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Abstract

Few studies have examined relationships between circadian rhythms and unipolar major
depressive disorder. Further, no study to date has examined circadian markers as predictors of
response to depression treatment. In the present study, we examined associations between
circadian timing and its alignment with sleep and depression severity in 30 adults with major
depressive disorder who completed a randomized controlled trial of two weeks of time in bed
(T1B) restriction administered adjunctive to fluoxetine, with a focus on sex differences. Thirty
adults with major depressive disorder received 8 weeks of fluoxetine 20-40 mgs and were
randomized to 8h TIB or 6h TIB for the first 2 weeks. Participants in the 6h TIB condition were
further randomized to a delayed bedtime or advanced risetime group. Circadian measures included
dim light melatonin onset (DLMO) and the difference between DLMO and midsleep point (i.e.,
phase angle difference). Depression was assessed using the Hamilton Rating Scale for Depression.
For females, a phase delay after 2 weeks of fluoxetine and the experimental TIB manipulation was
associated with a poorer response to fluoxetine, and depression severity was negatively correlated
with phase angle difference, whereas males showed a positive correlation between depression
severity and phase angle difference.
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1. Introduction

Circadian rhythm dysregulation is implicated in the pathogenesis and course of many
affective disorders (Jones and Benca, 2015). However, most empirical investigations in this
area have focused on seasonal affective disorder (Lewy et al., 2006). Emerging evidence
from the last decade has provided preliminary support for early hypotheses linking circadian
rhythms to unipolar major depressive disorder (MDD).

Several studies have established associations between an evening preference (e.g., evening
chronotype), measured by self-report, and depression severity. In a cross-sectional study of
100 adults with MDD, participants with an evening chronotype had more severe suicidal
ideation and greater functional impairment relative to those with morning or neither
chronotypes (Gaspar-Barba et al., 2009). Further, in a naturalistic follow-up study of adults
with major depressive disorder, a self-reported evening preference was predictive of more
severe depression symptoms, and significantly greater odds of non-remission of depression
(Chan et al., 2014).

Beyond chronotype, two recent studies have examined the role of misalignment between
objective markers of the circadian pacemaker (e.g., dim light melatonin onset, or DLMO)
and the timing of sleep in MDD (Emens et al., 2009; Hasler et al., 2010). In a cross-sectional
study of 18 females with MDD who had persistent symptoms of depression despite
antidepressant treatment, depression severity was negatively correlated with the amount of
time between dim light melatonin onset (DLMO) and midsleep (i.e., phase angle difference;
PAD), such that a shorter PAD (corresponding to a phase delay) was associated with more
severe depression (Emens et al., 2009). In a comparison of circadian and sleep markers in 18
adults with depression and 19 healthy controls, the group with depression had a later mean
sleep onset and a later mean midsleep point relative to the control group (Hasler et al.,
2010). Although a delay in core body temperature minimum relative to midsleep and DLMO
was correlated with depression severity, no relationship was observed between the DLMO-
midsleep PAD in this study (Hasler et al., 2010). Although these studies have relatively
small, homogenous samples, their findings suggest that further exploration of misalignment
between the circadian and sleep timing systems in MDD is warranted. In particular, no
studies to date have examined circadian measures as predictors of response to antidepressant
therapy. This line of inquiry is critical to the development of personalized treatment
approaches to enhance outcomes for individuals with MDD.

One of the most well-established sleep-based therapies for depression, sleep deprivation
(Giedke and Schwarzler, 2002; Schilgen and T6lle, 1980) is hypothesized to improve
depression by directly influencing the sleep homeostatic and circadian systems. Sleep
deprivation treatments for MDD includes single-night total deprivation, single-night partial
deprivation, and repeated partial sleep deprivation. In partial deprivation, an advanced wake
time (i.e., wakefulness during the second half of the night) is generally more effective than a
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delayed bedtime (i.e., wakefulness during the first half of the night (Sack et al., 1988)). Our
group recently completed a randomized controlled trial designed to compare depression
remission rates and time to depression remission for two weeks of 6 hours’ time in bed (6h
TIB) to 8h TIB delivered adjunctive to fluoxetine in adults with MDD (Arnedt et al., 2016).
Participants completed the 2-week TIB condition protocol at home and were assigned to 8h
TIB, 6h TIB with delay of bedtime (Late Bedtime), or 6h TIB with advance of rise time
(Early Rise time). It was hypothesized that participants assigned to the Early Rise time
condition would report the greatest symptom improvement relative to those assigned to the
Late Bedtime or 8h TIB conditions. Contrary to hypotheses, participants assigned to the 8h
TIB group had lower depression severity, greater remission rates, and earlier onset of
remission relative to both 6h TIB groups (Arnedt et al., 2016).

