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Study Objectives: To determine whether there was evidence of circadian or sleep-regulatory dysfunction in sighted individuals with non–24-hour sleep-wake
rhythm disorder.
Methods: Three sighted individuals with signs and/or symptoms of non–24-hour sleep-wake rhythm disorder were studied. Thirty-five- to 332-day laboratory and
home-based assessments of sleep-wake and circadian timing, endogenous circadian period, photic input to the circadian pacemaker, and/or circadian and sleep-
wake–dependent regulation of sleep were conducted.
Results: No evidence of circadian dysfunction was found in these individuals. Instead, sleep-wake timing appeared to dissociate from the circadian timing system,
and/or self-selected sleep-wake and associated light/dark timing shifted the circadian pacemaker later, rather than the circadian pacemaker determining sleep-
wake timing.
Conclusions: These findings suggest that the etiology of this disorder may be light- and/or behaviorally induced in some sighted people, which has implications
for the successful treatment of this disorder.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: The etiology of non–24-hour sleep-wake rhythm disorder in sighted patients is unknown. However, similar patterns
of sleep-wake timing are observed in healthy sighted individuals living under conditions of self-selected light/dark timing without knowledge of time of day.
Study Impact: Non–24-hour sleep-wake rhythm disorder may be behaviorally and environmentally induced in some sighted patients. This disorder there-
fore has a different etiology in sighted and blind individuals, which has nosological and treatment implications.

INTRODUCTION

Non–24-hour sleep-wake rhythm disorder (N24SWD)1 is
defined by sleep-wake times that move to a later (or rarely, ear-
lier) clock hour each day,2 similar to the sleep-wake timing
of sighted humans living without knowledge of time in
self-selected light/dark conditions.3–5 N24SWD in sighted indi-
viduals is assumed to result from an inability of the circadian
pacemaker to synchronize (entrain) to the 24-hour day, as
occurs in blind patients with N24SWD in whom light informa-
tion is no longer conveyed from photosensitive retinal ganglion
cells, rods, and cones6 to the circadian pacemaker located in the
suprachiasmatic nuclei of the hypothalamus.2,7,8 Because the
endogenous period of the circadian pacemaker is usually longer
than 24 hours, inability of the pacemaker to entrain to the exter-
nal 24-hour day results in delays of the circadian rhythm in
sleep-wake propensity to a later time each day. Rarely, when

the circadian period is less than 24 hours, sleep-wake propen-
sity advances to an earlier time each day in N24SWD. Unlike
sighted patients with N24SWD,2,9 the vast majority of blind
patients attempt to maintain a 24-hour sleep-wake schedule10

and therefore present with a relapsing and remitting pattern of
nighttime insomnia and daytime hypersomnolence as the circa-
dian rhythm in sleep propensity delays (or less commonly,
advances) in accordance with the non–24-hour endogenous
period of the pacemaker.1,7,11 This difference in the clinical
presentation of N24SWD in blind and sighted individuals is
striking7,9 and it raises the possibility that the pathophysiology
of the disorder differs in the 2 populations.

There are at least 6 possible etiologies for N24SWD in sighted
individuals that are not mutually exclusive. First, there could be a
selective loss of circadian photoreception sufficient to preclude
entrainment in individuals whose vision is otherwise preserved;
this has yet to be observed.8,12–14 Second, patients may have a
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circadian period that is too different from 24 hours to entrain to
the 24-hour day, consistent with observed sleep-wake cycles in
most patients with N24SWD that are generally much longer than
the average�24.15-hour intrinsic period of the pacemaker.5,15–17

Third, patients may have altered sensitivity to the resetting effects
of light (eg, decreased sensitivity to phase-advancing morning
light and/or increased sensitivity to phase-delaying evening light).
Fourth, the coupling between the circadian system and sleep tim-
ing may be weakened, due to biological and/or social factors,
such that the 2 cycles are no longer synchronized. Fifth, there
may be slower accumulation and/or dissipation of homeostatic
sleep drive, with consequently longer bouts of wake and sleep.
Sixth, patients’ self-selected patterns of light exposure may shift
circadian phase to a later hour in the absence of any circadian or
homeostatic dysfunction.2,5

We studied 3 sighted individuals with N24SWD symptoms
by evaluating endogenous circadian period, circadian photore-
ception, circadian timing, and/or circadian and sleep-
wake–dependent regulation of sleep; documenting self-selected
sleep-wake schedules; and modeling the effects of self-selected
light/dark timing on the circadian system.

