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Study Objectives: In patients with delayed sleep-wake phase disorder (DSWPD), the circadian clock may be more easily affected by light at night. This
creates a potential vulnerability, whereby individuals with irregular schedules may have less stable circadian rhythms. We investigated the stability of circadian
timing and regularity of sleep in patients with DSWPD and healthy controls.
Methods: Participants completed 2 dim-light melatonin onset (DLMO) assessments approximately 2 weeks apart while keeping their habitual sleep/wake
schedule. After the second DLMO assessment, light sensitivity was assessed using the phase-resetting response to a 6.5-hour 150-lux stimulus. The change in
DLMO timing (DLMO instability) was assessed and related to light sensitivity and the sleep regularity index.
Results:Relative to healthy controls, patients withDSWPDhad later sleep rhythm timing relative to clock time, earlier sleep rhythm timing relative toDLMO, lower
sleep regularity index, and greater DLMO instability. Greater DLMO instability was associated with increased light sensitivity across all participants, but not
within groups.
Conclusions:We find that circadian timing is less stable and sleep is less regular in patients with DSWPD, which could contribute to etiology of the disorder.
Measures of light sensitivity may be informative in generating DSWPD treatment plans.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Delayed sleep-wake phase disorder is a persistent sleep disorder that is resistant to treatment. Understanding
factors that contribute to the maintenance of delayed sleep-wake phase disorder could help to improve treatment outcomes.
Study Impact: Our findings of greater variability in sleep and circadian timing in patients with delayed sleep-wake phase disorder indicate that behavioral
modifications, such as restricting the timing of sleep and light exposure, may reduce circadian phase instability and improve treatment efficacy, especially in
those with higher light sensitivity.

INTRODUCTION

Delayed sleep-wake phase disorder (DSWPD) is characterized
by a persistent delay in sleep relative to the individual’s desired
sleep time.1 Patients with DSWPD often experience a delay
in circadian timing, which contributes to their delayed sleep
timing. Treatments for DSWPD, such as bright light therapy,
typically aim to normalize circadian timing.2 The efficacy of
these interventions relies on them being delivered at an ap-
propriate circadian time to achieve a phase advance.3 If timed
inappropriately, these interventions may have no effect on
circadian phase or even potentially result in further phase delay,
perpetuating negative outcomes for those with DSWPD.

An examination of the stability of sleep and circadian
rhythms in DSWPD is not currently a part of diagnosis, al-
though there is evidence that instability is a feature of the
disorder. For instance, sleep timing has been shown to be more
irregular in patients with DSWPD compared with healthy
controls, even when asked to sleep within 1 hour of their self-
reported average time; that is, even under conditions of re-
stricted variability and when observed sleep timing may not

have been typical.4 In patients with DSWPD, greater sleep
timing variability has also been associated with greater vari-
ability in dim-light melatonin onset (DLMO) times. This has
also been seen in patients with DSWPD with unrestricted sleep
schedules, where DLMO time shifted in a greater proportion of
patients with DSWPD compared with healthy controls.5 A
potentialmechanism for this instability in patientswithDSWPD
is light sensitivity, the ease with which light can alter circadian
timing. In patients with DSWPD, the circadian system is more
responsive to light exposure, as measured by phase resetting,6

pupillary responses,6,7 and melatonin suppression.8

In this study we investigated the stability of circadian timing
and regularity of sleep/wake patterns in patients with DSWPD
and healthy controls. We included only DWSPD patients with
delayed DLMO timing (“circadian DSWPD”9) and using un-
restricted sleep schedules to investigate natural variability.
We also examined the relationship between these measures
and light sensitivity. We hypothesized that patients with
DSWPD would have less stable circadian timing and more
irregular sleep compared with controls. As secondary analysis,
we investigated whether there was a relationship of sleep and
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circadian stability with light sensitivity, as measured by the
phase-shifting response to light at night.

METHODS

The study was approved by the Monash University Human Re-
search Ethics Committee, and all participants gave written in-
formed consent prior to participation.This studywas in linewith
the standards set by the Declaration of Helsinki (revision #7).

