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Sleep and rest-activity-rhythm (RAR) abnormalities are commonly reported in schizophrenia spectrum disorder (SSD) patients.
However, an in-depth characterization of sleep/RAR alterations in SSD, including patients in different treatment settings, and the
relationship between these alterations and SSD clinical features (e.g., negative symptoms) is lacking. SSD (N= 137 altogether,
N= 79 residential and N= 58 outpatients) and healthy control (HC) subjects (N= 113) were recruited for the DiAPAson project.
Participants wore an ActiGraph for seven consecutive days to monitor habitual sleep-RAR patterns. Sleep/rest duration, activity (i.e.,
M10, calculated on the 10 most active hours), rhythm fragmentation within days (i.e., intra-daily variability, IV; beta, steepness of
rest-active changes), and rhythm regularity across days (i.e., inter-daily stability, IS) were computed in each study participant.
Negative symptoms were assessed in SSD patients with the Brief Negative Symptom Scale (BNSS). Both SSD groups showed lower
M10 and longer sleep/rest duration vs. HC, while only residential patients had more fragmented and irregular rhythms than HC.
Compared to outpatients, residential patients had lower M10 and higher beta, IV and IS. Furthermore, residential patients had
worse BNSS scores relative to outpatients, and higher IS contributed to between-group differences in BNSS score severity.
Altogether, residentials and outpatients SSD had both shared and unique abnormalities in Sleep/RAR measures vs. HC and relative
to one another, which also contributed to the patients’ negative symptom severity. Future work will help establish whether
improving some of these measures may ameliorate the quality of life and clinical symptoms of SSD patients.
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INTRODUCTION
Schizophrenia Spectrum Disorders (SSD) have an enormous impact
in terms of suffering, disability, and health care costs worldwide [1].
While the diagnosis of SSD is based on the presence of positive (i.e.,
hallucinations, delusions) and negative (i.e., apathy, anhedonia)
symptoms [2], disturbed sleep and activity patterns have been
consistently observed since the earliest clinical descriptions of SSD
and are commonly reported by these patients [3, 4]. Disturbed sleep
and rest-activity rhythm (RAR) patterns in SSD patients can also
have implications for certain aspects of health. For example,
sedentary lifestyles (i.e., less daytime activity and longer/more
frequent rest periods) may contribute to an increased risk of suicide,
metabolic disorder, and cardiovascular disease and consequently to
the shorter lifespan observed in SSD patients [5–9]. Characterization
of sleep/RAR disturbances and their relationships with clinical
symptoms may therefore help to establish the implication of these
disturbances in the pathophysiology of SSD, which in turn could
improve prognosis and treatment outcomes in these patients.

Actigraphy can be employed to quantify disturbances in RAR
and sleep parameters (Box 1) objectively and non-invasively. Sleep
and circadian abnormalities in patients with SSD have been
reported, regardless of the phase of the disorder (i.e., prodromal
phase and early course or chronic stages) [10–12]. A significant
increase in total sleep time and a reduction in motor activity are
some of the most consistently reported findings in SSD patients
relative to control groups [4]. Furthermore, SSD patients often
present with irregular rest-activity patterns [13], reduced daytime
activity [14], and fragmented sleep periods [15]. However,
previous studies assessing sleep and RAR alterations in SSD
patients via actigraphy have mostly focused on a subset of these
parameters and suffered from relatively small sample sizes;
[14, 16–21] thus, an extensive characterization of sleep/RAR
alterations in a large cohort of patients with SSD relative to
healthy control (HC) subjects is currently lacking. Further, to our
knowledge, only one study compared RAR parameters between a
small group of inpatients (n= 10; mean age: 58.9 years) and
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outpatients (n= 10; mean age: 54.3 years) with chronic schizo-
phrenia and found a higher IS and lower physical activity
combined with lower IV in inpatients compared to outpatients
[21]. Thus, differences in RAR parameters between residential and
outpatient SSD patients, especially in a large group of patients,
which could help to disentangle disease- and environment-driven
abnormalities, have not been thoroughly examined [4].
Altered sleep and RAR parameters have been found to be

related to the clinical symptoms of SSD. Among those, negative
symptoms, which contribute significantly to reduced social and
psychosocial functioning, less working capacity, decreased goal-
oriented activities, and ultimately a lower quality of life in
schizophrenia [22–24], have been associated with longer total
sleep time and lower motor activity patterns in these patients
[25, 26]. Furthermore, the negative symptom dimension confers a
significant disease burden, yet it is unresponsive to current
treatments. Collectively, such findings highlight the importance of
negative symptoms for the prognosis and ultimate clinical
outcome in SSD patients and illustrate that some aspects of
sleep-wake patterns may relate to these symptoms. Nonetheless,
establishing the relationships between sleep-wake parameters
and negative symptoms in SSD in the context of different
treatment settings remains under-investigated [27].
In this study, we examined whether sleep and RAR parameters

