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ABSTRACT

Objective: In one of the largest and most comprehensive studies
investigating the link between objective parameters of sleep
and biological rhythms with peripartum mood and anxiety to
date, we prospectively investigated the trajectory of subjective
and objective sleep and biological rhythms, levels of melatonin,
and light exposure from late pregnancy to postpartum and their
relationship with depressive and anxiety symptoms across the
peripartum period.

Methods: One hundred women were assessed during the third
trimester of pregnancy, of whom 73 returned for follow-ups at 1-3
weeks and 6-12 weeks postpartum. Participants were recruited
from an outpatient clinic and from the community from November
2015 to May 2018. Subjective and objective measures of sleep and
biological rhythms were obtained, including 2 weeks of actigraphy
at each visit. Questionnaires validated in the peripartum period
were used to assess mood and anxiety.

Results: Discrete patterns of longitudinal changes in sleep

and biological rhythm variables were observed, such as fewer
awakenings (F=23.46, P<.001) and increased mean nighttime
activity (F=55.41, P<.001) during postpartum compared to late
pregnancy. Specific longitudinal changes in biological rhythm
parameters, most notably circadian quotient, activity during rest
at night, and probability of transitioning from rest to activity at
night, were most strongly linked to higher depressive and anxiety
symptoms across the peripartum period.

Conclusions: Biological rhythm variables beyond sleep were
most closely associated with severity of depressive and anxiety
symptoms across the peripartum period. Findings from this study
emphasize the importance of biological rhythms and activity
beyond sleep to peripartum mood and anxiety.

J Clin Psychiatry 2022,83(2):21m 13991

To cite: Slyepchenko A, Minuzzi L, Reilly JP, et al. Longitudinal changes
in sleep, biological rhythms, and light exposure from late pregnancy to
postpartum and theirimpact on peripartum mood and anxiety. J Clin
Psychiatry. 2022;83(2):21m13991.

To share: https://doi.org/10.4088/JCP.21m13991

© Copyright 2022 Physicians Postgraduate Press, Inc.

Women'’s Health Concerns Clinic, St Joseph'’s Healthcare Hamilton,
Hamilton, Ontario, Canada

PNeuroscience Graduate Program, McMaster University, Hamilton,
Ontario, Canada

“Mood Disorders Treatment and Research Centre, Department of
Psychiatry and Behavioural Neurosciences, McMaster University, Hamilton,
Ontario, Canada

dDepartment of Electrical and Computer Engineering, McMaster
University, Hamilton, Ontario, Canada

*Corresponding author: Benicio N. Frey, MD, MSc, PhD, 100 West 5th St, Ste
C124, Hamilton, ON, L8N 3K7, Canada (freybn@mcmaster.ca).

he peripartum period is a vulnerable time for women’s

mental health—it is estimated that 15%-18% of women
experience anxiety and 7%-13% of women experience
depression during this period."> Anxiety and depression
have a high rate of comorbidity during the peripartum
period, with a prevalence of 9.5% during pregnancy and
9.3% postpartum.’

Peripartum depression and anxiety have a negative
impact on mothers, including worsened quality of life,
relationship problems, social functioning,* body image and
self-confidence, and obstetric outcomes, among others.>*
Importantly, peripartum depression and anxiety might affect
children’s language development, bonding between mother
and child, emotional and behavioral issues, and even gray
matter volume and fractional anisotropy at age 10 years.>”~?
Though a number of psychosocial and risk factors have been
described for peripartum depression and anxiety,'%13 there
are no reliable biological predictors of these peripartum
psychiatric disorders.

Studies indicate worsening of sleep quality during
pregnancy and throughout postpartum, particularly
during the third trimester of pregnancy and the first
month postpartum.'*!> However, understanding of the
longitudinal changes in biological rhythms beyond sleep
across this period remains limited.!® Systematic evidence
suggests that subjective sleep disturbance during pregnancy
is linked to postpartum depression,'”~! with similar, though
less consistent findings for objective markers of sleep
disturbance.!”1-22 Emerging evidence suggests that sleep
during the third trimester may also be linked to postpartum
anxiety, though findings have not been consistent.?%2*24

Few studies have investigated the impact of biological
rhythms on mood or anxiety during the peripartum period.
Interestingly, findings suggest that worsened subjective
biological rhythm disturbances beyond sleep quality, but
not subjective sleep quality itself, may be linked to worsened
mood from the third trimester of pregnancy to 6-12 weeks
postpartum.?>?¢ Additionally, a couple of small studies®”?®
have linked changes in melatonin secretion to postpartum
depressive symptoms.

In this investigation, we aimed to characterize the
longitudinal changes in subjective and objective sleep and
biological rhythms, levels of melatonin, and light exposure
from the third trimester of pregnancy to 1-3 weeks and 6-12
weeks postpartum. We also aimed to identify which changes

For reprints or permissions, contact permissions@psychiatrist.com. ¢ © 2022 Copyright Physicians Postgraduate Press, Inc.

J Clin Psychiatry 83:2, March/April 2022

PSYCHIATRIST.COM [ el



Slyepchenko et al

Clinical Points

B While sleep disturbance has been widely associated with
increased risk for postpartum depression, much less is
known about how changes in the internal clock beyond
sleep are associated with worse depression and anxiety in
the postpartum period.

B Although dynamic changes in sleep patterns were
observed, changes in activity and biological rhythms
beyond sleep were most closely associated with depression
and anxiety symptoms across the peripartum period.

B These results can inform future interventions focused
on stabilization of daily routine, sleep, light exposure,
and activity patterns in the prevention of postpartum
depression and anxiety worsening.

in sleep, biological rhythm, and light exposure variables were
associated with postpartum depression and anxiety. Our
study is the largest to date to investigate objective changes
in biological rhythms across this period and to provide a
thorough characterization of biological rhythms and, to our
knowledge, is the first to investigate the impact of biological
rhythms on peripartum anxiety.

METHODS

Participants

During the third trimester of pregnancy, 100 women
were recruited from the community, including advertising
in obstetric and midwifery practices, family physicians’
offices, and ultrasound clinics, and from an outpatient
psychiatric clinic (Women’s Health Concerns Clinic at St
Joseph’s Healthcare, Hamilton, Ontario, Canada) from
November 2015 to May 2018. This clinic specializes in
psychiatric disorders during the peripartum, premenstrual,
and perimenopausal periods and receives referrals from
family physicians in the community and from obstetric and
midwifery clinics as well as self-referrals.”? The following
inclusion and exclusion criteria were applied: age > 16 years;
no history of head trauma with loss of consciousness>5
minutes; no current major depressive or (hypo)manic
episode; and > 27 weeks of pregnancy at enrollment. Current
mood state and diagnosis were established using the Mini-
International Neuropsychiatric Interview (MINI) Version
6.00,%° following DSM-IV-TR criteria. All procedures
contributing to this work comply with the ethical standards
of the relevant national and institutional committees on
human experimentation and with the Helsinki Declaration
of 1975, as revised in 2008. Study procedures were approved
by the Hamilton Integrated Research Ethics Board (Project
#0602), and all participants provided signed written
informed consent before study entry.

