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Abstract

Study Objectives: The circadian system must perform daily adjustments to align sleep-wake and other physiologic rhythms with

the environmental light-dark cycle: This is mediated primarily through melanopsin containing intrinsically photosensitive retinal
ganglion cells. Individuals with delayed sleep-wake phase disorder (DSWPD) exhibit a delay in sleep-wake timing relative to the average
population, while those with sighted non-24-hour sleep-wake rhythm disorder (N24SWD) exhibit progressive delays. An inability to
maintain appropriate entrainment is a characteristic of both disorders. In this study, we test the hypothesis that individuals with DSWPD
exhibit alteration in melanopsin-dependent retinal photo-transduction as measured with the postillumination pupil response (PIPR).

Methods: Twenty-one control and 29 participants with DSWPD were recruited from the community and clinic. Of the 29 DSWPD
participants, 17 reported a history of N24SWD. A pupillometer was used to measure the PIPR in response to a bright 30-second blue or red-
light stimulus. The PIPR was calculated as the difference in average pupil diameter at baseline and 1040 seconds after light stimulus offset.

Results: The PIPR was significantly reduced in the DSWPD group when compared with the control group (1.26 + 1.11 mm vs 2.05 +
1.04 mm, p < 0.05, t-test). The PIPR was significantly reduced in the sighted N24SWD subgroup when compared with individuals with
the history of only DSWPD (0.88 + 0.58 mm vs 1.82 + 1.44 mm, p < 0.05, analysis of variance [ANOVA]) or controls (0.88 + 0.58 mm vs
2.05 + 1.04 mm, p < 0.01, ANOVA).

Conclusions: These results indicate that reduced melanopsin-dependent retinal photo-transduction may be a novel mechanism
involved in the development of DSWPD and sighted N24SWD.

Statement of Significance

Patients with delayed sleep-wake phase (DSWPD) and non-24-hour sleep-wake disorder (N24SWD) exhibit sleep-wake patterns
that are misaligned with the light-dark environment. The underlying cause of these disorders remains unclear. The aim of this
study was to test the hypothesis that patients with DSWPD have impaired melanopsin-dependent phototransduction when
compared with controls. Using pupillometry to measure the postillumination pupil response (PIPR), a physiological marker of
melanopsin function, we demonstrated that individuals with DSWPD and those with DSWPD and a history of sighted N24SWD
exhibit a reduced PIPR compared to control subjects. These data support our hypothesis that some individuals with severe DSWPD
and sighted N24SWD have impaired melanopsin-dependent phototransduction, which may explain their inability to appropri-
ately entrain with the environment.
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Introduction

The circadian system serves to coordinate physiology and be-
havior with the 24-hour physical environment. In mammals,
the primary circadian pacemaker is located in the suprachias-
matic nucleus (SCN) in the hypothalamus [1]. The SCN receives
environmental signals to maintain entrainment with the sur-
rounding environment and coordinates the 24-hour rhythms
of behavior and physiology within the individual. There is
increasing evidence that an inability to maintain appropriate
alignment between an individual’s circadian timing and the en-
vironment, referred to broadly as a circadian rhythm sleep-wake
disorder (CRSWD) can have significant negative health conse-
quences. This was first demonstrated with shift workers, who
have previously been demonstrated to have an increased risk
for malignancy [2] and cardiometabolic disease [3] independent
of total sleep time. However, more recently, it has been demon-
strated that later sleep-wake timing is associated with an ele-
vated body mass index [4], poorer glycemic control in diabetes
[5], and an increased risk for all-cause mortality [6]. Despite the
growing evidence for health risks associated with delayed sleep-
wake timing we do not currently have a clear understanding of
what factors predispose an individual to develop this pattern.
However, potential causes include genetic, behavioral, and en-
vironmental factors.