Participants
Participants were 19 men: 10 patients with DSWPD (aged
22.4 ± 3.3 years) and 9 healthy controls (aged 22.5 ± 3.3 years).
Only male participants were selected to reduce potential vari-
ability in light sensitivity and circadian entrainment due to sex.10

As a part of a larger study,6 participants underwent extensive
screening, including a medical and psychological assessment.
During themedical assessment, participants withDSWPDwere
diagnosed according to the International Classification of Sleep
Disorders (3rd edition), and alternate diagnoses were ruled out.
Participantswere subsequently deemed eligible if theywere of a
healthyweight (with bodymass index between 18 and30kg/m2)
and had no current medical or psychological/psychiatric his-
tory, were not on any medication, had not recently traveled or
engaged in shiftwork, and had sleep-wake behavior consistent
with their group (ie, delayed sleep timing in the DSWPD group,
regular sleep timing in the control group). Healthy controls had
a DLMO time of 22:00 or earlier and a typical phase angle
(melatonin onset occurring 1–3 h before habitual bedtime),
whereas the patients with DSWPD had a DLMO time of later
than 23:00 and occurring between 30 minutes before to any
time after their desired bedtime, consistent with the “circadian
DSWPD”phenotype.9Eligibility criteria pertaining to circadian
timewere evaluated based on the at-homeDLMOmeasurement
described below.

Procedures
Participants completed 2 DLMO assessments: 1 at home and 1
in the laboratory. The laboratory DLMO assessment was im-
mediately followed by an assessment of circadian phase shifting
in response to light. Therewere approximately 2weeks between
the in-home and in-laboratory DLMO assessments (mean =
12.1 days, standard deviation = 3.9, range = 7–20 days). Par-
ticipants completed a sleep diary and actigraphy monitoring
between assessments.

At-home DLMO measurement

For the in-home DLMO assessment, participants were seated
in a dimly lit room (< 5 lux). This was confirmed by an in-
vestigator, and adherence was confirmed by a HOBO pendant
light measuring device (Onset Computer Corporation, Bourne,
MA) attached to their clothing (on the torso). Participants
completed hourly saliva samples using salivettes (Sarstedt,
Germany) from 5 hours prior to their habitual bedtime until
2 hours after (a total of 8 samples). Participants were asked
to remain seated and have no food or drink from 30 minutes
prior to collection of each saliva sample. Participants were

also asked to refrain from caffeine, alcohol, and mouthwash
on the day of collection. In-home DLMO assessments have
been shown to yield comparable measures of circadian tim-
ing compared with lab-based assessments, as per Burgess
and colleagues11 whose methods we adhered to as closely
as possible.

In-home sleep-wake monitoring

At the time of the in-home DLMO assessment, participants
were provided with a wrist-worn device (Actiwatch Spec-
trum Plus, Philips Respironics, Bend, OR) and a sleep diary
to record habitual sleep-wake activity patterns up until the
in-lab protocol. Activity counts were recorded in 1-minute
epochs, and rest intervals were subsequently determined
by using a combination of sleep diary data and visual in-
spection in Actiware (Philips, Bend, OR), with medium sen-
sitivity. Participants were instructed to maintain their typical
sleep-wake patterns. Valid sleep-wake recordings ranged
4–24 days (mean = 12.1, standard deviation = 4.6 days). Par-
ticipants were asked to abstain from caffeine and alcohol
during this period, beginning 7 days prior to their admission to
the in-laboratory study.

In laboratory DLMO measurement and assessment of
light sensitivity

Approximately 14 days after their in-home DLMO assessment
(mean = 13.5, standard deviation = 4.7, range = 7–24 days),
eligible participants completed a second circadian phase as-
sessment and an assessment of circadian light sensitivity in
a 6-day in-laboratory phase-shifting protocol. For the in-lab
DLMO measurement, participants were seated in a dimly lit
laboratory suite (< 3 lux) and provided hourly saliva samples
from 5 hours prior to their habitual bedtime until their habitual
bedtime (a total of 6 samples). Participantswere seated and food
or drinks were not given from 30 minutes prior to collection of
each saliva sample. After sleeping, participants underwent the
phase-shifting (light sensitivity) assessment. Participants ini-
tially underwent a 27-hour constant routine protocol, during
which melatonin phase was measured (salivary melatonin) and
participants were kept in dim lighting of < 3 lux. Participants
were required to remain awake andmaintain a constant posture
in bed, and were given hourly isocaloric snacks throughout
the 27 hours. Following an 8-hour sleep opportunity, partic-
ipants woke to a 16-hour day during which a 6.5-hour light
exposure at 150 lux took place (beginning at the participants’
in-home DLMO time). The remaining hours were spent in
lighting of < 3 lux. Following another 8-hour sleep opportunity,
a second 27-hour constant routine protocol took place under
the same conditions as the first to assess change in circadian
phase (see Watson et al6 for a comprehensive phase-shifting
protocol description).