METHODS

Participants
Participant 1 was a 31-year-old male with a history of childhood
asthma, depressed mood in adolescence, and sleep-onset insom-
nia (Table 1). In his early 20s, he decided to sleep and wake
whenever he wished and adopted a non–24-hour sleep-wake
schedule with a day length of �25 hours, which he reported
improved his mood. He was not taking any medications. He
was irregularly employed as a computer programmer and lived
with 2 other individuals. Study length was 84 days.

Participant 2 was a 39-year-old female with a history of irreg-
ular and delayed sleep-wake timing dating to preadolescence and
non–24-hour sleep-wake schedules with day lengths of up to
�25 hours. She reported a history of cervical cancer (status post
total abdominal hysterectomy with bilateral salpingo-oophorec-
tomy), depression, hypothyroidism, and asthma. Medications
included levothyroxine, estradiol, extended-release bupropion,
and methylphenidate. She was unemployed and lived alone.
Study length was 332 days.

Participant 3 was a 20-year-old male who was a full-time
college student. He was part of a larger observational

nonclinical study of college undergraduates; demographic and
medical details were limited.18 Nightshift work or greater than
1 time zone of travel in the prior 3 months were exclusionary
for that study. He reported delayed sleep-wake timing (Owl-
Lark score = 31; moderate evening type) but did not report sig-
nificant sleep-wake complaints (Global Pittsburgh Sleep Qual-
ity Index Score = 5), and was not recruited for that study on this
basis. He had a body mass index of 29.4 kg/m2 and scored as
high risk for sleep apnea on the Berlin Questionnaire but did
not have a sleep apnea diagnosis. He denied selective serotonin
reuptake inhibitor, monoamine oxidase inhibitor, steroid, beta-
blocker, melatonin, and diuretic use; no other medical history
was available. Study length was 35 days.

Assessments
All participants had outpatient assessments that included contin-
uous wrist actigraphy, core body temperature (CBT) via rectal
thermistor, heart rate monitoring, and sleep diaries (Participant 1,
PMS-8 Recorder using a 1-minute sampling interval; Vitalog
Corp., Redwood City, CA) or wrist actigraphy and sleep diaries
(for Participants 2 and 3, respectively, both using 1-minute sam-
pling intervals: Actiwatch-64 [Mini Mitter Co., Bend, OR] and
MotionLogger [Ambulatory Monitoring, Ardsley, NY]). Partici-
pants 1 and 2 also had inpatient assessments.

Participant 1 (Figure 1A) was admitted to the Brigham and
Women’s Hospital research unit and lived in an environment free
of external time cues on 3 occasions. The first visit lasted 25 days
(days 25–49 of study). All activities, including sleep episodes,
were scheduled. Polysomnography was conducted during all
sleep episodes.19 Light levels were ≤ 15 lux during wakefulness
and 0 lux during sleep episodes. CBT was collected every minute
via rectal thermistor and blood samples were collected every
10–60 minutes via intravenous catheter. Visits 2 and 3 were
24-hour assessments with an ad libitum sleep-wake schedule
while in a constant, semirecumbent posture.

Participant 2 (Figure 2) was admitted to the Oregon Health
& Science University research center for 6–24 hours on 8 occa-
sions. No limitations were placed on activity except that no
exercise was permitted. During wakefulness, light levels were
≤ 10 lux and saliva samples were collected every 30 minutes.