Further insight into the potential causes of circadian mis-
alignment can be gained by studying the clinical manifestation
of delayed sleep-wake phase disorder (DSWPD), which is the
most common CRSWD. In DSWPD, an individual’s habitual sleep
and wake times are delayed by at least 2 hours compared to the
average population, resulting in complaints of both insomnia
and excessive sleepiness when trying to follow a traditional
schedule [7]. Along with the health impacts noted above, the
personal and societal impacts of this disorder can be significant,
with many of these individuals finding it difficult to maintain
steady employment and social engagements due to their sleep
disorder. While the underlying cause of DSWPD is unknown,
several potential factors have been identified, and the disorder
appears to be heterogeneous. Behavioral factors certainly play a
role in many individuals, with up to 43% of patients presenting
with clinical symptoms of DSWPD, but exhibiting normal timing
of melatonin profiles [8, 9], suggesting the designations of circa-
dian (delayed dim light melatonin onset [DLMO] and sleep-wake
timing) and noncircadian (normal DLMO but delayed sleep-wake
timing) subtypes of DSWPD. In patients with circadian DSWPD,
genetic studies have demonstrated that these individuals often
exhibit a prolonged circadian period [10], associated with muta-
tions in the CRY1 [11] and PER2 [12] genes. Finally, in addition to
the above factors, one of the strongest signals that maintains cir-
cadian entrainment is light, with light at specific circadian times
serving to either advance or delay the internal clock [13-15].
As such, one theory regarding the pathophysiology of DSWPD
is that these individuals have an altered circadian response to
light. Previous studies have demonstrated a hypersensitivity to
evening light in individuals with DSWPD, which may promote
greater daily phase delays [16, 17]. However, it is also possible
that some of these individuals are less sensitive to the circa-
dian effects of light during the early morning, a time when light
normally advances the circadian clock. Weak daily advancing
signals can result in either a later phase angle of entrainment
of the sleep-wake rhythm with respect to the environmental

light dark cycle, or a tendency to gradually progress later each
day, resulting in a non-24 pattern. Of note, a subset of individ-
uals with DSWPD have been reported to develop symptoms of
non-24-hour sleep-wake disorder (N24SWD) in which individ-
uals exhibit progressive daily delays of sleep-wake rhythms
(Figure 1). This disorder was first described in blind individuals
who lack light perception, but is increasingly being identified in
sighted individuals who may initially present with symptoms
of DSWPD [18, 19], often with later and longer sleep times, and
longer circadian periods than average [20]. These data suggest
that sighted N24SWD may represent an extreme phenotype of
DSWPD, which is more vulnerable to nonentrainment, possibly
through impaired light perception.

The circadian response to light has been demonstrated to be
mediated by melanopsin containing intrinsically photosensitive
retinal ganglion cells (ipRGCs), which send projections through
the retinohypothalamic tract to the SCN [21, 22]. Melanopsin
is hypothesized to be important for producing full pupil con-
striction at high irradiance as well as for maintaining sustained
pupil constriction in response to light [23]. While melanopsin
activity cannot be directly assessed in humans, it can indir-
ectly be measured by quantifying pupillary constriction and
re-dilation in response to specific light stimuli as a surrogate
marker of melanopsin function. In a clinical population, studies
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Figure 1. Examples of DSWPD and N24SWD. Representative actigraphy data
from individuals with (A) DSWPD and (B) N24SWD. Each line represents 24
hours, with relative activity counts indicated in black, light exposure indicated
by the yellow line, and rest intervals indicated with the blue rectangles. The in-
dividual with DSWPD exhibits an average sleep onset of 04:30, and sleep offset
of 13:30, while the individual with N24SWD exhibits progressive daily delays in
sleep onset and offset.
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have demonstrated that the melanopsin-driven pupillary re-
sponse is primarily mediated by high-intensity short wave-
length (blue) light, while the rod response is mediated by
low-intensity blue light, and the cone response is best dem-
onstrated with high-intensity red light administered on a
background of blue light, to suppress the rod and melanopsin
contributions [24]. Melanopsin function can be quantified
using the postillumination pupil response (PIPR), a measure of
the ability to maintain sustained contraction of the pupil fol-
lowing removal of a light stimulus [25].

The aim of this study is to test the hypothesis that
melanopsin-dependent retinal photo-transduction, as meas-
ured by the PIPR is altered in DSWPD, when compared with in-
dividuals with conventional sleep-wake timing, and that these
differences are more pronounced in individuals who exhibit an
overlap of DSWPD and N24SWD phenotypes.