In the present study, we conducted a secondary analysis of the parent randomized controlled
trial to explore change in circadian timing from baseline to post-experimental TIB
manipulation and to examine the role of circadian timing and its alignment with sleep as a
predictor of depression severity and treatment response. We note that the parent trial was
specifically designed to minimize the effects of the TIB schedule on the circadian system. To
this end, participants were instructed to remain in dim light and to engage in only quiet,
sedentary activities during the period of sleep deprivation. Thus, although we assessed
whether circadian measures changed from baseline to post-experimental TIB manipulation,
we did not have specific hypotheses regarding the effects of the different TIB schedules on
circadian measures. However, based on previous findings, we hypothesized the following: 1.
Baseline DLMO would be positively correlated with depression severity (i.e., later DLMO
would be associated with more severe depression); 2. Baseline PAD (defined as DLMO —
midsleep) would be negatively correlated with depression severity (i.e., a shorter PAD would
be associated with more severe depression); 3. Delay in DLMO from baseline to post-
experimental TIB manipulation (indicating a shift towards eveningness) would predict
poorer response to fluoxetine across the 8-week study (i.e., more severe depression
symptoms). Upon further considerations of the possible ways to analyze the data,
associations between post-experimental TIB manipulation DLMO, PAD, and depression
severity were analyzed, sex differences were examined, and quadratic (parabolic) analyses
were added.

2. Methods

2.1 Participants

The parent trial was an 8-week randomized, controlled trial with 68 participants (Arnedt et
al., 2016). All participants in the parent trial completed the dim light melatonin saliva
sample collection procedure (except for the last 5 participants, who did not complete the
procedure due to financial considerations); however, due to financial constraints, for this
secondary analysis, saliva samples were assayed for melatonin in a subsample of 30
participants randomly selected from parent trial. The study was approved by the University
of Michigan Medical School Institutional Review Board. Recruitment occurred from
September 2009 to December 2012; participants were recruited through advertisements for
the study and clinical referrals. Written informed consent was obtained from all participants.
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The eligibility criteria for the parent trial was as follows: (1) 18-65 years of age; (2)
diagnosis of major depressive disorder per DSM-1V plus a score of = 18 on the 17-item
Hamilton Rating Scale for Depression (HAMD-17 (Hamilton, 1960)); and (3) habitual time
in bed of 7-10 hours per night. Participants were excluded from participation for any of the
following: (1) current or past history of DSM-1V diagnosis other than major depressive
disorder or generalized anxiety disorder; (2) diagnosis of DSM-IV alcohol abuse in the past
6 months; (3) presence of medical conditions associated with depression or affecting sleep;
(4) sleep disorders other than insomnia; (5) use of medication (prescription or over-the-
counter) for sleep or depression; (6) use of fluoxetine in the past 6 months; (7) night shift
work; (8) pregnancy or breastfeeding; (9) known contraindication to fluoxetine; or (10)
blood biochemistry not within normal limits. All participants were free of antidepressant
medications for = 2 weeks (=4 weeks for longer-acting antidepressants). Participants
completed an in-laboratory screen to assess for eligibility, including overnight
polysomnography to screen for sleep disorders (llber et al., 2007). A similar number of
participants were enrolled in the study in the fall/winter (53.33%) and spring/summer
(46.67%).