differed in residential and outpatient patients with SSD relative to
HC and to each other. We also assessed whether negative
symptoms differed between residential and outpatient groups
and whether the severity of negative symptoms was linked with
sleep-wake pattern disruptions. We hypothesized that: (1) there
would be shared and unique alterations in sleep and RAR
parameters in residential patients and outpatients relative to HC.
(2) Specific sleep and RAR parameters, including total sleep time,
physical activity, and rhythm fragmentation and regularity would
be more altered in residential compared to outpatient groups. (3)
Negative symptoms would be worse in residential vs. outpatient
individuals, and some sleep/RAR parameters that differed across
SSD groups would be associated with between-group differences
in negative symptom severity.

MATERIALS/SUBJECTS AND METHODS
Eligibility and recruitment
The inclusion criteria for all study participants were to be between
18 and 56 years of age and have a good knowledge of the Italian

language. Additional inclusion criteria for patients were SSD
diagnosis according to the DSM-5 criteria [28] and being in
treatment at residential facilities or as outpatients at Department
of Mental Health (DMH) facilities. Furthermore, the following
exclusion criteria were applied to all participants: inability to
provide informed consent (e.g., because of a low level of
education); significant cognitive deficit (i.e., assessed with a
Mini-Mental State Examination [MMSE], with a corrected score
≤24.0); recent (in the last six months) diagnosis of substance use
disorder according to the DSM-5 criteria; [28] history of a clinically
significant head injury; and cerebrovascular diseases. All partici-
pants provided informed consent.
From October 2020 to October 2021, patients with a diagnosis

of SSD were evaluated at ten participating centers. Outpatients
were community-dwelling patients with SSD who were
approached consecutively at the outpatient units of local
Departments of Mental Health for potential participation until
the recruitment target was achieved. At residential facilities, the
local heads prepared an alphabetical list of patients with SSD
present on an index-day; based on this list, residential patients
were consecutively invited to participate in the study until the
recruitment target was achieved. Additional information about
residential facilities is provided in the supplementary materials.
The psychiatric history of patients was assessed using a

structured ad hoc survey based on the DSM-5 conducted by a
psychiatrist or a psychologist and aimed at collecting information
on the current diagnosis, illness duration, and lifetime duration of
psychiatric hospitalizations. For each recruited participant, socio-
demographic details were gathered. The Charlson Comorbidity
Index [29] was used for the assessment of the physical
comorbidities of participants. The 24-item Brief Psychiatric Rating
Scale (BPRS) [30, 31] was used for the assessment of the severity of
psychopathology. The 43-item Specific Levels of Functioning Scale
(SLOF) [32, 33] was used for the assessment of psychosocial
functioning.
Regarding healthy comparison subjects, a negative psychiatric

history, along with the no current treatment with psychoactive
medications, was confirmed during a clinical interview conducted
by a psychiatrist or a psychologist. Furthermore, shift workers and
\or individuals who recently traveled to a different time zone were
excluded. Healthy controls were recruited by public advertise-
ments and snowball sampling procedures and were matched by
gender and age group (i.e., 18–24, 25–29, 30–34, 35–39, 40–44,
45–49, and 50–56) with the SSD clinical sample.
Detailed information about the study was provided to all

participants. The actigraphy monitoring was preceded by a
briefing session in which research staff gave instructions about
the study procedures and how to effectively perform such
procedures; this was followed by a debriefing session in which
the same research staff member collected information on study
acceptability and feasibility. Clinician-administered and self-report
surveys were completed by each study participant. During the
debriefing session, SSD outpatients and HC participants received €
25,00 for travel expense reimbursement. For additional informa-
tion about the study protocol, please refer to De Girolamo et al.
2020 [34].

Assessment of negative symptoms
Negative symptoms severity was assessed with the Brief Negative
Symptom Scale (BNSS) [35, 36], a 13-item instrument designed for
the evaluation of blunted affect, alogia, asociality, anhedonia, and
avolition (from 0—not present- to 6—severe deficit). Higher total
scores correspond to more severe negative symptoms.