Methods
Participants

Twenty-nine individuals with DSWPD and 21 controls (mid-
sleep of 3:00-5:00) were recruited from the community and the
Northwestern Medicine Sleep Disorders clinic. Inclusion criteria
for DSWPD subjects included a self-reported mid-sleep point of
6:00 or later and a clinical history consistent with the ICSD-3
diagnostic criteria for DSWPD. Seventeen of the subjects clas-
sified with DSWPD had mixed clinical history, where some-
times they would exhibit rest-activity patterns consistent with
DSWPD, while at other times they would follow a non-24-hour
schedule. Controls had an intermediate self-reported mid-sleep
point of 3:00-5:00, confirmed with 2 weeks of actigraphy. Subjects
were excluded for the following reasons: (1) Prior eye surgery or
use of eye drops known to affect pupillary response; (2) retinal or
optic nerve disease; (3) use of medications with known sympa-
thetic or parasympathetic effects; (4) use of medications known
to affect melatonin secretion (e.g. -blockers, NSAIDs); (5) sleep
disorders other than DSWPD/N24SWD as assessed by history
and the STOP and Pittsburgh Sleep Quality Index; (6) history of,
or concurrent unstable or serious medical illness; and (7) shift
work or self-imposed irregular sleep schedule within the past
6 months.

Procedures

Upon giving written informed consent, participants were
given questionnaires including the Pittsburgh Sleep Quality
Index (PSQI) [26] to evaluate for sleep difficulties, the Munich
Chronotype Questionnaire (MCTQ) [27] to determine circadian
preference, the Epworth Sleepiness Scale (ESS) [28] to evaluate
for excessive sleepiness and the STOP questionnaire to screen
for presence of obstructive sleep apnea [29]. Eligible subjects
underwent a basic eye examination and medical and sleep his-
tory interview, including questioning about a history of sleep-
wake patterns consistent with N24SWD for all subjects with
DSWPD. Participants were then sent home with a Spectrum
Actigraph (Philips/Respironics) and sleep log to collect wrist ac-
tivity and light levels for 2 weeks. All participants returned to
the sleep lab after 2 weeks, and if actigraphy data met inclusion
criteria, they then completed pupillometry testing.
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Due to the rare nature of this disorder, a subset of pupillometry
data (17 subjects) were obtained from clinic subjects who had
been diagnosed with DSWPD at the Northwestern Circadian
Medicine clinic and underwent pupillometry testing as part of
their routine clinic visit. These subjects all completed a detailed
medical and sleep history interview, as well as a physical exam,
completed by one of two physicians (S.M.A. or P.C.Z.). Actigraphy
data concurrent to the time of pupillometry testing were available
from eight of those subjects. The other nine subjects did not com-
plete actigraphy at the time of pupillometry primarily either due
to the cost of testing, or because they had completed this testing
with another physician. As these pupillometry data were obtained
retrospectively, the PSQI and STOP questionnaire were not
obtained from these subjects. The MCTQ and ESS were obtained
as part of the routine clinical evaluation of these subjects.

The Institutional Review Board at Northwestern University ap-
proved this study. Before study participation, written informed con-
sent was obtained from all participants who were prospectively
enrolled in the study. IRB approval was also obtained to conduct
a retrospective chart review of patients who had previously had
pupillometry performed as part of their routine clinical evaluation.

For all participants, pupillometry testing was completed be-
tween 2015 and 2019.

Pupillometry

All subjects were placed in a dark room for 5 minutes to allow pupils
to dark adapt. The PIPR was then determined using the Neuroptics
DP-2000 Pupillometer (Irvine, CA). Baseline pupil diameter was
measured for 10 seconds; then, subjects were presented with a full-
field blue LED (467.7 nm, 398 lux, 1.5 log W/m?) light stimulus for
30 seconds followed by pupil diameter recording for 40 seconds.
Testing was then repeated with a full-field red LED (632.9 nm, 3 lux,
-2.0 log W/m?) light stimulus (Figure 2) to assess non-melanopsin-
driven pupillary responses. Participants underwent 2 minutes of
dark readaptation between stimuli. All stimuli were presented to
the left eye, and the consensual pupil diameter measurements
were recorded from the right eye. Sampling frequency was 30 Hz.

Data were cleaned to remove blinks and artifacts; then, the
PIPR was calculated using MATLAB software. Baseline pupil
diameter was determined based on the average pupil diameter
during the 10-second baseline recording obtained prior to the
light stimulus. The sustained pupil diameter was calculated
based on the average pupil diameter recorded over 30 seconds,
beginning 10 seconds after the offset of the light stimulus. PIPR
(mm) = [baseline pupil diameter mm - sustained pupil diameter
mm)]. Percent from baseline = [((baseline pupil diameter — sus-
tained pupil diameter)/baseline pupil diameter) x 100].