2.2 Study Design and Procedures

In the study preparatory phase, participants maintained a consistent 8-hour time in bed (TIB)
schedule at home, based on their habitual sleep schedule, for 5-7 days. To assess for
melatonin levels, saliva samples were collected in dim light at Baseline (for more detail, see
Measures below). Through random assignment, participants were then allocated 1:1:1 to one
of three TIB conditions for the first 2 weeks of the study (experimental phase): (1) 8h TIB (n
=10; 7 males, 3 females); (2) 6h TIB (n = 20), with a 2-hour delay of habitual bedtime (Late
Bedtime, n = 10; 3 males, 7 females); or (3) 6h TIB with a 2-hour advance of habitual rise
time (Early Rise time, n = 10; 4 males, 6 females). Participants began open-label fluoxetine
20 mgs daily the morning after their first experimental phase night; doses could be increased
to 40 mgs after Week 4. Participants assigned to the 6h TIB conditions were instructed to
remain in dim light conditions for the 2h period of sleep deprivation (e.g., a participant
assigned to the Late Bedtime condition with a habitual bedtime of 10 pm would remain in
dim light from 10 pm to 12 pm) during the first 2 weeks of the study to minimize direct
effects on the circadian system. Participants wore a wrist actigraph with an integrated light
meter (Philips Respironics Actiwatch-2) on their non-dominant wrist during the preparatory
and experimental phases of the study; they were instructed to keep the face of the actigraph
uncovered by clothing at all times. Actigraphy data were collected at a 60-second sampling
rate. Actigraphy were scored according to established procedures (Ancoli-Israel et al., 2015)
using Actiware® — Sleep software (Version 5.0) in conjunction with daily sleep/wake
diaries. Participants were prohibited from using drugs and alcohol and napping during the
preparatory and experimental phases of the study. They were allowed to use their habitual
amount of caffeine prior to 12 pm.

Participants underwent overnight polysomnography in the laboratory for the first 3 nights of
the study (respectively, screening/adaptation (8h TIB), Baseline (8h TIB), and first
experimental night (6h or 8h TIB)) and again for 2 consecutive nights at the end of the
experimental phase ((the final experimental night (6h or 8h TIB) and an 8h TIB recovery
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night; Week 2); polysomnography results are reported in the parent trial (Arnedt et al.,
2016). On the final experimental night, participants again completed a saliva sample
collection protocol in dim light to assess melatonin levels (for more detail, see Measures
below).

Following completion of the 2-week experimental phase of the study, participants entered

the 6-week follow-up phase of the study, during which they maintained self-selected sleep
schedules, took fluoxetine daily, and completed mood assessments weekly through week 8
of the study.

2.3 Measures

Depression symptom severity was assessed using the HAMD-17. Total scores on this
measure range from 0 to 46. Clinicians, trained to reliability and blinded to experimental
assignment, rated participants’ symptoms at weekly intervals.

To determine dim light melatonin onset, saliva samples were collected in dim light
conditions (< 30 lux at eye level (Lewy, 1999); in laboratory on the Baseline night and again
on the final night of the experimental schedule (Week 2). Participants began the dim light
saliva collection protocol approximately 5h prior to their assigned bedtime (7h prior for
participants in the Late Bedtime condition at Week 2), accompanied by laboratory staff. Dim
light conditions were maintained throughout the protocol. Participants were in dim light for
30 minutes prior to the first saliva sample collection. Samples were collected via Salivette
(Sarstedt, Newton, NC) every 30 minutes, with the final sample collected at the assigned
bedtime. Eleven samples in total were collected for all participants at Baseline and for
participants in the 8h TIB and Early Rise time condition at Week 2. Fifteen samples were
collected from participants assigned to the Late Bedtime condition at Week 2 due to the 2-
hour delay in bedtime in this condition. Participants were allowed food or liquids except in
the 10 minutes prior to sample collection. Participants were required to remain seated for 10
minutes prior to sample collection, during which time they brushed their teeth with water if
they had consumed food or liquids. Salivettes were centrifuged immediately after collection
to extract saliva, which was then frozen. Samples were shipped on dry ice to Solidphase Inc.
(Portland, ME), where they were radioimmunoassayed for melatonin using Buhlmann direct
kits (Buhlmann Laboratories, Switzerland). The sensitivity of the melatonin assay was 0.5
pg/ml.