Clinical Assessments

Participants were interviewed using the MINI to assess
psychiatric diagnosis. The Postpartum Depression Predictors
Inventory-Revised (PDPI-R)*! assessed psychosocial risk

tactors for postpartum depression. Depressive symptoms
were assessed using the self-report Edinburgh Postnatal
Depression Scale (EPDS)3? and the clinician-rated
Montgomery-Asberg Depression Rating Scale (MADRS).*?
Manic symptoms were evaluated using the Young Mania
Rating Scale (YMRS),** a clinical interview. Anxiety
symptoms were assessed using the Generalized Anxiety
Disorder 7-item scale (GAD-7).3

The Epworth Sleepiness Scale (ESS)*® measured daytime
sleepiness, and the Pittsburgh Sleep Quality Index (PSQI)*’
assessed subjective sleep quality. The Biological Rhythms
Interview of Assessment in Neuropsychiatry (BRIAN)?*
evaluated subjective disruptions in biological rhythms, and
chronotype (not part of main score).

Study Procedures

Participants attended 3 study visits: during the third
trimester of pregnancy, at 1-3 weeks postpartum (commonly-
described period of postpartum blues onset*), and 6-12
weeks postpartum (period of higher incidence of postpartum
depression?).

During the third trimester of pregnancy, following
informed consent procedures, participants were interviewed
using clinical tools (MINI, MADRS, YMRS). Next,
participants completed a series of questionnaires (PDPI-R,
EPDS, PSQI, GAD-7, ESS, BRIAN) assessing a broad range of
clinical characteristics. At 1-3 and 6-12 weeks postpartum,
participants were interviewed using the MADRS and YMRS
and completed the EPDS, PSQI, GAD-7, ESS, and BRIAN
questionnaires.

At each of the 3 timepoints, participants were fitted with an
actigraph, to be worn on the non-dominant wrist for 2 weeks
(Actiwatch 2; Philips Respironics Inc; Biolynx; Montreal,
Quebec, Canada). Participants also filled out a sleep log to
record actigraph removal periods, bedtime, wake-up time,
and naps. Participants collected a first morning urine sample
on the last day of actigraph wear and completed salivary
melatonin sampling during all 3 visits for 1 night, from 6:00
pM until midnight or until they went to sleep that evening.

Urinary 6-Sulfatoxymelatonin

The major urinary metabolite of melatonin,
6-sulfatoxymelatonin (6-SM), was extracted from the first
morning urine samples. Levels of 6-SM were analyzed using
enzyme-linked immunosorbent assay for 6-SM (Buhlmann
Diagnostics Corporation; Amherst, New Hampshire, USA;
assay sensitivity=0.14 ng/mL, intraassay coefficient of
variation =7.1%; interassay coefficient of variation=11.9%).
Concentration of 6-SM was calculated as a ratio of 6-SM (ng)
to creatinine (mg) to control for urine volume. 02

Dim Light Onset Melatonin

Saliva samples were analyzed using a salivary melatonin
enzyme-linked immunoassay kit (Salimetrics; State College,
Pennsylvania, USA). Assay sensitivity was 1.42 pg/mL, with
an interassay coefficient of variation for low endogenous
melatonin of 23.6% and intra-assay coefficient of variation
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Table 1. Demographics and Clinical Variables (n=73)?

Variable Value
Age, mean£SD,y 31.27+3.82
Years of education, median (IQR) 17 (2)
Pre-pregnancy BMI, median (IQR) 23.56 (6.61)
Yes No
Shift worker 7 (9.6) 66 (90.4)
Prenatal vitamins (pregnancy) 65 (89.0) 8(11.0)
Iron 30(41.1) 43 (58.9)
Psychotropic medication 10(13.7) 63 (86.3)
Current smoker 0(0) 73 (100)
Family mood history 33(45.2) 40 (54.8)
Sleep apnea 1(1.4) 72 (98.6)
History of mood disorders 38(52.1) 35(47.9)
Current or past anxiety disorder 35 (47.9) 38(52.1)
Single/Divorced Married/Partnered

Marital status 3(4.1) 70(95.9)

<$50,000 >$50,000
Household income 14(19.2) 59 (80.8)

High School Diploma

College Certificate

University—Bachelor’s

or Trade Certificate or Diploma Degree and Higher

Highest level of education 2(27) 25(34.2) 46 (63.0)

Yes No Mixed
Breastfeeding 1-3 weeks 47 (64.4) 7(9.6) 15 (20.5)
Breastfeeding 6-12 weeks 42 (57.5) 12(16.4) 10(13.7)

Vaginal Cesarean

Delivery method 53(76.8) 16 (23.2)

No Yes
Vacuum/forceps 61(91.0) 6(9.0)

Multiparous Nulliparous

Parity 43 (58.9) 30 (41.1)

2Values are shown as n (%) unless otherwise noted. Data were not available for 4 women for delivery method
and 6 women for use of vacuum/forceps during delivery.
Abbreviations: BMI=body mass index, IQR=interquartile range.

for the mean of low endogenous melatonin levels from
5.9% to 6.5%. From available samples, dim light melatonin
onset (DLMO) was calculated using the absolute threshold
method, for which DLMO was determined to occur at the
interpolated time that first sample exceeded and maintained
a level of melatonin above a threshold of 7 pg/mL for at least
2 hours.*> We were able to obtain complete samples for all
3 visits that could be used to calculate DLMO for only 12
participants. Results are presented in Supplementary Table
1, though we considered this to be a failed method.

Actigraphy

Actigraphs were worn continuously for 2 weeks. Pre-
processing of the actigraph data involved removal of
periods of actigraph non-wear as reported in the sleep log
and visual inspection to remove intervals during which
actigraphs captured no activity for at least 20 minutes. Days
on which>4 hours of recording were unavailable were
removed from analysis. Further details can be obtained from
a previous report.*

Sleep Variables
The following sleep variables were assessed: total sleep
time (TST, in hours); sleep onset latency (in minutes), which

encompasses transition from wakefulness to sleep; sleep
efficiency (SE), ie, percentage of time in bed spent asleep;
and wake after sleep onset (WASQ), ie, number of wakeful
minutes following sleep onset. The mean midpoint between
sleep onset and offset was manually calculated to produce
mean mid-sleep time.

Light Exposure Variables

Iluminance data from the epoch-by-epoch CSV files
were used to calculate time above light threshold (TAT) and
mean timing of TAT (MLiT) across 24-hour periods,** using
10-, 100-, 500-, and 1,000-lux light thresholds.

Cosinor Analysis

Period-adjusted cosinor analysis was performed using
the cosinor R package (v.1.1). The following parameters
were extracted: midline estimating statistic of the rhythm
(MESOR), ie, mean activity adjusted to the rhythm;
amplitude; acrophase, ie, timing of peak activity; and
circadian quotient (CQ), a measure of rhythm strength,
estimated by dividing amplitude by MESOR. Mean and
standard deviation of nighttime activity detected during
sleep periods were calculated, yielding nighttime activity
mean and SD values.
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Figure 1. Summary of Longitudinal Changes in Clinical and Biological

Rhythm Variables From Third Trimester of Pregnancy to 1-3 Weeks and
6-12 Weeks Postpartum

A.MLiT1000
B. Awakenings, pRA night, pg night

C. pRA day

E. MADRS, ESS, IV, WASO
F.SE, RA, ug day, pAR night, IS?
G. MESOR, Amplitude, M10

H. CQ, p, day

T~
—

LATE 1-3 WEEKS
PREGNANCY POSTPARTUM

6-12 WEEKS
POSTPARTUM

2lS decreased significantly from the third trimester to 1-3 weeks postpartum.

bbreviations: CQ=circadian quotient, ESS=Epworth Sleepiness Scale, IV =intradaily
variability, IS =interdaily stability, L5=5 consecutive lowest-activity hours, M10=10
consecutive hours with highest activity, MADRS = Montgomery-Asberg Depression
Rating Scale, MESOR=midline estimating statistic of the rhythm, MLiT1000=mean
timing of light exposure above 1,000 lux, pa=mean activity during active state,
Mr=mean activity during rest state, pRA = probability of transitioning from rest to active
state, RA=relative amplitude, SE =sleep efficiency, WASO =wake after sleep onset.