Assessment of circadian timing

Inpatient plasma (participant 1), inpatient saliva (participant 2),
or at-home saliva (participant 3) samples were collected and
assayed for melatonin by radioimmunoassay.7,8 Circadian

Table 1—Participant study details.

Participant Study Length
(days) Ambulatory Assessment Laboratory

Assessment
ssessment of

Circadian Phase

Overall
Observed
Sleep-Wake
Period (h)

Maximum
Weekly

Sleep-Wake
Period (h)

Intrinsic
Period (h)

1 84 Sleep diary, actigraphy, CBT,
and heart rate

Yes DLMO and CBTmin 24.8 and 25.2 26.4 24.5

2 332 Sleep diary and actigraphy Yes DLMO 24.7 39.8 Not assessed

3 35 Sleep diary and actigraphy No DLMO 24.9 31.0 Not assessed

CBTmin = fitted minimum core body temperature, DLMO = dim light melatonin onset.
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phase was estimated using the dim light melatonin onset
(DLMO): the interpolated time when levels crossed the equiva-
lent thresholds of 10 (plasma) and 3 (saliva) pg/ml.20

In participant 1, days 28–30 and 46–48 of visit 1 included a
constant routine procedure.8 Circadian phase was estimated
using the fitted minimum of CBT during those days.5

Assessment of intrinsic circadian period and circadian
and homeostatic sleep regulation

Participant 1 completed a 17-day forced desynchrony (FD)

protocol with a 28-hour cycle length during days 30–46 of visit

1 to estimate the intrinsic period of the central circadian

Figure 1—Participant 1.
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(A) Double-raster plot of the experimental protocol. Hours are along the horizontal axis and days down the vertical axis; 2 days are plotted across each horizontal
line. Sleep timing is represented by the black (self-selected) and gray (scheduled) bars. Hatched bars show the constant routines and yellow bar the timing of the
bright light for the melatonin suppression test. Red circles indicate the timing of the dim light melatonin onsets and the green circles are the model simulated time of
the onset of melatonin synthesis. The calculated period (denoted by the Greek letter t) for each segment using different metrics is shown to the right using the same
color as in the raster plot (sw: sleep-wake; s: simulation; m: melatonin; t: temperature). Note instances (eg, day 76, orange arrow) where sleep is initiated late relative
to the DLMO and might therefore be expected to increase exposure to phase-delaying light and minimize exposure to phase-advancing light. (B) Results of the mela-
tonin suppression test; melatonin levels on the night of the test are represented by the black closed circles and line while melatonin levels from 24-hours prior are rep-
resented by the gray line. Light levels are plotted on the secondary y-axis on a log scale; yellow shading plots the timing and intensity of the bright light. (C) Percent
wakefulness during forced desynchrony as a function of circadian phase (0� defined as the core body temperature minimum) and time-into-sleep episodes.
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pacemaker.5,15 Hourly sampling of plasma occurred during 242
of the 392 hours of FD. Endogenous circadian period was deter-
mined by both (1) nonorthogonal spectral analysis5 of CBT and
plasma melatonin data during FD and (2) comparison of CBT
and melatonin phase assessments during constant routines
before and after FD.5 Circadian and sleep-dependent contribu-
tions to sleep timing were quantified by averaging relative to
circadian phase and time within each sleep episode,
respectively.21

Assessment of outpatient period length

Periods of the ambulatory activity, CBT, heart rate, and sleep
diary data were calculated by chi squared periodogram using a

1-minute block size, test periods ranging from 8 to 40 hours,
and a 0.001 confidence level (ClockLab 6.1.02; Actimetrics,
Wilmette, IL).7,22 Observed melatonin period was determined
by linear regression or interpolation between DLMOs.