2.4 Circadian Phase Calculations

To determine DLMO, linear interpolation of the clock time when the melatonin level
exceeded the mean of three consecutive low daytime values plus twice the standard
deviations of these points was calculated (also termed the “3k” method; (Voultsios et al.,
1997)). Phase angle difference (PAD) was calculated as the difference (in hours and
minutes) between DLMO and the midpoint of sleep from polysomnography (calculated as
(sleep onset + [time of sleep offset — sleep onset)/2]); (Lewy et al., 2006)). Change in
DLMO was calculated in minutes by subtracting the time of DLMO at Baseline from the
time of DLMO at Week 2; negative values indicated an advance of DLMO. A change in
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DLMO between Baseline and Week 2 of = 30 minutes was characterized as either a phase
delay (later at Week 2 than Baseline) or phase advance (earlier at Week 2 than Baselinge).

2.4 Statistical Analyses

Shapiro-Wilk tests were used to evaluate whether the data were normally distributed; all
variables except change in PAD from Baseline to Week 2 were normally distributed.
Analyses were conducted with and without data points identified as outliers; results were not
changed by removal of outliers, and thus the final analyses included all available data points.

For participants assigned to the 6h TIB conditions, compliance with dim light conditions
while at home during the 2-week experimental phase of the study was assessed using light
data from wrist actigraphy. Epochs of exposure to = 50 lux (Lewy, 1999) were coded as non-
compliant. From the wrist actigraphy light data, we also calculated the average light
intensity in lux during the nightly 2h sleep deprivation periods across the two-week
experimental phase for participants assigned to the 6h TIB conditions. To determine whether
light exposure during the two hours before bedtime or after wake time (two hours before the
sleep deprivation period for the Late Bedtime group, and two hours after the sleep
deprivation period for the Early Rise time group) was associated with circadian measures,
Pearson product-moment correlation coefficients were calculated between log-transformed
average lux values from the wrist actigraphy light data and DLMO at Baseline and Week 2,
and change in DLMO from Baseline to Week 2.

Paired-sample t-tests evaluated differences in DLMO and PAD between Baseline and Week
2 for the entire sample and for females and males separately. One-way ANOVA tested
differences in DLMO and PAD at Baseline and Week 2 by experimental sleep condition, and
evaluated whether change in DLMO and PAD from Baseline to Week 2 differed by
experimental sleep condition. Fisher’s Exact Test was used to assess whether the type of
phase shift was different by experimental sleep condition or by sex.

Pearson product-moment correlation coefficients were calculated between the circadian
variables and HAMD-17 at Baseline and Week 2, and change in circadian variables and
Week 2 HAMD-17 for the entire sample and by males and females separately. Curve
estimation models were fitted within scatterplots to test quadratic relationships between the
circadian variables (except for change in PAD, which was not normally distributed) and
HAMD-17 at Baseline and Week 2 for males and females separately.

The HAMD-17 assessments are hierarchical in structure, with weekly observations nested
within person, therefore, linear mixed models were employed (Raudenbush & Bryk, 2002)
using the mixed program in Stata 14 (StataCorp LP, College Station, TX) to estimate the
unique within-person relationship for weekly HAMD-17 score using circadian phase shift
type (delay or advance relative to no shift) and time (week of study, as a linear and quadratic
function) as main effects and the interaction of circadian phase shift type * time. All models
contained a random intercept per subject and a random slope associated with the HAMD-17
score. The analytic sample included two levels of data: Level 1 (weekly level) included 241
total HAMD-17 scores across 9 weeks and people (out of a possible 252 (i.e., 9 weeks * 28
people)); Level 2 (person level) included the 28 participants with Baseline HAMD-17 score
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and circadian phase shift type. Linear mixed models were fit for the entire sample and for
males and females separately.

Participant demographics are shown in Table 1. One participant (male) had no discernible
onset in melatonin at baseline. Another participant (female) had undetectable melatonin
levels at both time points. The average pg/ml concentration of DLMO was 1.10 (SD = 0.59)
at Baseline and 1.20 (SD= 0.63) at Week 2.