Nonparametric Circadian Activity Rhythm Analysis

We calculated the following variables: interdaily stability (IS; range:
0-1, with 1 indicating perfect stability), which describes invariability of
the data between days, indicating the degree of coupling of the rhythm to
environmental zeitgebers; intradaily variability (IV; range: typically 0-2,
with 2 indicating higher fragmentation of the rhythm within a day.*
Nonparametric circadian activity rhythm analysis, using the nparACT
(v.0.8) package,*” yielded the following: L5, 5 consecutive hours with the
lowest amplitude; L5 start time; M 10, 10 consecutive hours with highest
amplitude); M 10 start time; and relative amplitude (RA), the ratio of L5
subtracted from M10 to L5 added to M10.%

Transition Probabilities

The Python hmmlearn package (v.0.2.0; https://github.com/
hmmlearn/hmmlearn) was used in Python v.2.7.6 (Python Software
Foundation; https://www.python.org/) to obtain the following variables:
probability of transitioning from rest to active states (pRA), probability
of transitioning from active to rest states (pAR), and mean activity
counts for each state during nighttime and daytime (pr day/night, y,
day/night). Details regarding the analysis are available in Ortiz et al*®
and in prior publications from our group.***°

Statistical Analysis

Longitudinal changes in clinical variables, sleep, and biological
rhythms. Longitudinal changes in clinical, sleep, and biological rhythm
variables were examined using repeated-measures analyses of variance
(ANOVAs) and Friedman tests. The Greenhouse-Geisser sphericity
correction was applied to factors violating the sphericity assumption in
the repeated-measures ANOVAs. A significance level of .05 was used,
and the Benjamini-Hochberg procedure for false discovery rate (FDR)

was applied to control formultiple comparisons.
Post hoc tests were applied to significantly
different variables according to the repeated-
measures analyses. Analyses were performed
using R v.4.0.2.%°

Effect of sleep and biological rhythm
variables on depression and anxiety symptoms.
Generalized estimating equations (GEEs) were
used to model depression (EPDS) and anxiety
(GAD-7) symptoms, using sleep/biological
rhythms variables as predictors. In instances
of missing data from actigraph malfunction,
5-nearest-neighbor imputation was performed
for predictor variables for visits with a filled-out
EPDS. Visits for which EPDS scores were not
available were not imputed.

GEE models were fit with EPDS and GAD-7
scores as primary outcomes and sleep and
biological rhythm variables as predictors. In
each model, visit (maternal status), an interaction
term with the sleep/biological rhythm variable
and visit; years of education; body mass index;
history of mood disorders; and history of anxiety
disorders according to the MINI were included.
The aim of this analysis was to find sleep and
biological rhythm variables that were most
associated with severity of depressive or severity
of anxiety symptoms over time. Further details
of our methodological approach are provided in
Supplementary Appendix 1.

RESULTS

Demographic and Clinical Variables

Demographic and clinical variables are
detailed in Table 1. A total of 73 women returned
for all 3 visits, completing clinical questionnaires.
A participant flowchart is provided in
Supplementary Figure 1. Of these women, 57
completed actigraphy and 6-SM sampling across
all 3 visits. Of the participants, 52.1% had a
history of major depressive or bipolar disorder,
though all were euthymic at enrollment, and
47.9% had a current or past anxiety disorder. As
expected, these conditions were highly comorbid
in our sample: 35.6% of participants had both a
history of mood disorders and a current or past
anxiety disorder, 16.4% had a history of mood
disorders only, and 12.3% had a past or current
anxiety disorder only.

Longitudinal Trajectory of Sleep and
Biological Rhythms

Figure 1, Table 2, and Supplementary Table 2
detail longitudinal changes in sleep and biological
rhythm variables and clinical variables across the
peripartum period. Significant changes were seen
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Table 2. Longitudinal Changes in Clinical Variables (n=73)

P Value: Multiple Comparisons (FDR-Corrected)

3rd Trimester  3rd Trimester  1-3 Weeks Postpartum

1-3 Weeks 6-12 Weeks Vs Vs Vs

3rd Trimester, ~ Postpartum, Postpartum, PValue, 1-3Weeks  6-12 Weeks 6-12 Weeks
Variable Median (IQR) Median (IQR)  Median (IQR) Test FDR-Corrected  Postpartum Postpartum Postpartum
EPDS (n=73) 5(6) 7(8) 5(7) ’=2.21 096
GAD-7 (n=72) 3(5) 4(6) 3.75(6) X2=2.02 15
MADRS (n=71) 6(7) 10 (8.5) 6(9.5) x2=4.10 .00039 .00048 1.00 .0013
YMRS (n=71) 2(2.5) 3(2.0) 2(2.5) x?>=3.32 .0063 .0097 .18 68
ESS (n=72) 8(4.25) 9.5 (5.25) 8(6.25) )(2 =3.64 .0019 .0032 1.00 .0093
PSQl (n=72) 9(3) 8(2.5) 8(3) x2=2.60 .045 .96 .064 25
BRIAN (n=60) 38.00(15.25) 39.50(16.4375) 36.50(15.5)  x’=2.44 0.062
BRIAN chronotype 6(2) 5(3) 5(2) x>=132 0.43
(n=60)

@Bolded text=survived FDR Correction.

Abbreviations: BRIAN =Biological Rhythms Interview of Assessment in Neuropsychiatry, ESS=Epworth Sleepiness Scale, GAD-7 = Generalized Anxiety
Disorder 7-item scale, MADRS = Montgomery-Asberg Depression Rating Scale, PSQI =Pittsburgh Sleep Quality Index, YMRS =Young Mania Rating Scale.

in sleep variables, variables obtained from cosinor analysis,
nonparametric circadian activity rhythm analysis, transition
probability analysis, and light exposure. Figure 1 displays
only the variables with a statistically significant pattern of
change across the peripartum period. No significant changes
were observed in urinary 6-SM between timepoints (P>.05).

Specific patterns of longitudinal changes in sleep and
biological rhythm variables were seen, as summarized in
Figure 1. A number of variables increased (IV, F=19.00;
WASO, F=28.73; ESS, x*=3.64) or decreased (SE, x*=5.43;
RA, x*=7.23; pg day, x*=5.58; pAR night, F=18.62) at 1-3
weeks postpartum, and returned to pregnancy levels at 6-12
weeks postpartum. SE and WASO reflect the amount of time
spent awake during the night, indicating that at 1-3 weeks
postpartum, women spent more time awake during the night
compared to late pregnancy and 6-12 weeks postpartum.
PAR night, a measure of nighttime fragmentation of activity,
was decreased during this time as well, perhaps indicating
sustained bouts of wakefulness during the night. Daytime
sleepiness also increased at 1-3 weeks postpartum, compared
to the other 2 timepoints, potentially indicating that sleep
during this period was not sufficiently restful. Several of
these variables described a disturbance in biological rhythms
during this time: increased IV indicates a more fragmented
rhythm throughout the 24-hour day, while decreased RA
seen during this time indicates that there is a decrease in the
difference between activity during active periods and rest
periods.