Assessment of rest-activity rhythms and sleep
Each study participant was instructed to wear an ActiGraph GT9X
Link (manufactured by ActiGraph, Pensacola, FL 3250, USA) on the
non-dominant wrist for seven consecutive days to monitor

Box 1. Sleep/rest-activity measures assess by actigraphy

Sleep Outcomes
Estimated from Cole-Kripke sleep scoring algorithm
Total Sleep Time (TST): Total minutes scored as sleep
Wake After Sleep Onset (WASO): Minutes of wakefulness after sleep onset until
final awakening for the day; higher values reflect more fragmented sleep

Rest-Activity Rhythm (RAR) Parameters
Estimated using nparACT to calculate nonparametric and cosinor RAR measures
M10: Average activity level during the most active 10 h of the day
L5: Average activity level during the least active 5 h of the day
Relative Amplitude (RA): Standardized measure of rhythm strength calculated
from M10 and L5
Intra-daily Variability (IV): Measure of rhythm fragmentation within days;
higher values reflect more variable rest and activity patterns within an average
day (e.g., more transitions between periods of rest and activity within a day)
Inter-daily Stability (IS): Measure of rhythm stability/consistency across days;
higher values reflect more consistent rest and activity patterns across
different days
Rest Length: Duration of the main (longest) rest period of the day estimated
based on an extended cosine model
Beta: Steepness/abruptness of transitions between primary rest and activity
periods
Activity Offset: Time of activity offset
Activity Onset: Time of activity onset
F-stat: Measure of overall rhythm strength
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habitual sleep-wake patterns. The wearable accelerometer-based
biosensor Actigraph GT9X Link is a validated triaxial accelerometer
that includes a gyroscope, magnetometer, accelerometer, and
Bluetooth capability manufactured by ActiGraph, LLC (https://
actigraphcorp.com/actigraph-link).

Data analysis
A non-parametric approach implemented with the package
nparACT [37, 38] in the R Statistical Software was utilized to
estimate several rest-activity rhythm (RAR) and sleep parameters.
RAR measures included: M10, the average activity level during the
participant’s most active 10 h; L5, the average activity level during
the participant’s least active 5 h; relative amplitude (RA), a
standardized measure of rhythm strength; intra-daily variability
(IV), a measure of rhythm fragmentation within days; inter-daily
stability (IS), a measure of rhythm stability or consistency across
days; rest length: duration of the main (longest) rest period of the
day estimated based on an extended cosine model; beta, steepness
of rest-active changes; the approximate times of activity onset and
offset; and F-statistic (F-stat), a measure of overall circadian
rhythmicity of rest and activity. Sleep parameters were computed
with the ActiLife software using the Cole–Kripke sleep scoring
algorithm [39]. The following sleep parameters were assessed: total
sleep time (TST), defined as the number of minutes scored as sleep
(primary/night period), and wake after sleep onset (WASO), defined
as the minutes of wakefulness observed after sleep onset.

Statistical analyses
The minimum sample size of 50 participants for each group was
chosen based on a recent study assessing physical activities and
clinical measures in bipolar disorder [40] (please refer to study 3
design section in [34] for further information) and our final sample
exceeded that number (i.e., 50 participants) in each group.
Before running any statistical analyses, we removed data from

participants with less than 3 days of actigraphy valid data or if any
of the sleep/RAR values were outside the mean ±3 standard
deviations. Group differences in demographic variables were
examined using analysis of variance (ANOVA) and Chi-squared
test. Analysis of covariance (ANCOVA) was performed to identify
differences in RAR and sleep parameters between HC, outpatient
SSD, and residential SSD groups after controlling for covariates
(i.e., age, sex, total number of antipsychotic medications, and total
number of non-antipsychotic medications). We applied two-
sample t tests that accounted for unequal variance for pairwise
comparisons when the ANCOVA global F-tests showed significant
differences across the three study groups.
Differences in negative symptoms, assessed with BNSS scores,

between residential and outpatient SSD groups were first
examined by performing Student t tests for a two-sample mean
comparison. We also tested for an interaction effect for each RAR
parameter that differed between SSD residentials and outpatients
and group on BNSS using a linear regression model, while
controlling for age, sex, the total number of antipsychotic
medications, and the total number of non-antipsychotic medica-
tions as covariates. A Kolmogorov-Smirnov test was used to verify
normality of the residuals of the regression model. We ran a
correlation between the RAR parameter, which showed significant
interaction, and BNSS. Correlation analyses were also performed to
assess the relationship between sleep/RAR parameters and age.
Finally, we ran several exploratory correlation analyses to
investigate the relationship between sleep/RAR measures and
clinical measurements, including BPRS, MMSE, and SLOF total
scores. Partial correlations were applied to examine associations
between different measurements across groups while controlling
for the groups. For all correlation analyses, we applied Pearson
correlation.
All p values comparing different sleep/RAR variables, as well as

the pairwise comparisons among groups, were adjusted for

multiple testing using Bonferroni correction. All statistical analyses
were performed using R (version 3.6.3). All statistical tests were
two-sided and assumed a 5% significance level.