Overall, non-compliance with dim light conditions during the nightly sleep deprivation
periods for the 2-week experimental phase for participants assigned to the 6h TIB group
ranged from 0% to 16.7% of all 60-second epochs, with an average of 4.33% of non-
complaint epochs (SD = 5.07%). Rates of dim light non-compliance were not different
between the Late Bedtime (M= 2.8%, SD = 2.57%) and Early Rise time (M =5.78%, SD =
6.56%) groups (#(18) = —1.30, p=.210). Average light intensity during the sleep deprivation
periods in participants assigned to the 6h TIB group was 12.47 lux (SD = 159.13 lux) across
the 2-week experimental phase, with only 7.3% of all 60-second epochs above 30 lux
(chosen as a conservative lux value unlikely to suppress melatonin (Lewy, 1999)).
Correlations between average light exposure values before bedtime and after wake time and
the circadian measures were not significant (see Supplemental Table 1).

Circadian parameters are shown in Table 2 by experimental group and sex. Approximately
half of the sample experienced a phase shift between Baseline and Week 2; eight participants
(28.57%) evidenced a phase advance, and 5 (17.86%) showed a phase delay between
Baseline and Week 2. Paired-sample t-tests were non-significant for differences in DLMO
and PAD between Baseline and Week 2 for the entire sample and when analyzed for males
and females separately (all ps > 0.05). Fisher’s Exact Test was non-significant for
differences in type of phase shift by sex (p = 1.0).

With respect to comparison of circadian measures by experimental group, there were no
differences in DLMO by group at Baseline (A2,25) = 1.51, p=0.241) or Week 2 (H2,26) =
1.14, p=0.335), or PAD at Baseline (H2,25) = 1.15, p= 0.334). One-way ANOVA showed
a significant effect of group on PAD at Week 2 (A2,26) = 5.46, p=0.010). Bonferroni post
hoc comparisons showed that the PAD at Week 2 was significantly longer in participants
assigned to the Late Bedtime group (M= 7:55, SD = 1:07) relative to those in the 8h TIB
group (M=6:30, SD=0:51, p =0.017) and Early Rise time group (M= 6:38, SD =1:09, p
=.040). There was a trend for an effect of group on shift in minutes in DLMO from Baseline
to Week 2 (H2,25) = 3.25, p=0.056). Bonferroni post hoc comparisons showed a delay on
average for the Late Bedtime group (M= 10.9 minutes, SD = 50.80 minutes) relative to the
Early Rise time group, which showed an advance on average (M= —48.56, SD = 54.53).
However, Fisher’s Exact Test was non-significant for differences in the type of phase shift
by experimental group (o = 0.326), even when the sample was constrained to only those
participants assigned to a time in bed restriction (p= 0.139).
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When examining the entire sample, there were no significant associations between Baseline
HAMD-17 score and Baseline DLMO or Baseline PAD (see Supplemental Table 2a).
Associations were also non-significant when analyzed separately for males and females (see
Figures 1 and 2 for the quadratic models and Supplemental Table 2a).

Across the sample, Week 2 HAMD-17 score was not significantly associated with Week 2
DLMO or Week 2 PAD (see Supplemental Table 2b). When analyzed by sex, Week 2
HAMD-17 score was not significantly associated with Week 2 DLMO for males or females
(see Figure 3 for the quadratic models and Supplemental Table 2b). However, Week 2
HAMD-17 score was significantly associated with Week 2 PAD for both males and females,
albeit in opposite directions. Males showed a positive correlation between Week 2
HAMD-17 score and Week 2 PAD, whereas females had a negative correlation (see
Supplemental Table 2b). A similar relationship was observed for the quadratic model (see
Figure 4).

Change in DLMO between Baseline and Week 2 was not associated with Week 2 HAMD-17
score across the sample, nor was change in PAD (see Supplemental Table 2b). When
analyzed by sex, change in DLMO was not significantly associated with Week 2 HAMD-17
score for males or females (see Supplemental Table 2b). Change in PAD from Baseline to
Week 2 was correlated with Week 2 HAMD-17 scores for males but not females (see
Supplemental Table 2b).

When fitted using the entire sample, linear mixed models showed a main effect for time and
type of circadian shift, but no interaction for these variables. Thus, only main effects were
retained in the final model (model results are shown in Table 3 for the entire sample and by
sex). The results from the final model using the entire sample indicate that HAMD-17 scores
declined over time for all participants, and those participants who experienced a phase delay
had higher HAMD-17 scores across the 8 weeks of study relative to participants who did not
experience a phase shift. At the final week of study, the mean HAMD-17 score for
participants who did not experience a phase shift was 6.93 (SD = 3.58) versus 12 (SD =
5.10) for those who experienced a phase delay. A similar pattern of results emerged from the
model when fit for females. However, males showed only a main effect for time (i.e., their
HAMD-17 scores did not differ by circadian phase shift type).