Some variables increased at 1-3 weeks postpartum
compared to pregnancy and reduced somewhat at 6-12
weeks postpartum, not returning to pregnancy levels
(nighttime activity mean, F=55.41; nighttime activity SD,
F=40.33; py night, F=37.76; L5, F=7.84). These variables
reflect increased activity during the night, especially during
active periods, and increased variance in activity during
the night. Several variables increased (pRA day, x*=7.12)
or decreased (number of awakenings F=23.46; pRA night,
X*=4.87; pr night, x¥*=2.99) at 1-3 weeks postpartum
compared to pregnancy and maintained this state through

6-12 weeks postpartum. Increased pRA day indicates
higher fragmentation in the rest-activity pattern during
the day, whereas a decreased pRA night means a decreased
transition probability from rest to activity and is likely related
to interruptions to sustained periods of rest and, likely, the
number of awakenings. Several variables remained constant
from pregnancy to 1-3 weeks postpartum and increased
(MESOR, F=15.13; amplitude, x*=4.59; M10, F=17.94) or
decreased (MLiT1000, x*=2.76) at 6-12 weeks postpartum.
This indicates a shift to an earlier timing of light exposure
above 1,000 lux from pregnancy and early postpartum to
6-12 weeks postpartum. Additionally, higher MESOR during
6-12 weeks postpartum indicates a higher rhythm-adjusted
mean of activity during this time. An increase in activity
during the most active period of the day was also reflected
by an increase in M10. Some variables changed at 6-12
weeks postpartum compared to 1-3 weeks postpartum, but
the change from pregnancy was not significant (increased
CQ, x*=4.31; y, day, x¥*=3.28). Higher CQ at 6-12 weeks
postpartum indicates increased robustness of the daily
rhythms, representing the ratio of amplitude to MESOR.
Meanwhile, p1, day describes the mean activity during active
periods during the day. Taken together, these changes indicate
higher daytime activity during 6-12 weeks postpartum
compared to late pregnancy and 1-3 weeks postpartum.
Finally, IS was higher during pregnancy compared to
1-3 weeks postpartum but not compared to 6-12 weeks
postpartum (x?>=3.00). This shows a decrease in the
synchronicity of the rhythm to the external environment
during 1-3 weeks postpartum, which suggests that this
period in the early postpartum is associated with the greatest
degree of disruption in the stability of daily activity rhythms.

GEE Models: Association of Longitudinal Changes
in Sleep and Biological Rhythms With Longitudinal
Changes in Mood and Anxiety

EPDS and GAD-7 scores were modeled as a function of
sleep and biological rhythm variables from the third trimester
of pregnancy to 1-3 weeks and 6-12 weeks postpartum
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Figure 2. Sleep and Biological Rhythms Variables Most Closely Associated With Peripartum Depressive Symptoms (n=72)%
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@Peripartum depressive symptoms according to the EPDS were modeled as a function of the most predictive sleep and biological rhythm variables across the
peripartum period. Several variables were linked to higher depressive symptoms across the entire peripartum period: 6-12 weeks postpartum timepoint,
having a past/current anxiety disorder, high scores on the BRIAN, higher CQ, higher mean activity during rest state at night (ug night). This relationship was
modified by a change in the direction of the relationship at the postpartum visits for some variables: At 1-3 weeks postpartum, lower CQ was linked to
higher EPDS scores. At both postpartum visits, having lower pg night was linked to higher EPDS scores. Lower pRA at night was linked to higher EPDS scores

only at 6-12 weeks postpartum.

bVariables included in model that were not significantly linked to EPDS: 1-3 weeks postpartum, age, years of education, BMI, history of mood disorders, IV, pi

night, TST.
*P<.05
**p<.01
*FEP <001,

Abbreviations: BMI=body mass index, BRIAN =Biological Rhythms Interview of Assessment in Neuropsychiatry, CQ =circadian quotient, EPDS=Edinburgh
Postnatal Depression Scale, IV =intradaily variability, p, night=mean activity during active state at night, pg night=mean activity during rest state at night,
pPRA = probability of transitioning from rest to active state, TST=total sleep time.

(Figures 2 and 3; Supplementary Tables 3 and 4). EPDS
scores were predicted by past or current anxiety disorder
(B=2.44, P=.00073), BRIAN scores (3=0.21, P=.000001),
CQ (B=6.41, P=.027), g night (p=23.27, P=.00037),
interaction of Visit 2 with py night (B=-22.82, P=.0010),
interaction of Visit 3 with yy night (B =-26.46, P=.00021),
interaction of Visit 2 with CQ (p=-9.83, P=.039), and
interaction of pRA night with Visit 3 (p=-50.59, P=.013).
Data from 1 participant were removed following outlier
analysis. These longitudinal analyses indicate that specific
variables reflecting nighttime activity and robustness of daily
activity rhythms are the most robust predictors of depressive
symptoms between late pregnancy and the early postpartum
period.

Significant predictors of GAD-7 scores during the
peripartum period included past or current anxiety disorder
(B=1.85, P=.030), BRIAN scores (}=0.20, P=.00028), ux
night (B=15.95, P=.030), the interaction between Visit 2
and i night (B=-18.92, P=.012), the interaction between
Visit 2 and pRA night (p=-41.69, P=.016), the interaction

between Visit 3 and pRA night (p=-56.18, P=.0026), and
the interaction of Visit 3 with MLiT500 (p=-1.07, P=.012).
Overall, these results indicate that specific variables reflecting
nighttime activity and earlier timing of light exposure were
the strongest predictors of severity of anxiety symptoms
between late pregnancy and the early postpartum period.

DISCUSSION

Association of Sleep and Biological Rhythms With
Depressive and Anxiety Symptoms During the
Peripartum Period

The primary aim of our study was to determine which
sleep and biological rhythm variables were most strongly
associated with the longitudinal trajectory of depressive
and anxiety symptoms from the third trimester of pregnancy
to 1-3 weeks and 6-12 weeks postpartum. Our findings
indicate that biological rhythm variables beyond sleep were
the most closely associated with the severity of depressive
and anxiety symptoms across the peripartum period. We
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Figure 3. Sleep and Biological Rhythm Variables Most Closely Associated With Peripartum Anxiety Symptoms (n=73)2P
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#Peripartum anxiety symptoms according to the GAD-7 were modeled as a function of the most predictive sleep and biological rhythm variables across the
peripartum period. Several variables were linked to higher anxiety symptoms across the entire peripartum period: 6-12 weeks postpartum timepoint,
having a past/current anxiety disorder, high scores on the BRIAN, higher g night. This relationship was modified by a change in the direction of the
relationship at the postpartum visits for some variables: At 1-3 weeks postpartum, having lower pg night was linked to higher GAD-7 scores. Lower pRA at
night was linked to higher GAD-7 scores only at 1-3 weeks and 6-12 weeks postpartum. Earlier MLiT500 was linked to higher GAD-7 scores only at 6-12

weeks postpartum.

bVariables included in model that were not significantly linked to the GAD-7: 1-3 weeks postpartum, age, years of education, BMI, history of mood disorders.

*P<.05
**p<.01
kP <001,

Abbreviations: BMI=body mass index, BRIAN = Biological Rhythms Interview of Assessment in Neuropsychiatry; GAD-7 = Generalized Anxiety Disorder 7-item
scale, IV=intradaily variability, MLiT = mean timing of light exposure, pg night=mean activity during rest state at night, pRA = probability of transitioning

from rest to active state.

found a set of objective parameters, as passively acquired
through actigraphy, that were associated with the trajectory of
depressive symptoms from the third trimester of pregnancy
to the third postpartum month. Specifically, higher circadian
quotient (CQ), which is a measure of circadian rhythm
strength, and higher pp night—a measure of mean activity
during rest states at night—were strongly linked to higher
depressive symptoms. Prior findings from an independent
study in our laboratory®® indicated that changes in subjective
biological rhythms and sleep efficiency (SE) were associated
with depressive symptoms, though changes in interdaily
stability (IS), mood history, and risk factors for postpartum
depression were not.