RESULTS
Demographic and clinical characteristics
Two hundred and fifty participants, including one hundred and
thirty-seven individuals with SSD (i.e., N= 79 residential patients
and N= 58 outpatients) and one hundred and thirteen HC
subjects, were recruited [34]. Eleven participants (N= 8 residential
patients and N= 3 HC subjects) were excluded from the analyses
due to having less than 3 days of actigraphy valid data. Nine
additional subjects (N= 3 residential patients, N= 4 outpatients,
and N= 2 HC subjects) were removed based on our outlier
detection criteria (i.e., being outside the mean ± 3 standard
deviations for at least one RAR or sleep parameter). Therefore, 68
residential patients, 54 outpatients, and 108 HC individuals were
included in all further analyses (Table 1). Additional clinical
characterizations of the patients, including Brief Psychiatric Rating
Scale (BPRS), are reported in the supplementary Table S1.
There were no sex differences across the three groups, while we

observed a significant across-group difference in age (F(2,227) =
3.44, p= 0.034). Specifically, the post-hoc analysis revealed
significant age differences between SSD residential patients and
outpatients (mean diff= 4.93, t(120) = 2.56, padj= 0.035) but not
between each of the SSD groups and HC (Outpatients vs. HC:mean
diff=−2.77, t(160) = −1.56, padj= 0.368; Residential vs. HC: mean
diff= 2.16, t(174) = 1.38, padj= 0.507). The age range of SSD
outpatients was between 18 and 55, whereas HCs and SSD
inpatients had an age range of 21 to 56 years. Additional across-
group differences in sociodemographic parameters and number of
medications prescribed to patients are presented in Table 1. Please
refer to the supplementary Table S2 for additional information
about the medications that the SSD patients were taking.

ACROSS GROUP DIFFERENCES IN ANCOVA ANALYSIS
One-way ANCOVAs were performed for each sleep and RAR
parameter across the three groups (i.e., independent variable),
using age, sex, and total numbers of antipsychotic and non-
antipsychotic medications as covariates. Among sleep parameters,
TST (F (2, 223) = 19.28, p < 0.001), but not WASO, was different
between groups (Table 2). Furthermore, several RAR measures,
including IV (F (2, 223) = 6.45, padj= 0.023), IS (F (2, 223) = 6.51,
padj= 0.021), M10 (F(2, 223) = 8.72, padj= 0.003), rest length (F(2,
223) = 13.89, padj < 0.001), and beta (F(2, 223) = 16.74, padj < 0.001)
were significantly different across the three groups after
Bonferroni’s correction (i.e., corrected for 12 sleep/RAR para-
meters; Table 2), while no significant across group differences
were found for RA, activity offset, activity onset, F-stat, and L5.

SHARED AND DISTINCT DIFFERENCES IN SLEEP/RAR
PARAMETERS BETWEEN SSD GROUPS AND HC
TST was higher in both SSD groups compared to HC (t(174) =
11.50, padj < 0.001, Cohen’s d effect size (ES)= 1.84; and t(160) =
8.43, padj < 0.001, ES= 1.50; for residential and outpatients SSD vs.
HC, respectively) (Fig. 1, Table S3). Regarding RAR parameters,
both SSD groups showed higher rest length (residential vs. HC:
t(174) = 8.04, padj < 0.001, and ES= 1.30; outpatients vs. HC:
t(160) = 6.59, padj < 0.001, and ES= 1.21) along with lower M10
(residential vs. HC: t(174) = −8.41, padj < 0.001, and ES=−1.31;
outpatients vs. HC: t(160) = −3.58, padj= 0.002, and ES=−0.62,
Fig. 1, Table S3). Furthermore, when compared to HC, SSD
residential patients showed higher IV (t(174) = 2.53, padj= 0.038,
and ES= 0.40), IS (t(174) = 5.29, padj < 0.001, and ES= 0.82), and
beta (residential vs. HC: t(174) = 5.44, padj < 0.001, and ES= 0.92).
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In contrast, SSD outpatients had no differences in either of those
measures relative to HC (Fig. 1, Table S3).