4. Discussion

In the present study, we explored change in circadian timing after 2-weeks of a TIB
manipulation administered adjunctively to fluoxetine, and examined relationships between
depression symptoms and circadian timing in a randomized controlled trial of time in bed
restriction to augment fluoxetine. We also explored whether these relationships were
different for males and females.

We did not find any significant relationships between depression symptom severity and
DLMO or PAD when we included males and females in the same analyses. However, when
analyzed separately by sex, after 2 weeks of fluoxetine and the experimental TIB schedule,
Week 2 PAD was negatively correlated with depression symptom severity for females,
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whereas Week 2 PAD was positively correlated with depression symptom severity for males.
Thus, for females, a shorter Week 2 PAD (associated with a shorter duration between the
onset of melatonin and mid-sleep, suggestive of a delay of circadian timing relative to the
timing of sleep) was linked to more severe depression. In contrast, for males, a longer Week
2 PAD (associated with a longer duration between the onset of melatonin and mid-sleep,
suggestive of an advance of circadian timing relative to the timing of sleep) was linked to
more severe depression. Further, change in PAD from Baseline to Week 2 was positively
correlated with depression symptom severity for males (but not females), such that a
lengthening of the PAD at Week 2 (i.e., advance of circadian timing relative to sleep) from
Baseline was associated with more severe depression at Week 2.

When we examined the role of a circadian phase shift between baseline and the end of the
experimental phase of the study, we found that a phase delay after 2 weeks of fluoxetine was
associated with a poorer treatment response across 8 weeks, consistent with our hypothesis.
In addition to being statistically significant, this difference clinically significant; the mean
depression symptom severity score at the end of the study for participants who did not
experience a phase shift is consistent with remission from depression (i.e., < 7; (Frank et al.,
1991)), whereas the mean score for participants who experienced a phase delay remained in
the symptomatic range. However, when we analyzed the data separately for males and
females, we found this effect for females only. Males showed the same response to
fluoxetine regardless of whether they experienced a phase shift. This study is the first to our
knowledge to use objective methods to determine whether shift in DLMO is associated with
antidepressant response.

The lack of a significant relationship between depression severity and DLMO (and PAD
when analyzed for males and females together) is consistent with results from Hasler and
colleagues (2010), who did not find significant differences between adults with depression
and healthy controls on DLMO or the PAD between DLMO and mid-sleep in a sample of
both males and females. However, Hasler et al. did show that a delay of core body
temperature minimum relative to sleep and a longer PAD between DLMO and core body
temperature minimum were associated with greater depression severity. It may be that
temperature rhythms are a more sensitive measure of desynchrony than the measure we
utilized (midpoint of sleep). Our results confirm and extend the findings of Emens and
colleagues (2009), as both studies have shown a linear relationship between depression
severity and phase-delayed circadian misalignment as measured by the DLMO-midsleep
PAD in females with MDD.

With respect to changes in circadian measures from baseline to post-experimental TIB
schedule, on average, across the sample, participants in all three groups experienced minimal
changes in DLMO and PAD. Average DLMO at Baseline (21:20) and Week 2 (21:05) were
roughly consistent with the only other published report of DLMO in adults with non-
seasonal, unipolar depression ((DLMO 21:13; (Emens et al., 2009)). However, the average
PAD for our sample at both Baseline and Week 2 of approximately 7 hours is longer than the
optimal PAD of 6 hours as suggested by Lewy and colleagues (1998), and longer than the
average PAD (6:10) found by Emens and colleagues (2009) in their study of females with
depression who were taking an antidepressant. The relatively large standard deviation

Psychiatry Res. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swanson et al.