Interestingly, we found that there were objective variables
that were significant predictors of depressive symptoms
when interacting with maternal status (ie, late pregnancy
or 1-3 weeks or 6-12 weeks postpartum). This may
indicate that different biological rhythm parameters may
be important to depressive symptoms at different points in
the peripartum period. For instance, we found that higher
PRA night was linked to decreased depressive symptoms

at 6-12 weeks postpartum, a period that coincides with
the higher risk of development of postpartum depression.
This variable describes the probability of transitioning
from rest to activity during the night, with higher values
indicating higher fragmentation of nighttime rest,
suggesting that women with more fragmented nighttime
sleep at 6-12 weeks postpartum had lower depressive
symptoms. Similarly, higher uy night was associated with
lower depressive symptoms at 1-3 weeks and 6-12 weeks
postpartum, indicating that higher activity during rest at
night at 1-3 weeks and 6-12 weeks postpartum was linked
to lower depressive symptoms. While these results might
sound counterintuitive at first, they may indicate that
mothers with lower depressive symptoms were more actively
responsive to the babies’ needs overnight, since these same
variables were not predictive of depressive symptoms in late
pregnancy. Low stability and high fragmentation of activity
rhythms as measured by interdaily stability and intradaily
variability have been linked to findings such as mood
instability and impulsivity,>! whereas measures of variability
in activity have, overall, been linked to bipolar disorder.”
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Additionally, although individuals with more robust daily
rhythms (eg, those with higher IS and CQ) exhibit more
mood stability, they are less likely to shift with changing
environmental demands. For instance, shift workers with
high IS display worsened cognitive performance as they start
their night shifts.> It should be noted that nighttime pRA
is a more specific measure of fragmentation than intradaily
variability (IV), as it marks the quantity of transitions out
of sustained, stable rest bouts at night, whereas IV marks
overall fragmentation throughout the 24 hours. Nighttime
pRA is more closely linked specifically to awakenings during
the night.

Next, we found a unique set of objective parameters
that were linked to the trajectory of anxiety across the
peripartum period. The parameters that were most
strongly linked to increased anxiety symptoms across the
peripartum period included increased pr night. At 1-3
weeks postpartum, however, lower py night was linked
to higher anxiety symptoms. Additionally, earlier mean
timing of light exposure above 500 lux—that is, light
exposure occurring during an earlier time in the day—was
significantly associated with anxiety symptoms at 6-12
weeks postpartum; meanwhile, higher pRA night was
predictive of lower anxiety symptoms at 1-3 weeks and
6-12 weeks postpartum. Previous findings have suggested
subjective sleep quality, but not objective nighttime sleep,
to be linked to peripartum anxiety.?>?>>* Timing of light
exposure during the day has not been previously investigated
in the context of postpartum anxiety, to our knowledge.
While it is unclear from the results of this study whether
timing of light exposure reflects a particular behavioral
pattern, it is possible that this variable is linked to the timing
of outdoor activity, therefore indirectly reflecting circadian
phase. It should be noted that during the model selection
process, acrophase and the start time of the lowest 5 hours
of activity during the day at 1-3 weeks postpartum—2
markers of rhythm phase—were significant predictors of
severity of anxiety (GAD-7 scores) in univariate models,
though they did not reach the threshold for model selection.
Additionally, a previous study®® found that daily light
exposure patterns in combination with activity were able
to predict circadian phase for dim light melatonin onset as
part of the Kronauer limit-cycle model. Notably, when sleep
variables were analyzed along with daily activity rhythms
and light exposure, we did not find actigraphy-derived
sleep parameters to be among the most predictive factors
for depressive or anxiety symptoms during the peripartum
period.

Consistent with findings that objective biological
rhythm disturbances were linked to both peripartum
depressive and peripartum anxiety symptoms, we found
that increased subjective biological rhythm disruptions
according to the BRIAN were associated with depressive
and anxiety symptoms throughout the peripartum period.
Self-reported biological rhythm disruption may therefore
be an important and consistent marker for both depressive
and anxiety symptoms throughout the peripartum period.

While depressive symptoms during the peripartum period
have previously been linked to self-reported biological
rhythm disruptions across the peripartum period,”>* to
our knowledge, this study is the first to report self-reported
biological rhythm disruption to be associated with anxiety
during the peripartum period. Importantly, there was some
overlap between variables that were most closely associated
with depressive and anxiety symptoms, including subjective
biological rhythms disturbances, pr night at 1-3 weeks
postpartum, pRA night at 6-12 weeks postpartum, and
having a current or past anxiety disorder. This finding is
not entirely surprising, given the great degree of comorbidity
between anxiety and depressive symptoms in the peripartum
period.’ However, we did find a number of distinct sleep and
biological rhythm variables that were the most important
predictors of depressive (eg, CQ) and anxiety (eg, MLiT500)
symptoms. Overall, findings that changes in biological
rhythms beyond sleep were most influential on peripartum
depressive and anxiety symptoms indicate that stabilization
of biological rhythms and activity patterns beyond sleep
is novel and highlights the important role of stabilizing
biological rhythms to maintain healthy mood and minimize
anxiety during the peripartum period.

Longitudinal Trajectories of Sleep and Biological
Rhythms During the Peripartum Period

Another aim of our study was to investigate the
longitudinal trajectory of biological rhythms and sleep across
the peripartum period, which have been little investigated to
date.?°% We observed several possible trajectories of change
in clinical variables, sleep, and biological rhythms across the
peripartum period. A number of changes were transient,
when variables changed during the early postpartum
timepoint and returned to pregnancy levels by 6-12 weeks
postpartum (eg, MADRS scores, ESS scores, IV, SE, WASO,
RA, pg day, pAR night). These alterations in clinical, sleep,
and biological rhythm variables may be indicative of maternal
adjustment to new roles and patterns of sleep and activity.
Transient changes in SE and WASO in the early postpartum
are consistent with prior literature.’”® We did not find TST
to change over the peripartum period, indicating that there
was no significant change in total sleep duration across the
peripartum period, which is consistent with some,” but
not other studies.®® Some patterns of change that occurred
in the postpartum period appeared to be related mostly to
increased activity during the night, likely corresponding to
meeting the infants’ needs (eg, nighttime feedings). Some
of these changes occurred at 1-3 weeks postpartum, and
values did not return to pregnancy levels (eg, nighttime
activity mean and SD, p, night, L5). Meanwhile, other
variables changed at 1-3 weeks postpartum compared
to pregnancy and maintained the changes through 6-12
weeks postpartum (eg, pRA day, number of awakenings,
PRA night). Further investigations should evaluate whether
differences in trajectories of change in sleep and biological
rhythm symptoms result from specific behavioral patterns
across the peripartum period, and examine breastfeeding
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and infant behaviors during the night, to see whether these
are related to changes in number of awakenings across the
perinatal period.

The peripartum period is marked by dramatic changes in
hormones, first by a robust rise of estrogen and progesterone
throughout pregnancy, which subsequently drop following
delivery. Progesterone and its metabolites, such as
allopregnanolone, have sedative effects through positive
allosteric modulation of y-aminobutyric acid (GABA),
receptors®—in fact, sedation and somnolence are some
of the major treatment-emergent effects from intravenous
brexanolone, a synthetic form of allopregnanolone used
for treatment of postpartum depression.®® It is conceivable
that the robust changes in reproductive hormones during
the peripartum period influence the changes in sleep and
activity observed during this period, with potential sedating
periods during late pregnancy, when progesterone levels
are high, and disappearance of these sedating effects when
progesterone levels suddenly drop after child delivery.