DIFFERENCES IN RAR PARAMETERS BETWEEN RESIDENTIAL
AND OUTPATIENT SSD GROUPS
We also observed that some RAR measures differed between
residential and outpatient participants. We found that M10 was
lower in residential compared to outpatient SSD (t(120) = −2.82,
padj= 0.018, and ES= 0.52), whereas IV (t(120) = 3.53, padj= 0.002,
and ES= 0.63), IS (t(120) = 3.37, padj= 0.003, and ES= 0.61), and
beta (t(120) = 4.55, padj < 0.001, and ES= 0.80) were higher in
residentials subjects compared to outpatients (Fig. 1, Table S3).
To specifically assess the effects of negative symptoms, sleep

and RAR parameter comparisons between SSD residentials and

outpatients were repeated by adding BNSS total score as a
covariate along with age, sex, and the total number of
medications, As shown in Supplementary Table S4, findings from
this analysis were comparable to those obtained excluding BNSS.
To further assess the potential effects of mood stabilizer

medications, first, we repeated the across-group sleep and RAR
parameter comparisons by removing SSD patients taking those
medications (Table S5). Findings from this analysis were similar
to the findings from the original analysis, as shown in Table 2.
Second, for the residential group that included most of the
patients on mood stabilizer medications, we compared residen-
tial SSD taking mood stabilizers vs. those not taking such
medications (please see Supplementary Table S6). We found no
difference in any of the sleep and RAR parameters between
these two groups.

Table 1. Demographic and clinical variables of the study groups.

VARIABLES Healthy control
N= 108

Outpatient
N= 54

Residential patient
N= 68

p value

Sex, n (%) 0.293a

Male 66 (61%) 30 (55.5%) 47 (69.1%)

Age (mean, sd) 41.5 (10.1) 38.8 (10.9) 43.7 (10.1) 0.034b

Illness duration (mean, sd) NA 15.5 (9.2) 20.1 (10.1) 0.010c

Education years (mean, sd) 16.7 (4.9) 12.2 (2.4) 11.7 (3.3) <0.001b

Working status, n (employed, student, neither) 99 employed;
8 students;
1 neither

27 employed;
6 students;
21 neither

12 employed;
2 students;
54 neither

<0.001a

Charlson Comorbidity Index (mean, sd) 0.49 (0.80) 0.31 (0.67) 1.12 (1.53) <0.001b

Brief Negative Symptom Scale (BNSS) NA 17.2 (13.9) 24.1 (14.9) 0.009c

Total number of non-antipsychotic medications 0 0.89 (0.84) 1.56 (1.14) <0.001c,d

Total number of antipsychotic medications 0 1.39 (0.63) 1.63 (0.77) 0.057c,d

BOLD= Statistically significant, p < 0.05.
sd standard deviation.
aPearson Chi-Square p value computed with Monte Carlo simulation (B= 2000).
bAnalysis of variance (ANOVA) p value.
cUnequal variance t test.
dThe comparison was made only between SSD patient groups.

Table 2. Group differences in sleep and rest-activity-rhythm parameters.

Mean (SD) Group Difference *

Variable Healthy Control Outpatient Residential F-Stat Padj
TST (minutes) 369.30 (60.07) 488.72 (95.07) 500.04 (80.72) 19.28 <0.001