Page 10

(approximately 1 hour) in our sample’s PAD could account for some of this difference.
Another possible explanation for this discrepancy is the method used to calculate DLMO in
the present study (3k threshold), which typically results in DLMOs that are approximately
20 minutes earlier (Molina and Burgess, 2011) than the threshold used by Emens and
colleagues (2009) who utilized a 10 pg/ml threshold in their plasma analysis, which
corresponds to a 3 pg/ml threshold in saliva (Benloucif et al., 2008). Nevertheless,
replication of the PAD in adults with MDD relative to healthy controls will be important to
confirm whether the PAD found in the present study is a feature of depression. Although at
least one prior study found that depression symptoms were associated with a shorter PAD
(indicating a delay; (Emens et al., 2009)) Lewy posits that a PAD longer or shorter than 6
hours indicates misalignment common in seasonal affective disorder (2006), and our results
showing a curvilinear relationship between PAD and depression symptoms suggest this may
also be true in individuals with MDD.

The stability of the circadian measures between Baseline and Week 2, despite the TIB
manipulation administered to two-thirds of the sample, is likely due to an element of the
study design. To isolate the effects of TIB restriction from circadian change as an
augmentation for fluoxetine, participants were asked to remain in dim light during the period
when they would usually be sleeping. Two findings support the efficacy of this instruction in
minimizing circadian changes. First, we did not find significant differences in the type of
circadian shift from Baseline to Week 2 between the Early Rise time and Late Bedtime
groups. Second, although there were no group differences in PAD at baseline, at Week 2, the
Late Bedtime group had a significantly longer PAD relative to the Early Rise time and 8h
TIB groups. A longer PAD indicates an advanced DLMO relative to the timing of sleep.
Thus, the circadian pacemaker did not adjust the time of melatonin onset to correspond with
a later midsleep time, as would be expected if participants in the Late Bedtime group were
exposed to bioactive light in the hours before their bedtime. Indeed, light intensity data from
wrist actigraphy showed excellent compliance for the dim light periods during the 2-week
experimental phase of the study, with an average light intensity of approximately 13 lux
during the 2h sleep deprivation period across the 2 weeks, well below the threshold known
to suppress melatonin. However, there are other possible explanations for the stability of the
circadian measures between Baseline and Week 2: first, it remains possible that individuals
with MDD are less sensitive to light or other zeitgeibers than healthy controls, although
others have not found this to be the case with light exposure (Nathan et al., 1999); second, 2
hours of TIB restriction nightly for 2 weeks may not sufficient to produce significant change
in the circadian system; and third, previous work has shown that partial sleep deprivation
reduces light-induced circadian phase shifts (Burgess, 2010; Burgess and Eastman, 2006).

Taken together, the results from this preliminary study suggest that phase delay (as
evidenced by a shorter PAD and a shift to a later DLMO) after 2 weeks of fluoxetine therapy
and an experimental TIB manipulation is associated with more severe depression symptoms
and a poorer response to fluoxetine across 8 weeks for females. In contrast, for males, a
longer PAD (suggestive of a phase advance) after 2 weeks of fluoxetine therapy and
experimental TIB manipulation was associated with more severe depression symptoms;
however, phase shift per se (as measured by change in DLMO) was not a predictor of
response to fluoxetine across the 8-week study for males. This inverse relationship for
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females and males may be best understood in the context of sex differences in the timing of
sleep relative to the circadian clock. In healthy women without depression, an earlier
melatonin onset relative to sleep (i.e., longer PAD) is observed compared to men (Cain et al.,
2010). Further, women are more likely to have an earlier chronotype than men (Adan and
Natale, 2002). Thus, for females, a phase delay may be more destabilizing to mood (and
may potentially negatively influence response to treatment) than an advance, whereas the
opposite may hold true for males, who may have more consequences from a lengthening of
the interval between melatonin onset and the timing of sleep. However, the exact
mechanisms by which circadian and sleep alignment may influence response to
antidepressant therapy remain unknown, and future research is necessary to explicate
possible mechanisms.

We note that the present study is the first that we are aware of to examine sex differences in
the context of circadian rhythms and depression, and thus the first clue that there may be
significantly different relationships between circadian timing and depression for males and
females. Thus, it will be important for future studies to further elucidate the role of sex in
circadian alignment with the timing of sleep and depression. This is particularly critical, as
should inverse relationships exist for males and females, lack of consideration for sex
differences may lead to a type Il error in studies enrolling both men and women.

