: lack of insomnia (0–7); sub-threshold insomnia 
(8–14); moderate insomnia (15–21); and severe insomnia (22–28)48. The cut-off of 8 has been validated in cancer 
 patients49,50, representing the best specificity and sensitivity ratio in this population.

Polysomnography. A full night of sleep was recorded using ambulatory PSG at home. Twenty electroencepha-
lography (EEG) electrodes were placed over prefrontal (FP1/FP2), frontal (F3/F4/F7/F8/Fz), central (C3/C4/
Cz), temporal (T3/T4), parietal (P3/P4/Pz), and occipital (O1/O2) sites, according to the international 10–20 
system. Ag/Au electrodes with a vertex ground and a bi-mastoids reference were used. Two electrodes were 
placed at each place: above and under the eyes, on the chin, and under each clavicle. This montage included 
thoracic and abdominal belts, nasal and oral thermistors, nasal airflow and a finger pulse oximeter. All sensors 
were connected to the Compumedics Siesta sleep system and placed by an EEG technician (SP). The hardware 
EEG filter band pass was 0.15–121 Hz and the sample rate was set to 256 Hz. Sleep stages (1, 2, 3, and REM) were 
visually scored by an electrophysiology technician (SR) in 30 s epochs according to the AASM Scoring Manual 
 procedures51 using Compumedics software. Artifacts were detected visually by JP, and epochs with artifacts 
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(eye-movement, electrocardiogram, electromyogram or movement-related artifacts) were rejected from analy-
ses. Sleep onset latency (SOL, min) was determined as the time from lights out to the first epoch (i.e. 30 s) of 
Stage 2 sleep, according to AASM Scoring  Manual51. Then, sleep architecture parameters included: total time in 
bed (TIB, min), total sleep time (TST, min), sleep efficiency (SE, %), latency to Stage 3 (min), number of awak-
enings, number of stage transition, time (min) and percentage (%, according to TST) of Stages 1, 2, 3 and rapid 
eye movement (REM). AHI (Apnea–Hypopnea Index) is defined as the sum of apneas and hypopneas (with 3% 
desaturation or arousal) divided by the total sleep time in hours. This index has been visually scored by a sleep 
technician (SR) according to AASM  criteria51.

Spectral analysis. Computerized spectral analysis was performed with fast Fourier transformation (FFT) on 
the all-night filtered EEG. Spectral analysis was performed on 4-s epochs and on the 17 channels recorded to 
investigate the difference in areas EEG power spectra. Before computing the FFT, the data were tapered with the 
Hamming window. The FFT was computed on artifact-free epochs. The FFT was realized for each sleep stage 
on the total number of epochs corresponding to the maximal number of artifact-free epochs observed in all 
subjects. The relative power spectrum was obtained in the following frequency bands: Delta (1.5–4 Hz); Theta 
(4–7.5 Hz); Alpha (7.5–12.5 Hz); Sigma (12.5–14 Hz); Beta (14–30 Hz). All night power averages were obtained 
for Stages 1, 2, 3 and REM sleep separately. For spectral analyses, groups of electrodes were averaged together to 
increased statistical power into prefrontal (FP1/FP2), frontal (F3/F4/F7/F8/Fz), central (C3/C4/Cz), temporal 
(T3/T4), parietal (P3/P4/Pz), and occipital (O1/O2) areas.

Statistical methods. Analyses were performed with R software, with statistical significance set at p < 0.05. 
The nonparametric Wilcoxon-Mann–Whitney test was used instead of Student’s t test, if the normality hypoth-
esis was rejected according to Shapiro–Wilk test, to evaluate whether demographic, psychological and subjective 
sleep differed between groups. Pearson chi-squared test was used to determine whether sleep disturbance rate 
differed between BC patients and HC.

We performed ANOVA to evaluate whether architecture parameters differed between groups, with sleep 
architecture parameters as dependent variable, group as the independent variable and AHI as co-variable. To 
evaluate whether the sleep microstructure differed between groups and across cortical areas, we realized an 
ANOVA for each frequency band (i.e. Delta, Theta, Alpha, Sigma and Beta) in each sleep stage (i.e. Stages 1, 2 
and 3 and REM sleep) with EEG power as dependent variable, group and cortical areas (i.e. prefrontal, frontal, 
central, temporal, parietal, and occipital areas) as independent variables and AHI as co-variable. Effect size 
were calculated using eta squared  values52,53. Effects sizes were considered as follows: η2, small effect: η2 ≥ 0.01, 
medium effect: η2 ≥ 0.06, and large effect: η2 ≥ 0.1454.

Data availability
Data will be provided upon reasonable request to the corresponding author (JP).
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