WASO minutes 65.30 (21.95) 71.20 (28.72) 59.03 (26.55) 3.92 0.255

IV 0.77 (0.20) 0.72 (0.19) 0.86 (0.24) 6.45 0.023

IS 0.60 (0.11) 0.63 (0.10) 0.69 (0.12) 6.51 0.021

M10 3039.67 (695.53) 2527.32 (930.91) 2087.38 (753.54) 8.72 0.003

L5 123.61 (71.14) 97.33 (76.52) 82.61 (55.31) 1.79 1.00

RA 0.92 (0.04) 0.92 (0.05) 0.92 (0.06) 0.09 1.00

Rest length (hours) 8.14 (0.94) 10.07 (2.05) 9.69 (1.42) 13.89 <0.001

Beta 10.43 (7.50) 12.16 (13.28) 30.79 (30.30) 16.74 <0.001

Activity offset 23.06 (1.09) 21.63 (2.05) 21.59 (1.51) 2.74 0.803

Activity onset 7.19 (0.92) 7.69 (1.88) 7.28 (1.70) 4.77 0.112

F-stat 2354.25 (985.12) 1816.44 (740.49) 2071.39 (1356.79) 3.57 0.357

The degrees of freedom for Analysis of Covariance (ANCOVA) F-test analysis are numerator = 2, and denominator = 223 for all variables.
*One-way ANCOVA result, group as an independent variable, and age and sex as covariates, and the p values are corrected for multiple tests using Bonferroni’s
correction (12 tests).
SD standard deviation, TST total sleep time, minutes, WASO wakefulness after sleep onset, minutes, IV intra-daily variability, IS inter-daily stability, M10 average
activity level during the participant’s most active 10 h, L5 average activity during the participant’s least active 5 h, RA relative amplitude, F-stat F-statistic.
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RELATIONSHIP BETWEEN NEGATIVE SYMPTOM DIFFERENCES
BETWEEN SSD GROUPS AND ALTERED RAR PARAMETERS
Residential patients and outpatients also differed in the severity of
negative symptoms assessed with the BNSS. Specifically, residen-
tial patients had higher BNSS scores (24.1 ± 14.9) compared to
outpatients (17.2 ± 13.9, t(120) = 2.65, p= 0.009, and ES= 0.48;
Fig. 2A). We then applied a single linear model of BNSS with all
RAR parameters that differed between SSD groups (i.e., IS, M10, IV,
and beta) and group to assess the interaction effects of RAR
parameters and group on BNSS. After controlling for covariates,

we observed a significant interaction between IS and residential
SSD patients (standardized coefficient= 1.28 and padj= 0.004, after
correcting for multiple comparisons). The standardized coeffi-
cients for all interactions and the full model are shown in Table S7.
By using the Kolmogorov-Smirnov test, we confirmed the residual
of the regression model was consistent with a normal distribution
(p= 0.912; Fig. S1). Furthermore, we established that the positive
correlation between negative symptom score and IS was
significant in residential patients (R= 0.280, p= 0.021) but not in
outpatients (R= 0.196; p= 0.156, Fig. 2B).

Fig. 1 Sleep and rest-activity rhythm (RAR) parameters that differed across control (green), schizophrenia spectrum disorder (SSD)
outpatients (yellow), and SSD residential patients (red). The following parameters differed between groups: inter-daily stability (IS; top left),
average activity level during the participant’s most active 10 h (M10; top right), intra-daily variability (IV; middle left), beta (middle right), total
sleep time (TST, bottom left), and rest length (bottom right). P values were corrected for multiple comparisons using Bonferroni’s correction.
(*0.01< padj < 0.05, **0.001 ≤ padj ≤ 0.01, *** padj < 0.001). Blue asterisks indicate parameters that differed between SSD groups. IV intra-daily
variability, IS inter-daily stability, M10 average activity level during the participant’s most active 10 h, TST total sleep time.

Fig. 2 Brief Negative Symptom Scale (BNSS) comparison between SSD groups and BNSS relationship with inter-daily stability (IS) across
groups. A BNSS total scores were different between SSD groups (p= 0.009). B The scatter plots with the regression lines for the association
between interdaily stability (IS) and BNSS total score in outpatients and residential SSD.
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EXPLORATORY CORRELATION ANALYSIS BETWEEN RAR/SLEEP
MEASURES AND AGE AND CLINICAL MEASUREMENTS
We found significant partial correlations between age and IS
(R= 0.238, p < 0.001), rest length (R=−0.180, p= 0.006), activity
offset (R=−0.217, p < 0.001), activity onset (R=−0.410, p < 0.001)
across 3 groups after controlling for groups. By running
correlations for each group separately, we found a significant
correlation between age and IS (R= 0.249, padj= 0.028; adjusted
for 3 groups), activity offset (R=−0.368, padj < 0.001), and activity
onset (R=−0.500, p < 0.001) in HC, as well as significant
correlations between age and activity onset in both outpatients
(R=−0.369, p= 0.018) and residential patients (R=−0.384,
padj= 0.004). No other significant correlations were found
between age and sleep/RAR parameters in outpatients and
residential patients (Supplementary Table S8).
Correlation analyses between sleep/RAR variables and Brief

Psychiatric Rating Scale (BPRS) total score and positive
symptoms scores yielded no significant results (Table S9–10).
Similarly, no significant associations were found between sleep/
RAR parameters and MMSE scores (Table S11). Furthermore,
while no partial correlations across groups or correlations in
individual groups, between sleep/rest parameters and SLOF total
scores (Supplementary Table S12) were established, we found
significant partial correlations between Charlson comorbidity
index and TST (R=−0.221, p < 0.001), rest length (R=−0.181,
p= 0.006), RA (R=−0.177, p= 0.007), activity offset
(R=−0.130, p= 0.0497), and activity onset (R=−0.321,
p < 0.001) (Table S13). Correlations for individual groups also
showed stronger associations in residential patients than in HC
and outpatients, likely due to the higher comorbidity in
residential SSD patients (Table S13).