Salivary melatonin assays

All samples were analyzed with radioimmunoassay using
standards and reagents supplied by Buhlmann Laboratories
(RKDSM-2, Buhlmann Laboratories AG, Schönenbuch,
Switzerland). Saliva samples were assayed in duplicate, with an
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intra-assay coefficient of variation of < 6.7%, and interassay
coefficients of variation of < 13.2% across assays.

Data analysis

DLMO instability

DLMOwas defined in this study as the time at which melatonin
concentration exceeded 4 pg/mL12 using linear interpolation.
Absolute change in DLMO time between the home DLMO
measurement and the first in-lab DLMO measurement was
calculated for each individual, and this was used as the mea-
sure of DLMO instability.

Phase shifting

Phase-shifting measurements were taken using the method
published in Watson et al.6 In short, the change in circadian
phase between constant routine protocols was compared with
the predicted phase shift for a healthy young adult using the
normative data from Khalsa et al13 and Zeitzer et al.14 The ratio
of the measured to the expected phase shift was used as the
measure of light sensitivity.

Sleep Regularity Index

The Sleep Regularity Index (SRI) is a recently validated
measure15–17 for the similarity of sleep/wake patterns on a cir-
cadian timescale (ie, between consecutive days). From epoch-
by-epoch scoring of sleep vs wake, the metric calculates the
probability that epochs 24 hours apart are in the same sleep vs
wake state. The metric is scaled to range from 0 to 100, with
higher values representing more regular sleep/wake patterns.
The SRI was computed for each individual from the scored
actigraphy data between DLMO assessments.

Statistical analyses

The average daily sleep rhythm was computed for each in-
dividual by averaging percentage time asleep across days in
30-minute clock-time bins or in 30-minute time bins relative
to the individual’s DLMO time. A nonlinear mixed effects
model was fit to the data for both groups (using the function
nlmefit in MATLAB R2017b), assuming a sinusoidal rhythm
with a period of 24 hours. Random effects were included at the
participant level for the mean, amplitude, and phase. Fixed
effects were included for the mean, amplitude, and phase, as
well as group-level effects for amplitude and phase, which
were used to compare rhythms between the control and
DSWPD groups. Cosinor analysis was performed at the in-
dividual level to determine individual acrophases. Goodness
of fit for these models was assessed using adjusted R2, which
ranged from .71 to .86. We also tested an extended cosinor
model, using an antilogistic-transformed cosine function18

(6 parameters) to better fit the average shape of the sleep-wake
curves. Individual estimates of acrophase were nearly identical
using this 6-parameter model compared with the 3-parameter
cosinor model, with the largest individual difference being
0.16 hours (mean absolute difference of 0.06 hours).We therefore
reported fits using the more parsimonious cosinor model.

DLMO stability (ie, the mean absolute DLMO change)
and SRI were compared between groups using Welch’s t tests

due to differences in variance between groups. Pearson’s cor-
relation coefficients were calculated to assess the size and
direction of the relationships between DLMO variability
and phase shifting and DLMO variability and SRI. Correla-
tions were calculated for the entire participant pool and
within groups.

RESULTS

Relative to clock time, there were significant group differences
in the average phase of the sleep rhythm between healthy
controls and patients with DSWPD, with later sleep rhythms in
patients with DSWPD (3:56 ± 0:24 vs 7:28 ± 0:40 h, P < .0001),
as shown in Figure 1. Relative to DLMO, there was also a
significant difference in acrophase of the sleep rhythm,whereby
the sleep acrophase occurred at an earlier circadian phase in
patients (7.04 ± 0.19 h vs 6.36 ± 0.32 h, P < .01). Therefore,
patients with DSWPD had a later sleep acrophase relative to clock
time (by 3.5 h), but at an earlier time relative to DLMO (by 0.7 h)
compared with healthy controls. There was no significant differ-
ence in amplitude of the sleep rhythm between groups, either with
respect to clock time (P = .29) or relative toDLMO time (P= .29).