We found no changes in levels of overnight secretion
of melatonin’s primary metabolite, 6-SM, from pregnancy
to the postpartum period, and 6-SM levels were not found
to be associated with peripartum depressive or anxiety
symptoms. Additionally, we did not find changes in dim
light melatonin onset from pregnancy to the postpartum
period in a subsample of our participants. Sharkey and
colleagues®® previously reported phase shifts in dim light
melatonin onset from the third trimester of pregnancy to
6 weeks postpartum in a sample of women, emphasizing
the potential role of internal misalignment of the timing
of biological rhythms in postpartum depression. Other
studies have also linked peripartum melatonin secretion to
be associated with depressive,”” obsessive-compulsive, and
manic symptoms across the peripartum period.®! A single
sample of 6-SM from urine therefore may not provide
enough granularity to allow observation of subtle dynamic
changes in melatonin secretion over the peripartum period.
Future studies should consider monitoring 6-SM secretion
through multiple samples of urine throughout 24 hours, as
this would allow measurement of 6-SM onset and offset and
provide a more accurate measurement of 6-SM secretion. We
also did not see evidence of a shift in phase of activity across
the peripartum period, as marked by a lack of significant
differences in variables such as mean mid-sleep time (ie,
sleep midpoint), acrophase, and the start times of L5 and
M10—the lowest 5 and highest 10 hours of consecutive
activity from late pregnancy to either of the postpartum time
points. From our results, it appears that changes in sleep
patterns over the course of the peripartum period do not
seem to be attributed to changes in circadian timing, given
that the transient changes in SE and WASO at 1-3 weeks
postpartum were not accompanied by changes in circadian
phase. However, we did see a statistically significant shift
from 1-3 weeks postpartum to 6-12 weeks postpartum
toward an earlier mean timing of light exposure above 1,000
lux, which may be a marker of timing of outdoor activity.
An alternative explanation for the shift toward an earlier

Biological Rhythms From Late Pregnancy to Early Postpartum

mean timing of light exposure above 1,000 Tux from I-3
weeks to 6-12 weeks postpartum could be changes in infant
behavior, such as earlier morning awakenings, as the infant’s
sleep patterns begin to stabilize. Another implication of our
study is the relevance of conducting transition probability
analysis.***®%° This is a relatively novel technique, and
we found that some of the most important predictors of
depressive and anxiety symptoms were derived from this
analysis. Moreover, the majority of the variables derived
from this analysis showed robust changes across the
peripartum period.

A limitation to this study is that actigraphy is thought
to be less reliable than polysomnography in differentiating
quiet wakefulness from sleep. We included a longer period
of actigraphy monitoring (2 weeks), which is thought to
improve sleep assessment.®? Importantly, we focused
on understanding variables such as biological rhythms
beyond sleep, which we would not be able to obtain
through polysomnography, collection with which is limited
to nighttime. Given the strong association of biological
rhythm variables with peripartum mood and anxiety
symptoms, future studies should investigate interventions
targeting biological rhythms as treatment or prevention
strategies for peripartum depression and anxiety. We found
that timing of light exposure was an important predictor
of anxiety symptoms at 6-12 weeks postpartum. To our
knowledge, bright light therapy has not been previously
investigated as an intervention for peripartum anxiety,
though several small studies indicated preliminary evidence
for posttreatment improvement following bright light
therapy as an intervention for peripartum depression.53-¢7
Bright light therapy has been primarily used as an
intervention for seasonal and non-seasonal depression,*%
although some limited evidence also suggests that bright
light therapy reduces symptoms of anxiety beyond
symptoms of depression.”%”! Additionally, a study found
preliminary evidence for posttreatment improvement for
blue-light-blocking glasses as a treatment for peripartum
depression,”? though it should be noted that several studies
using blue-light-blocking glasses to treat insomnia or
sleep disturbances in mood disorders were not effective in
changing actigraphy-derived sleep variables, or depressive
symptoms.”>74

CONCLUSIONS

In the largest and most comprehensive study conducted
to date investigating the link between objective parameters
of sleep and biological rhythms and peripartum mood and
anxiety, we found that a specific set of biological rhythm
markers beyond sleep were associated with the trajectory of
depressive and anxiety symptoms from the third trimester
of pregnancy to the third postpartum month. Findings
from this study emphasize the importance of stabilization
of biological rhythms and activity patterns beyond sleep to
maintain healthy mood and minimize anxiety during the
peripartum period.
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Appendix 1
Participant Recruitment

Prior to initiating the study, we performed a power calculation from a pilot study from our group, where
13 women with mood disorders and 17 matched controls completed clinical and actigraphy assessments
during the third trimester of pregnancy and again between 6-12 weeks postpartum, which showed that
we need 43 women to test for group differences with 80% power and an alpha level of 0.05. We aimed to
enroll 50 women per group, in order to allow for 15% of attrition, resulting in a recruitment target of 100
women.

Study Procedures

At study enrollment, we collected the following information using a case report form: current medication,
expected due date, current smoking status, age, family mood history, years of education, height and pre-
pregnancy weight, gestational week, parity, whether the participant was a shift worker or had sleep
apnea. During 1-3 and 6-12 weeks postpartum, we collected the following information: breastfeeding
status, delivery date and method, changes in medication, and postpartum week.

Urinary 6-sulfatoxymelatonin

Following sample collection, participants refrigerated the sample until the sample pickup or drop-off
during the morning of sample collection.

Creatinine levels in urine were analyzed by the Hamilton Regional Laboratory Medicine Program at St
Joseph’s Healthcare Hamilton (license no. 4037) using the Jaffe method (kinetic alkaline picrate; Abbott
Diagnostics, Santa Clara, CA, USA).

Dim Light Melatonin Onset

During each visit, 2 mL of saliva was collected by participants once every hour from 6pm until midnight or
bedtime, using the passive drool method into 15 mL presterilized conical centrifuge tubes (VWR, Radnor,
PA). Once collected, samples were frozen by participants until sample pickup. Participants were
instructed to fast from 5:00 pm onward on the night of sampling, and to rinse their mouth with water 10
minutes before collecting each sample. Participants were instructed to avoid 1) brushing or flossing their
teeth, 2) to maintain a dimly lit environment during saliva collection and avoid screen exposure (e.g.
television and smartphones), 3) to avoid naps on the day of saliva collection, 5) avoid drinking any fluids,
chewing gum or smoking, 6) to avoid consuming alcohol within 12 hours of collection, 7) to avoid acidic or
high sugar foods on the day of collection.

A total of 83 participants completed salivary sampling during the third trimester of pregnancy, 72
completed participants at 1-3 weeks postpartum, and 71 at 6-12 weeks postpartum. However, we were
only able to obtain complete samples throughout all 3 visits that could be used to calculate dim light
melatonin onset (DLMO) for a total of 12 participants.



Actigraphy

Data were collected in 1-minute epochs throughout the duration of monitor wear, and were extracted in
the lab from the monitors using Philips Actiware (v.6.0). Sleep variables were extracted, and raw epoch-
by-epoch data were exported to individual csv files from Actiware for biological rhythms variable
extraction.

Cosinor Analysis

In cosinor analysis, time-series data are fitted to a cosine wave, using a regressive model. A single peak
was extracted from a periodogram for each of the participants’ circadian activity rhythms, approximating
the endogenous period.