Assessment of circadian photoreception with the
melatonin-suppression test

Circadian photoreception was assessed utilizing the melatonin-
suppression test.8,23 Participant 1 was exposed to 90 minutes of
bright light (846 ± 92 lux [average ± SD]) (Figure 1B). A test
was defined as positive when the average plasma melatonin
concentration during the final 60 minutes of bright light

Figure 2—Participant 2.
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exposure was ≥ 33% below that of the corresponding
60-minute time period 24 hours prior.8

Simulation of circadian timing

Sleep diary data of participant 1 were used to estimate circadian
phase using a mathematical model of both photic and nonphotic
effects on the circadian pacemaker (coded and run in MATLAB
version 2015b; The MathWorks, Natick, MA).24 The inputs to
the model were the participant’s reported sleep-wake times and
either known inpatient light levels or 100 and 0 lux during self-
reported outpatient wake and sleep episodes, respectively
(when light levels were not recorded). No changes to the model
equations or parameters were made from the published version,
except we used the participant’s FD-assessed intrinsic period of
24.5 hours instead of the model’s default intrinsic period of
24.2. The primary model output was melatonin synthesis onset
as defined in St. Hilaire et al.25

All 3 studies were approved by the appropriate institutional
review board and each participant provided written informed
consent.

RESULTS

Participant 1
Ambulatory data (days 1–25) demonstrated 25.1-hour period
lengths in activity, CBT, and heart rate, and 25.2 hours from
sleep diary (including a week when the average period was 26.4,
days 5–12). In contrast, the average FD-assessed circadian period
was�24.5 hours: 24.5 hours using constant routine phase assess-
ment differences for both CBT (minimum of CBT at 11:13 and
20:19 on days 29 and 47, respectively) and melatonin data
(DLMO at 05:25 and 14:26 on days 29 and 47, respectively), and
24.5 and 24.6 hours using non-orthogonal spectral analysis of
DLMO and CBT data, respectively. Following the inpatient
study (days 49–84), the period was 24.8 hours from sleep diary.

The melatonin suppression test was positive with a 78%
decrease (Figure 1B). Percent wakefulness during sleep oppor-
tunities measured as a function of both circadian phase and time
within the sleep episode was similar to that seen in individuals
without N24SWD (Figure 1C).21

Participant 2
Sleep diary and activity data over all 332 days each showed both a
non–24-hour period of 24.7 hours and a 24-hour rhythm, with the
latter predominating (Figure 2A). A variety of sleep-wake pat-
terns were observed: non–24-hour (Figure 2B), including weeks
when the average period exceeded 30 hours (eg, Figure 2B and
Figure 2E, days 74–81 and 210–217, respectively), irregular (Fig-
ure 2C), and 24-hour (Figure 2D). Her written logs noted several
days when sleep timing was planned to meet social/work obliga-
tions (eg, Figure 2A, days 50–51).

Participant 3
Sleep diary data across 31 days of study revealed a period of
24.9 hours with 1 week when the average period was 31.0 hours
(Figure 3, days 13–20).

DISCUSSION

In contrast to N24SWD in blind individuals, non–24-hour
sleep-wake cycles in these 3 sighted people were not primarily
driven by the central circadian pacemaker. Instead, in these
individuals the daily pattern of light exposure and associated
sleep-wake timing appears to be recurrently driving the circa-
dian pacemaker to a later hour for extended intervals, often
interrupted by occasions when sleep-wake timing becomes
desynchronized from the circadian pacemaker.

The most striking evidence of recurrent circadian phase
delays driven by the self-selected sleep-wake and light/dark
cycles was seen in participant 1, whose non–24-hour rest-activ-
ity patterns, CBT and heart rate rhythms, and sleep-wake sched-
ules all had observed periods significantly longer than his
intrinsic circadian period. Notably, his intrinsic circadian period
was not abnormally long, eliminating this as an explanation for
his non–24-hour sleep-wake timing. While intrinsic circadian
period was not determined in participants 2 or 3, their observed
non–24-hour sleep-wake patterns had segments with cycles that
averaged ≥ 30 hours, far outside the range of any intrinsic circa-
dian period measured in humans,5,15 revealing that the pace-
maker was not driving the timing of their sleep-wake schedule.