The DSWPD group had a mean SRI score 10.7 points lower
than the healthy controls (73.1 ± 13.0 vs 83.7 ± 7.7, P < .05,
Cohen’s d = 1.00), indicating that patients with DSWPD had sig-
nificantly less regular sleep than healthy controls (see Figure 2).

The DSWPD group had on average 28.2 minutes or 147%
more variability between at-home and in-lab DLMOs than the
healthy controls (0.79 ± 0.64 vs 0.32 ± 0.24 h, P = .05, Cohen’s
d = 0.97), indicating a trend toward less DLMO stability

Figure 1—Daily sleep rhythms relative to clock time
and DLMO.

Average daily sleep rhythms relative to clock time (A) and hours (B)
after dim-light melatonin onset (DLMO). Data are shown for healthy
controls (blue) and patients with Delayed Sleep Wake Phase Disor-
der (red). Individual sleep rhythms are shown as thin dashed lines,
while group averages are shown as thick lines. Individual acrophases,
based on cosinor fits, are indicated by vertical dashes at the top of
each panel.

Journal of Clinical Sleep Medicine, Vol. 16, No. 9 September 15, 20201433

LA Watson, EM McGlashan, IT Hosken, et al. Sleep and circadian instability in DSWPD



approaching significance (P = .05, see Figure 3). Three pa-
tients withDSWPD (30%) and zero controls (0%) had variability
over 1 hour; this difference was not significant (P = .21, Fisher’s
exact test). These group differences were not due to differences in
the day-of-week of assessments. Both groups had similar pro-
portion of weekday-to-weekend comparisons (5 out of 9 for
healthy controls, 5 out of 10 for DSWPD). There was also no
significant difference in DLMO stability when comparing
weekday-to-weekend vswithinweekday/weekend (1.16 vs. 1.03
h, P = .36).

There was a significant positive association between DLMO
instability and sensitivity to light (measuredwith phase shifting)
(r = .46, P < .05) and a nonsignificant trend toward a negative
relationship between DLMO instability and SRI (r = −.40,
P = .10) for patients with DSWPD and healthy controls, such
that less DLMO stability was associated with greater light
sensitivity and worse sleep regularity. However, these rela-
tionships were not significant within groups (P > .05).

DISCUSSION

Our results show that patients with DSWPD who have delayed
melatonin onset timing (ie, patients with “circadian DSWPD”9)
experience larger changes in circadian phase (greater DLMO
instability) and have more irregular sleep/wake patterns
than healthy controls. Additionally, we found that greater light
sensitivity is associated with increased variability in circadian
phase across groups, but not within groups. These findings
indicate that reduced circadian and sleep stability are features
of DSWPD and that increased light sensitivity may contribute
to instability.

Our finding of DLMO instability is consistent with previous
evidence of increased variability in circadian phase in patients
with DSWPD.When participants were allowed to keep habitual
sleep/wake patterns, 6 of 8 patients with delayed sleep (for-
merly referred to as delayed sleep phase syndrome) showed a
week-to-week shift in DLMO time of > 1 hour compared with

3 of 8 healthy controls.5 More recently, when participants were
required to keep stable sleep times, 6 of 22 patients with
DSWPD shifted by > 1 hour compared with 2 of 18 healthy
controls.4 If our inclusion criteria were applied to these data
retrospectively (ie, excluding delayed healthy controls and non-
delayed DSWPD), these proportions would remain elevated for
5 of 15 patients with DSWPD and 1 of 15 healthy controls.

Our study is the first to have compared sleep regularity
between patients with DSWPD and healthy controls while
participants maintained their self-selected (unstructured)
sleep/wake patterns.While Burgess and colleagues4 examined
sleep regularity in DSWPD, they did so under structured sleep
schedules where participants were instructed to sleep within
1 hour of their average time. Due to the structured sleep
schedules, their finding of less regular sleep in patients with

Figure 2—Sleep Regularity Index scores.

Sleep Regularity Index (SRI) scores for healthy controls (blue) and
patients with Delayed Sleep Wake Phase Disorder (DSWPD) (red).

Figure 3—Circadian variability.