DISCUSSION
In this study, we found that residential patients and outpatients
with SSD had longer rest periods (i.e., TST and rest length) and
lower activity levels (i.e., M10) compared to HC. Furthermore,
residential patients had more fragmented rhythms (i.e., higher IV)
that were stable across days (i.e., higher IS) and showed an even
more reduced activity (i.e., lower M10) relative to outpatients.
Residential patients also had more severe negative symptoms
than outpatients, and higher IS was associated with between-
group differences in negative symptom severity.
Consistent with prior literature, some sleep and RAR parameters

were altered in patients with SSD relative to HC. A recent meta-
analysis that included fifteen sleep studies in schizophrenia found
greater TST, time in bed, and sleep latency along with reduced
motor activity in these patients compared to HC subjects [4]. Here,
we reported that SSD patients had longer sleep and rest periods
combined with lower daily activity, as reflected by reduced M10.
These findings confirm that individuals with SSD tend to sleep
more and are overall less active than HC subjects. We also
established that such alterations were observed in both residential
asnd outpatient groups. The presence of sleep and RAR
abnormalities in different settings indicates that they are likely
reflective of the pathophysiology of SSD rather than a byproduct
of environmental factors. It is, however, important to point out
that almost all HC subjects enrolled in our study were either
employed or students, whereas most of the SSD patients were
neither. These sociodemographic differences may have contrib-
uted to the lower levels of motor activity observed in our patients.
Further characterization of behavioral factors contributing to
lower activity and more sedentary behavior in SSD is therefore
needed to ascertain the interaction and directionality of these
sleep and RAR parameters in SSD. Furthermore, we did not
establish any relative amplitude alterations in either group of SSD
patients compared to HC individuals, in line with findings from a
recent meta-analysis [4].

In addition to sleep and RAR disturbances shared across both
SSD groups relative to HC, we found that residential patients had
distinct alterations relative to HC, which included higher IV, beta,
and IS. While the first two parameters have not been compared
between residentials and other groups, a couple of studies have
assessed IS in inpatient SSD vs. clinical or non-clinical groups. One
study with a small group of inpatients (n= 10; mean age: 58.9
years) and outpatients (n= 10; mean age: 54.3 years) with chronic
schizophrenia found a higher IS in inpatients compared to
outpatients [21], and another study including patients on a
long–stay open ward, which can be considered akin to our
residential facilities, reported higher IS in inpatients with SSD
compared to HC subjects [14], although it did not assess SSD
outpatients. Thus, the present study is the first to compare these
RAR parameters in large samples of SSD residentials, SSD
outpatients, and HC individuals.
A possible explanation for higher IS in the residential SSD relative

to the other two populations is that residential settings provide a
more stable, consistent environment that may lead to higher inter-
daily stability. However, previous work reported higher IS in
residential SSD patients when compared to other psychiatric
patients (i.e., major depressive disorder individuals) in the same
environment [14], therefore further suggesting that the present
findings are unlikely to be significantly affected by the setting.
Moreover, the fact that SSD residential had higher beta and IV, both
of which reflect RAR fragmentation, further suggests that these
findings are unlikely related to the environment and determined by
a more structured schedule. Thus, an alternative, intriguing
explanation for increased inter-daily stability combined with higher
daily fragmentation is a more pronounced neurodegeneration
occurring in inpatients relative to outpatients and control
individuals. Traditionally, IS has been considered a readout of the
overall greater robustness of circadian rhythmicity, and higher IS
levels usually indicate a better quality of life due to the good
synchronization of external timing signals, so-called zeitgeber׳s 24 h
cycle, along with the good operation of the circadian timing system
[41]. However, some studies have shown abnormally elevated IS
values in clinical populations, including patients with schizophrenia
[14, 21]. Furthermore, previous actigraphy studies in elderly HC
participants have reported progressively stable, albeit more
fragmented, rhythms as age increases [21, 42]. One study
investigating age-related changes in daily activity rhythms con-
cluded that, with older age, the 24-h activity rhythm becomes more
rigid, as reflected by higher IS [42], and another pilot study showed
that individuals with chronic schizophrenia who were inpatients
had higher IS relative to both outpatients and HC, and this increase
in IS was associated with poorer functioning [21]. Therefore, higher
IS in our residential patients with SSD could reflect excessive rhythm
regularity in the context of premature aging due to the
neurodegenerative processes occurring in schizophrenia. Finally,
although we found that IS was positively associated with age across
the three groups (R= 0.238 p < 0.001, Table S8), post-hoc analyses
established that this association was significant only for HC.
Furthermore, we used age as a covariate for all our statistical
analysis; thus, differences in age are unlikely to have affected higher
IS levels in SSD patients vs. HC groups.
We also established that residential SSD had higher negative