Non-parametric Circadian Activity Rhythm Analysis

Non-parametric circadian activity rhythm analysis permits the description of the rest-activity rhythm
without the assumption that the rhythm follows a sinusoidal wave pattern — the classic, parametric way
of rhythm analysis used by cosinor. Intradaily variability (IV) describes fragmentation of the activity
rhythm, where large hourly differences in activity increase the value of the metric. For instance, daytime
naps and nocturnal activity would increase values of IV. The typical range of this metric is 0-21.

Interdaily stability (1S), in turn, a metric that reflects synchronization of the activity rhythm to the external
environment, including the light-dark cycle. IS reflects the variance of an average daily profile, divided by
a total of the variance that is found across the entire data file?.

The five least active consecutive hours of the day (L5) reflect the extent of activity during the rest phase.
In turn, daytime activity is reflected by M10, a measure of the 10 most active consecutive hours of the
day. The start times of these variables describe the timing of the least and most active periods of the day.
Another metric that is calculated from these variables is relative amplitude, RA, which describes the
amplitude of the rhythm, and is calculated as a ratio of the difference between the M10 and L5 measures,
divided by a sum of M10 and L5*.

Transition Probabilities

In brief, a two-state Hidden Markov Model was built for rest and active states, based on the idea that an
observed time series is the product of an unobserved hidden state variable. The parameters of the
Hidden Markov Model were calculated using the Baum-Welch algorithm.

Light Exposure:

Some outliers were found and removed for abnormally high light exposure (i.e. >200,000 lux exposure
per hour, throughout 24 hours; third trimester n=4, 1-3 weeks n=1, 6-12 weeks postpartum n=5).
MLIT500 and MLiT1000 values were unavailable for 1 participant, due to the low number of minutes
exceeding these light thresholds.

Statistical Analysis
Normality of continuous variable distributions was tested using the Shapiro-Wilk test.



Generalized Estimating Equations (GEE)

Generalized Estimating Equations (GEE) are used to estimate generalized linear model parameters when
observations are not thought to be independent — meaning that correlations are expected among
variables. In the case of a longitudinal study design, it is likely that observations of predictors (sleep and
biological rhythms variables) and outcomes (mood and anxiety) over time are related to each other. For
instance, mood at 6-12 weeks postpartum is likely correlated to their mood at 1-3 weeks postpartum.
Conversely, generalized linear models assume that observations are independent. GEE is based on fewer
assumptions, and are semi-parametric. They are used to estimate the population averaged effects. GEE
estimates the population average effect, and attempts to get robust estimates of the beta coefficients,
that are less influenced by the correlation structure of the outcomes.

Generalized Estimating Equations (GEE) were used to model depression (EPDS) and anxiety (GAD-7)
symptoms, using sleep/biological rhythms variables as predictors. GEE models are semi-parametric, and
are used to estimate the population averaged effects. Quasi-likelihood independence model criterion
(QIC, QICu)? was used to assess model fit (lower QIC values indicate better model fit). In instances of
missing data from actigraph malfunction, 5-nearest-neighbour imputation was performed for predictor
variables for visits with a filled-out EPDS. Visits for which EPDS scores were not available were not
imputed.

Next, we selected variables which had p<0.01 as predictors or had a significant variable by visit
interaction as a predictor of depressive or anxiety symptoms in individual models. These were then used
as predictors in final GEE models, where EPDS and GAD-7 were the primary outcomes. Additional
predictors in these models consisted of age, years of education, BMI, history of mood or anxiety
disorders, visit and the interaction of the sleep and biological rhythms variables with visit.

The statsmodels module (version 0.12) in Python 3.6 was used to estimate the GEE models
(identity link function, autoregressive AR-1 working covariance structure). Other covariance structures
were estimated, and autoregressive structure had the best fit.
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Supplementary Figure 1: Participant Flowchart
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Supplementary Table 1: Longitudinal Changes in Dim Light Melatonin Onset

Variable Third 1-3 Weeks 6-12 Weeks Test P value
Trimester Postpartum Postpartum
Mean£SD Mean+SD Mean£SD
Dim Light 20.77%+1.08 20.63%+0.73 20.84+1.27 F=0.11 0.89
Melatonin

Onset (N=12)




Supplementary Table 2: Longitudinal Changes in Sleep and Rhythm Variables (n=57)

Variable Third 1-3 Weeks 6-12 Weeks Test P value (FDR P value: Multiple Comparisons (FDR Adjusted)
Trimester Postpartum  Postpartum Adjusted) Third Trimester  Third Trimester 1-3 Weeks vs.
vs. vs. 6-12 weeks
MeanzSD MeanzSD MeanzSD 1-3 Weeks 6-12 Weeks Postpartum
Median Median Median [IQR] Postpartum Postpartum
[1QR] [1QR]
MELATONIN METABOLITE
6-SM 31.10[24.72] 32.38[19.92] 27.57[28.60] x2=1.22  0.47
ACTIGRAPHY
SLEEP VARIABLES
TST 7.37 [1.00] 6.90 [1.34] 7.17 [1.02] x2=2.15 0.12
Sleep Onset 12.14 [7.29] 10.29 [6.10] 10.86 [6.87] x>=1.50 0.35
Latency
SE 84.05 [5.02] 80.05 [4.20] 83.53 [3.38] Xx?=5.43  0.00000073 0.00016 0.78 0.0000013
WASO* 62.75+20.37 85.40+22.25 64.91+18.99 F=28.73 0.00000000057 0.00000032 0.65 0.000000026
Mean mid 27.37 [1.39] 27.33 [1.54] 27.42 [0.89] x?=0.47 0.89
sleep time
Awakenings* 28.12+8.55 23.02+5.34 23.4416.31 F=23.46 0.000000018 0.0000047 0.0000072 0.83
COSINOR VARIABLES
Mesor* 194.63+49.2  200.93+50.0 223.17+62.87 F=15.13 0.000027 0.32 0.00023 0.000078
4 8
Amplitude 146.55 147.37 178.22 [65.95] x2=4.59 0.000051 0.77 0.0041 0.000081
[62.18] [49.56]
Acrophase 0.74 [0.36] 0.71 [0.35] 0.71 [0.34] x*=1.40 0.39
cQ 0.78 [0.16] 0.77 [0.12] 0.84 [0.13] x?=4.31  0.00013 0.051 0.45 0.00024
Period 23.94 [0.28] 23.99 [0.20] 23.94 [0.32] x?=1.73  0.25
NON-PARAMETRIC CIRCADIAN ACTIVITY RHYTHM ANALYSIS
IS 0.58 [0.13] 0.52[0.13] 0.58 [0.16] x?=3.00 0.017 0.025 1.00 0.062
Iv* 0.78+0.13 0.89+0.15 0.76+0.13 F=19.00 0.00000037 0.000017 0.49 0.0000017
RA 0.88 [0.08] 0.75 [0.10] 0.87 [0.13] x?=7.23  0.000000000012 0.000000000056 0.93 0.0000000027
L5 17.14 [12.04] 44.81[20.56] 26.73[22.40] F=7.84 0.00000000050 0.000000000000 0.011 0.00024
42
L5 Start time  24.77 [1.21]  24.52[2.16]  24.60 [1.61] x2=0.52  0.90

(n=48)



M10* 303.64+78.0 313.76+78.2 354.79+102.5 F=17.94 0.00000075 0.33 0.000040 0.00010
8 7 4

M10 Start 9.88 [2.33] 9.73 [1.82] 9.33 [2.00] x2=1.48 0.36

time (n=49)

Nighttime 8800.68 + 17395.83 + 11280.49 + F=55.41 0.0000000000000008 0.000000000000 0.0076 0.000000013