(A) Changes in dim-light melatonin onset (DLMO) time observed for
patients with Delayed Sleep Wake Phase Disorder (DSWPD) and healthy
controls within habitual light environments. (B) The absolute difference in
timing of DLMO between groups.
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DSWPD could be interpreted either as a habitual tendency to
sleep irregularly or as weaker adherence to the study instruc-
tions. Both interpretations are plausible, given lower self-
control has been observed in individuals with delayed sleep19

or evening preference.20 The former interpretation is supported
by our finding that patients with DSWPD keep habitually
less regular sleep/wake patterns than healthy controls. Mech-
anistically, this may suggest weaker internal coupling of
circadian and behavioral rhythms in patients with DSWPD,
meaning sleep/wake schedules are more easily displaced on a
day-to-day basis relative to circadian time.

Irregular sleep/wake patterns are likely to contribute to less
stable circadian rhythms, due to less regular patterns of light
exposure.21 Higher light sensitivity could potentially amplify
the effects of irregular light exposure on circadian timing. In
support of this, we found an association between light sensi-
tivity and stability of circadian timing, with more sensitive
individuals exhibiting less stable circadian timing. However, it
should be noted that we were unable to assess the regularity or
nature of light exposure patterns in this sample. Irregular light
exposure patterns likely contribute to unstable circadian phase
and could mediate the negative effect of increased light sen-
sitivity on circadian phase. Further research will be needed to
determine the relative contribution of light exposure and light
sensitivity to stabilityofcircadian timing.Previous researchhas found
that sleep regularity, as quantified by the SRI, mediates functional
outcomes in patients with DSWPD.17 Moreover, emerging re-
search indicates that irregular sleep/wake patterns are associ-
ated with poor mood and health outcomes.15,16,22 These findings
together suggest that targeting regularity of sleep/wake patterns
may be an effective adjunct to existing treatments for DSWPD.

We found that patients with DSWPD had an earlier sleep
acrophase relative to DLMO than controls. That is, there was
less time between DLMO and sleep acrophase in patients with
DSWPD. This finding is consistent with the fact that we in-
cluded only patients with circadian DSWPD, as they tend to
have a smaller phase angle between DLMO and habitual
bedtime,9 whereas other studies that have included all forms of
delayed sleep have found no significant difference in phase
angle between patients and controls.23,24 Receiving more light
in the delay region of the phase response curve would be a
plausible explanation for the initial development of delayed
circadian phase. However, the smaller phase angle observed in
our sample and others indicates that, on average, patients with
circadian DSWPD may actually spend less time awake and
therefore get less light exposure in the delay region of the phase
response curve to light compared with controls.13 Individuals
withDSWPDappear to have a larger phase delaying response to
light6 and a longer intrinsic circadian period.25 Both of these
physiological differences imply that, for an individual with
DSWPD to remain entrained to the 24-hour day, they must on
average receive less phase delaying light exposure and/or more
phase advancing light exposure than equivalent healthy controls.
Although we could not assess light-exposure patterns directly in
our sample, this is consistentwith the circadian timing of sleepwe
observed in DSWPD patients compared with controls.

There are some notable limitations to our study. First, our
study examined male patients with DSWPD. Given large

interindividual variability and potential sex differences in both
light sensitivity26 and phase of entrainment,10 further studies are
needed to determine whether the same relationships exist in
female patients. Second, we could not determine the impact of
light history on circadian timing because of a high percentage of
missing data due to sensor coverage. Future studies could ex-
amine light history using devices that better capture light at eye
level. Light exposure patterns likely contribute to instability
in circadian timing and determining the relative contribution
of behavioral and physiological factors (eg, light sensitivity)
would have clinical utility. Finally, although we found a
significant association between light sensitivity and circadian
stability across all participants, this relationship was not
significant within groups. This may be due to our relatively
small sample size. Larger samples will be needed to deter-
mine whether this relationship differs between patients with
DSWPD and healthy controls.

Overall, the present study showed patients with DSWPD
experience larger changes in circadian phase and significantly
less regular sleep than healthy controls. We also showed that
greater light sensitivity was associated with increased vari-
ability of circadian phase. These findings indicate that be-
havioral modifications, such as restricting timing of sleep
and/or light exposure may reduce circadian phase instability
and improve treatment efficacy, especially in those with higher
light sensitivity.

ABBREVIATIONS

DLMO, dim-light melatonin onset
DSWPD, delayed sleep-wake phase disorder
SRI, Sleep Regularity Index
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