Actigraphy

Wrist activity monitoring was completed using an Actiwatch
Spectrum watch (Philips Respironics, Bend, OR) worn on the
nondominant wrist. Subjects were instructed to wear the ac-
tivity monitor for 2 weeks, keeping the face of the watch un-
covered at all times. Data were collected in 30-second epochs.
Subjects were instructed to press the marker button on the
watch at bedtime and wake time, and were also instructed
to maintain a sleep diary throughout the duration of the ac-
tivity monitoring. Wrist activity data were analyzed using the

220z 1snbny g1 uo 1sanb Ag 01 $506S/18LEBSZ/Z/17/0|o1e/daa|s/wod dnoolwapede//:sdiy woly papeojumoq



4 | SLEEPJ, 2021, Vol. 44, No. 2

] 5

Pu il Diarrustar {rmrmj

——D&hWFD Blue
——LEWHD Hed _
== Cantral Biue
PIPR e Conitenl Fied
. il | i
4] D Ga a T

Tirne {Seconds)

Figure 2. Pupillometry. Example pupillometry tracing from a control subject (dashed line) and a subject with DSWPD (solid line) demonstrating a more rapid return to
baseline pupil diameter following the blue light stimulus in the subject with DSWPD compared to the control subject.

Philips Actiware software (Version 6.0.8, Philips Respironics).
Actiwatch-recorded sleep variables were calculated using the
period between self-reported bed time to wake time (time in
bed) from the marker data. If marker data were missing or
noted to be inaccurate, sleep diaries were used. The following
variables were determined: sleep start (sleep onset), sleep end
(actual wake time), and actual sleep time (total sleep time).
Sleep start was defined as the beginning of the first 10 minutes
period in which no more than one epoch was scored as “mo-
bile.” Sleep end was defined as the end of the last 10 minutes
period in which no more than one epoch was scored as “im-
mobile.” Actual sleep time was defined as the amount of time
between sleep start and sleep end, that was scored as “sleep.”

Data analysis

Unpaired t-tests were used to examine differences in PIPR be-
tween control and DSWPD subjects. One-way analysis of vari-
ance (ANOVA) with Tukey post hoc analysis was used to examine
differences between control, DSWPD with N24SWD, and DSWPD
without N24SWD. Receiver operating characteristic (ROC) curves
were generated to determine the clinical utility of the PIPR in
distinguishing patients with DSWPD and N24SWD from healthy
controls. All analyses were conducted using the GraphPad Prism
8.4.2 software (GraphPad Software, San Diego, CA).

Results

Twenty-nine subjects with DSWPD were recruited from the
community and the Northwestern Circadian Medicine Clinic,
and 21 healthy controls with an intermediate sleep-wake pat-
tern were recruited from the community. The average age was

25.0 + 4.0 (range 19-36) for the controls and 27.9 + 10.8 (range
16-54) for the DSWPD. Eleven DSWPD and 15 control subjects
were female. Actigraphy data prior to testing were available for
16 of the DSWPD subjects and 20 of the control subjects. One
subject in the DSWPD category exhibited a non-24-hour pat-
tern while undergoing actigraphy testing, so their data were
excluded from this analysis, as sleep onset and offset progres-
sively moved later throughout the recording. The final analysis
of actigraphy data was conducted on 15 DSWPD and 20 control
subjects. Actigraphy determined average sleep onset (3:30 +
1:52 [range 0:34-6:00] vs 23:41 + 0:38 [range 22:30-0:45]) and
sleep offset (12:10 + 1:41 [range 8:46-14:23] vs 7:45 + 0:31 [range
6:46-8:48]) were significantly later in the subjects with DSWPD
compared to controls (p < 0.0001), while total sleep time was not
significantly different (7:17 + 1:27 [range 5:35-10:45] vs. 6:56 +
0:39 [range 5:26-8:09], p = 0.48). The mid-sleep time was signifi-
cantly later in the DSWPD subjects compared to controls (7:49 +
1:36 [range 5:03-10:11] vs 3:43 + 0:30 [range 2:48-4:44], p < 0.0001;
Table 1).