The findings from the present study must be interpreted as preliminary, and in the context of
several limitations. First, some of our null findings could be due to the small sample size,
and to the relatively modest circadian changes observed in the sample. Further, as we
randomly selected participants for sample assay without controlling by sex, small and
unequal numbers of males and females in the subgroups may have limited our power to
detect sex differences by condition. Second, our sample was relatively young and mostly
Caucasian, which limits the generalizability of the findings. Third, circadian parameters
were not measured after the second week of the study, so we do not know whether circadian
changes in the last 6 weeks of the study affected treatment response. Fourth, we only
assessed relationships between dim light melatonin onset and depression; previous work has
also shown relationships between the offset of dim light melatonin and depression (Parry et
al., 2008; Sekula et al., 1997). Finally, the influence of fluoxetine must also be considered
when interpreting these findings (Schaufler et al., 2016). Baseline circadian assessments
were completed before participants started fluoxetine, and at Week 2 they had been taking
fluoxetine daily for approximately 14 days. Selective serotonin reuptake inhibitors are
known to influence circadian rhythms in animals, with studies showing normalization of
circadian patterns in mice bred for anxiety and depression-like behavior (Schaufler et al.,
2016), and advancement of rhythms in acute (Sprouse et al., 2006), but not chronic (Duncan
et al., 2010) exposure. Other psychotropic medications, such as lithium, are associated with
phase delays in both rats and healthy humans (Kripke et al., 1979; McEachron et al., 1982).
However, effects of selective serotonin reuptake inhibitors on circadian rhythms in humans
have not been elucidated, which limits the context in which we can interpret the findings. A
further complicating factor is the potential of sex differences in response to fluoxetine, as
some previous studies have shown that females respond better to selective serotonin reuptake
inhibitors than men (Berlanga and Flores-Ramos, 2006; Khan et al., 2005; Kornstein et al.,
2000).
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Nevertheless, the present study represents an important step in the body of literature on
major depressive disorder and circadian rhythms. Strengths of this study include a longer
period of adaptation to a consistent TIB (14 days relative to 3—7 days used in previous
studies), and all participants used the same antidepressant (fluoxetine). Our results provide a
kernel of evidence to suggest that circadian parameters may be linked to depression in
different ways in men and women. For men, an advancement of the time of melatonin onset
relative to sleep is associated with more severe depression symptoms after 2 weeks of
fluoxetine and TIB manipulation, whereas for women, a shorter window of time between
melatonin onset and sleep is associated with more severe depression symptoms after 2
weeks of fluoxetine and TIB manipulation. Further, for women only, a phase delay when
starting an antidepressant was associated with a worse treatment response across 8 weeks of
fluoxetine. Replication of these finding are important, as they have implications for the
optimal conditions for starting antidepressant therapy to maximize efficacy.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Circadian measures have not been studied in antidepressant treatment
response.
. We examined circadian markers in a trial of repeated partial sleep deprivation

. A shorter phase angle difference was associated with more depression

. A longer phase angle difference was associated with more depression

. Phase delay was associated with poorer antidepressant response in females,

to adjunctive to fluoxetine.

symptoms in females.

symptoms in males.

but not males.
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Baseline HAMD-17 score as a function of baseline DLMO time with quadratic curves fitted

for males (o =.398) and females (p = .893).
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Baseline HAMD-17 score as a function of baseline phase angle difference with quadratic

curves fitted for males (p=.174) and females (o =.715).
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Week 2 HAMD-17 score as a function of week 2 DLMO time with quadratic curves fitted

for males (p =.184) and females (p = .508).
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Week 2 HAMD-17 score as a function of week 2 phase angle difference with quadratic

curves fitted for

males (p=.011) and females (p=.012).
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Table 1

Sample Demographic Characteristics

n (%) or M = SD

Age

Sex (M/F)

Race
Caucasian
African American
Asian
Native American

Marital Status
Married/partnered
Never married
Divorced/separated

Education (years)

25.73 £ 6.85
14/16

24 (80%)
4 (13%)
1(3%)
1(3%)

5 (17%)
24 (80%)
1(3%)
15.37 +1.63

HAMD-17 Score at Study Entry 20.20 +2.58

Note. V= 30.
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