symptoms compared to outpatients. Negative symptoms are core
features of schizophrenia that are often persistent, treatment-
resistant, and lead to worse clinical outcomes and poorer quality
of life in individuals with schizophrenia. One of the main
challenges to developing novel, better treatment interventions
for the symptoms is the identification of reliable biological
markers of symptom severity, which could be used to monitor
the efficacy of such interventions. In this regard, IS in residential
SSD patients may reflect premature aging and/or neurodegen-
erative processes occurring in patients with more severe forms of
schizophrenia which, in turn, could contribute to the worse
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negative symptoms. Alternatively, individuals in the residential
setting tend to have more negative symptoms, which lead to
higher IS due to the inability to “get out of their routine” or do
anything novel/exploratory outside of the residential environ-
ment. Consistent with this interpretation is the observation that
individuals in residential settings tend to be more ill and
chronically impaired compared to outpatients SSD. Thus, to
further examine these different interpretations, longitudinal
studies are warranted. Furthermore, future examinations into the
length of residential stay may provide additional insight into
changes in sleep and RAR parameters within such settings. It is
also important to point out that IS, and BNSS may measure related
aspects of the pathophysiological processes occurring in SSD.
We also demonstrated that, of all RAR parameters that were

significantly different across the three cohorts, a decrease in
activity (i.e., reduced M10) was the only one that was significantly
lower in both SSD groups vs. HC, and that this decrease in activity
was more pronounced in residential relative to outpatients SSD.
Overall, this suggests that reduced activity is a shared feature of
SSD patients vs. non-clinical groups, which is especially altered in
residential patients. This finding also indicates that decreased
activity is a pervasive problem affecting SSD individuals, which
could be targeted (i.e., by promoting an increase in physical
activity in SSD patients, particularly during the most active hours
of the day) to improve the quality of life of these patients, as it has
been recently shown [43].
Building on the present findings, future work is needed to

address some of the current study’s limitations and unanswered
questions. First, data were collected during the COVID-19 period,
which may have impacted the sleep and RAR measures collected.
Second, we did not collect information about antipsychotic doses
as well as about recent changes in the dosage of antipsychotic
medications and potential over the counter/prescribed sleep aids.
Future work is therefore needed to assess the effect of
antipsychotic doses and these related parameters on sleep/RAR
measures. Nonetheless, in this study, we collected and utilized the
number of antipsychotic and non-antipsychotic medications as
covariates in all statistical analyses and found that it did not affect
the between-group reported alterations in these measures. Third,
future studies combining wearable biosensors with EEG/poly-
somnography recordings will allow us to investigate further the
objective sleep/RAR disturbances and underlying neural and
molecular mechanisms. Fourth, studies in at-risk/early-course
patients with schizophrenia are needed to determine when
sleep/RAR abnormalities first occur, while longitudinal studies
with repeated assessments in SSD patients will contribute to
characterize in greater detail the relationship between reduced
activity, high IS, and negative symptoms. Lastly, experimental
studies that, for example, focus on increasing physical activity and
reducing IS in SSD patients may help to understand if altered
sleep-wake patterns can be modified and if doing so, to establish
whether this approach can lead to better clinical outcomes.
Finally, while in this study, we excluded shift worker participants
and\or individuals who recently traveled to a different time zone,
the employment status of three groups of participants were
different (Table 1). Because of the potential impact of employment
status on sleep and circadian rhythm, future studies should try to
match the working status of HCs with patients.

CONCLUSION
Altogether, this is the first study comparing both sleep and RAR
parameters in a large cohort of inpatient and outpatient SSD with
each other and with control participants and examining the
relationships between sleep and RAR parameters and the negative
symptoms of the SSD patients. Our findings demonstrated that
residential and outpatient SSD had both shared and unique
abnormalities in Sleep/RAR measures vs. HC and relative to one

another, which also contributed to the patients’ negative symptom
severity. Building on these findings, future work will help establish
whether improving some of these measures may ameliorate the
quality of life and clinical symptoms of SSD patients.
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