Activity 3835.39 6646.48 5158.74 8 37

Mean*

Nighttime 5134.26 + 11939.40 6561.43 + F=40.33 0.0000000000015 0.000000000053 0.035 0.00000022

Activity SD* 4634.81 9199.01 5255.53

TRANSITION PROBABILITY ANALYSIS VARIABLES

pAR day 0.05 [0.01] 0.04 [0.02] 0.04 [0.01] X?=2.53  0.054

PAR night 0.10 £ 0.02 0.08+0.02 0.09+0.02 F=18.62 0.0000017 0.00000087 0.15 0.00015

paday 410.43 394.55 443.78 Xx3=3.28 0.0068 0.21 0.66 0.011
[124.75] [162.91] [164.61]

Ma night* 54.411+25.98 89.71+29.79 73.26%39.75 F=37.76 0.00000000050 0.000000000000 0.0036 0.00015

046

pRA day 0.06 [0.01] 0.08 [0.03] 0.08 [0.01] Xx?=7.12  0.000000000018 0.000000000059 0.00016 0.050

pRA night 0.10 [0.03] 0.08 [0.03] 0.09 [0.03] X3=4.87 0.000012 0.000021 0.000063 1.00

M day 69.76 [52.60] 34.81[32.85[ 45.35[51.77] Xx?=5.58  0.00000034 0.00000062 0.093 0.016

Mg night 0.00 [0.04] 0.00 [0.00] 0.00 [0.00] X3=2.99 0.016 0.025 0.031 1.00

LIGHT EXPOSURE VARIABLES

MLIT10 14.00 [0.94]  14.22[0.90]  14.19 [0.66] X2=0.51  0.89

(n=49)

MLiT100 13.62+0.93  14.07+0.89 13.65+1.14 F=3.61 0.064

(n=49)

MLIT500 13.70£1.25 14.10+1.19 13.57+1.66 F=2.17 0.17

(n=48)

MLiT1000 13.71 [1.80] 14.25 [1.78] 13.43 [1.68] Xx?=2.76  0.032 0.32 0.82 0.046

(n=48)

TAT10 (n=49) 505.00 431.79 416.33 x3=1.31 0.42
[215.31] [279.01] [273.77]

TAT100 164.21 103.57 128.21 x3=2.63  0.044 0.062 0.77 0.44

(n=49) [149.08] [102.44] [150.85]

TAT500 56.77 [91.90] 40.62[60.95] 51.69[101.38] x2=1.72 0.25

(n=49)

TAT1000 32.38[70.62] 28.85[56.57] 41.23[80.07] x?=1.82 0.21

(n=49)

* log transformed; Bolded text: survived FDR Correction




Abbreviations: 6-SM — 6-sulfatoxymelatonin; CQ - Circadian Quotient; L5 -5 consecutive lowest-activity hours; M10 - 10 consecutive hours with highest activity;
MLIT - Mean timing of light exposure; pAR - probability of transitioning from active to rest state; pRA - probability of transitioning from rest to active state; SD
- Standard Deviation; SE - Sleep Efficiency; TAT - Time Above Light Threshold; TST - Total Sleep Time; WASO - Wake After Sleep Onset; pa mean activity during
active state; ugr mean activity during rest state.

Supplementary Table 3: Using Generalized Estimating Equations to Model Depressive Symptoms (EPDS) as Function of the Most Predictive
Sleep and Biological Rhythms Variables Across Perinatal Period (n=72)
Variable B Std Err P Value
Intercept -19.65 6.42 0.0022
Visit 2 (1-3 Weeks Postpartum)? 13.84 8.59 0.11
Visit 3 (6-12 Weeks Postpartum)* 19.08 8.13 0.019
Age 0.031 0.077 0.69
Years of Education 0.096 0.13 0.46
BMI 0.038 0.046 0.40
Past History of Mood Disorders (Yes) 0.67 0.73 0.35
Past or Current Anxiety Disorder (Yes) 2.44 0.72 0.00073
BRIAN 0.21 0.043 0.0000010
Visit 2:BRIAN -0.0067 0.047 0.89
Visit 3:BRIAN -0.0356 0.041 0.39
Ug night 23.27 6.54 0.00037
Visit 2: pr night -22.82 6.93 0.0010
Visit 3: pr night -26.46 7.14 0.00021
PRA Night 17.01 14.87 0.25
Visit 2: pRA Night -30.40 19.45 0.12
Visit 3: pRA Night -50.59 20.45 0.013
cQ 6.41 291 0.027
Visit 2: CQ -9.83 4.76 0.039
Visit 3: CQ -2.88 3.25 0.38
v -1.98 2.38 0.41
Visit 2:1V 6.23 4.22 0.14
Visit 3:1V -0.81 3.23 0.80
Ua night 0.021 0.016 0.19
Visit 2: panight -0.016 0.021 0.45
Visit 3: panight -0.011 0.018 0.54
TST 0.81 0.50 0.11




Visit 2: TST -0.89 0.64 0.16
Visit 3: TST -1.26 0.82 0.12

Model QIC: 699.08; QICu = 706.15. #“Reference level: Third Trimester of Pregnancy. Abbreviations: BMI — Body Mass Index; BRIAN — Biological
Rhythms Interview of Assessment jn Neuropsychiatry; CQ — circadian quotient; EPDS — Edinburgh Postnatal Depression Scale; IV — Intradaily
Variability; pRA - probability of transitioning from rest to active state; QIC — Quasilikelihood under the Independence Model Criterion; Std Err —
Standard Error; TST — Total Sleep Time; pua mean activity during active state; g mean activity during rest state.

Supplementary Table 4: Using Generalized Estimating Equations to Model Anxiety Symptoms (GAD7) as Function of the Most Predictive
Sleep and Biological Rhythms Variables Across Perinatal Period (n=73)

Variable B Std Err P Value
Intercept -9.22 6.03 0.13
Visit 2 (1-3 Weeks Postpartum)# 7.87 7.86 0.32
Visit 3 (6-12 Weeks Postpartum)* 22.11 6.90 0.0014
Age -0.15 0.096 0.11
Years of Education 0.15 0.15 0.30
BMI 0.078 0.055 0.16
Past History of Mood Disorders (Yes) 0.28 0.97 0.77
Past or Current Anxiety Disorder (Yes) 1.85 0.85 0.030
BRIAN 0.20 0.055 0.00028
Visit 2:BRIAN 0.043 0.065 0.51
Visit 3:BRIAN -0.034 0.056 0.55
Mg night 15.95 7.36 0.030
Visit 2: pr night -18.92 7.50 0.012
Visit 3: pr night -17.01 8.88 0.055
pRA Night 14.27 14.98 0.34
Visit 2: pRA Night -41.69 17.38 0.016
Visit 3: pRA Night -56.18 18.66 0.0026
MLIT500 0.26 0.34 0.45
Visit 2: MLiT500 -0.32 0.51 0.54
Visit 3: MLiT500 -1.07 0.43 0.012

Model QIC: 561.36; QICu: 558.30. “Reference level: Third Trimester of Pregnancy. Abbreviations: BMI — Body Mass Index; BRIAN — Biological
Rhythms Interview of Assessment jn Neuropsychiatry; GAD7- Generalized Anxiety Disorder- 7; MLiT500 - Mean timing of light exposure above 500
lux; pRA - probability of transitioning from rest to active state; QIC — Quasilikelihood under the Independence Model Criterion; Std Err — Standard
Error; TST — Total Sleep Time; ug mean activity during rest state.