In participants 1 and 2, the model-simulated and/or measured
melatonin phase data demonstrated that sleep-wake timing
sometimes delayed at a rate faster than the circadian system,
resulting in sleep-wake timing that would be expected to induce
recurrent circadian phase delays by increasing exposure to
phase delaying light and minimizing exposure to phase

Figure 3—Participant 3.
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advancing light5 (eg, Figure 1A, day 76 and Figure 2B, day
73) and/or desynchronization of pacemaker output from sleep-
wake timing (eg, Figure 2B, days 74–81).5

The melatonin suppression test in participant 1 demonstrated
intact circadian photoreception, indicating no detectable disrup-
tion to light input. Participant 1 also demonstrated circadian and
sleep-wake–dependent patterns of wake propensity (Figure 1C)
comparable to those of entrained individuals,21 suggesting that
circadian and homeostatic sleep-wake regulatory mechanisms
were intact. These mechanisms are therefore not necessary to
explain N24SWD in this sighted individual.

Participant 3 demonstrated that non–24-hour sleep-wake pat-
terns may be observed in the absence of sleep-wake complaints.
The fact that non–24-hour sleep-wake schedules are recapitu-
lated in healthy individuals studied in environments free of time
cues further indicates that circadian dysfunction is not neces-
sary to exhibit a non–24-hour sleep-wake behavioral pattern.5

Indeed, we previously reported a healthy individual who spon-
taneously adopted a 27.1-hour sleep-wake cycle in such an
environment despite having an intrinsic circadian period of
24.3 hours (see figure 1 of Czeisler et al).5 These individuals
highlight the fact that the behaviorally and environmentally
induced influences on, and dissociation of sleep-wake timing
from, the circadian timing system described above are not
unique to the N24SWD patient population. Both of these rou-
tinely occur when healthy people self-select their light/dark
schedule while living in an environment free of time cues dur-
ing experimental protocols.3–5 Moreover, in the general popula-
tion, phase-delay shifts of the circadian pacemaker may occur
on weekends or work-free days (ie, social jet-lag) as a result of
self-selected sleep-wake timing and associated phase-delaying
evening light exposure,26,27 and both nightshift workers and
transmeridian travelers routinely dissociate sleep-wake timing
from the circadian rhythm of sleep propensity. Nonetheless, it
is probable that certain properties of the circadian system (dis-
cussed above) predispose an individual to N24SWD or perpetu-
ate the condition.14,17

In conclusion, the non–24-hour sleep-wake patterns
observed in sighted individuals with N24SWD need not be initi-
ated by circadian dysfunction. Rather than representing a failure
of circadian entrainment, this disorder demonstrates the circa-
dian system’s expected response to increased exposure to light
at night and decreased exposure to light during the daytime.18,27

This was a limited case-series and further research is needed to
understand the factors that predispose some individuals to go to
bed and wake up later each day, even while exposed to syn-
chronizers from the 24-hour day, and to promote the develop-
ment of etiology-informed treatments, such as appropriately
timed bright light and low-dose melatonin,11,28–30 that take into
consideration the effects of even dim evening light exposure.27

When considering the diagnostic implications of these findings
it must be noted that many of the variables we evaluated (eg,
circadian phase and period) cannot be assessed in the clinical
setting; this is also true in other circadian rhythm sleep disor-
ders such as delayed sleep-wake phase disorder.31,32 Despite
these diagnostic challenges and the small number of partici-
pants in the current case series, we contend that the current data
and previous findings discussed above2–5 require a revision of

the nosology of N24SWD. We therefore propose a new patho-
physiologically based classification for some sighted patients
with N24SWD: behaviorally and environmentally induced
N24SWD, which has an etiology different from N24SWD in
totally blind individuals.

ABBREVIATIONS

CBT, core body temperature
DLMO, dim light melatonin onset
FD, forced desynchrony
N24SWD, non-24-hour sleep-wake rhythm disorder
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