There were no significant differences between baseline and
sustained pupil diameter in response to blue (baseline (7.85 =
1.46 mm [range 4.96-10.88 mm] vs 8.02 + 0.98 mm [range
5.93-10.02 mm)], p = 0.66; sustained (6.59 + 1.22 mm [range
3.97-9.68 mm)] vs 5.96 + 1.24 mm [range 3.75-8.32 mm)], p = 0.08)
or red light (baseline [7.43 = 1.15 mm [range 5.11-9.37 mm] vs
7.36 + 1.12 mm [range 5.21-8.92 mm], p = 0.90; sustained (7.31 =
1.25 mm [range 4.98-10.70 mm] vs 7.07 + 1.00 mm [range 4.45
to 8.63 mm]|, p = 0.46) in subjects with DSWPD compared to
controls (Table 2).

The PIPR mm (1.26 + 1.11 mm [range -0.27 to 5.46 mm) vs
2.05 + 1.04 mm [range 0.7-4.61 mm)], p < 0.05) and PIPR % (15% =
11% [range —4% to 50%] vs 25% + 12% [range 9%-46%], p < 0.01) for
blue light were significantly reduced for subjects with DSWPD
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Table 1. Demographics of all study participants
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Characteristic Control (n = 21) DSWPD (n = 29) P

Age (years) 25.0 + 4.0 (19-36) 27.9 £ 10.8 (16-54) 0.31
Gender (M:F) 6:15 18:11 <0.05
Horne-Ostberg 56.8 + 5.2 (46-66) 27.0 + 6.4 (16-35) (n = 9) <0.0001
PSQI 2.3+1.4(0-5) 6.8 +3.0 (3-14) (n=9) <0.001
ESS 5.0 = 2.0 (0-9) 4.8 + 3.4 (0-12) (n=24) 0.79
Average sleep onset (hh:mm) 23:41 + 0:38 (22:30-0:45) 3:30 + 1:52 (0:34-6:00) (n = 15) <0.0001
Average sleep offset (hh:mm) 7:45 + 0:31 (6:46-8:48) 12:10 + 1:41 (8:46-14:23) (n = 15) <0.0001
Average total sleep time (hh:mm) 6:56 + 0:39 (5:26-8:09) 7:17 £ 1:27 (5:35-10:45) (n = 15) 0.48
Average mid-sleep (hh:mm) 3:43 + 0:30 (2:48-4:44) 7:49 + 1:36 (5:03-10:11) (n = 15) <0.0001
Pupillometry testing (time-since-wake) 6:24 + 2:36 (0:43-9:35) 2:56 + 2:41 (0:01-8:48) <0.01

Some of the measures were not available for all subjects. In those cases, the total number of subjects used for the analysis is listed in parentheses after the value.
All numbers indicate mean + standard deviation, with range presented in parentheses.

Table 2. Pupillometry measures in all participants

Measure Control (n = 21) DSWPD (n = 29) P

Baseline diameter (blue) (mm) 8.02 + 0.98 (5.93-10.02) 7.85 + 1.46 (4.96-10.88) 0.66
Sustained diameter (blue) (mm) 5.96 + 1.24 (3.75-8.32) 6.59 + 1.22 (3.97-9.68) 0.08
PIPR mm (blue) 2.05 + 1.04 (0.7-4.61) 1.27 + 1.11 (-0.27 to 5.46) <0.05
PIPR % (blue) 26% + 12% (9%—46%) 15% + 11% (-4% to 50%) <0.01
Baseline diameter (red) (mm) 7.36 +1.12 (5.21-8.92) 7.43 +1.15 (5.11-9.37) 0.90
Sustained diameter (red) (mm) 7.07 + 1.00 (4.45-8.63) 7.31 + 1.25 (4.98-10.70) 0.46
PIPR mm (red) 0.30 + 0.57 (-1.33 to 1.63) 0.12 +0.75 (-2.54 to 1.2) 0.35
PIPR % (red) 4% + 8% (-23% to 18%) -1% + 11% (-31% to 10%) 0.15

All numbers indicate mean + standard deviation, with range presented in parentheses.

A
6 60—
]
(-]
o —_ °8°
4- ° X 404 °
T 8 ° g °
E LI g f
[1'4 2 L3 0) E 20 Lryvyl
o 8 - ° L)
= | e = A T
0 & 9
° o °

22— -20-
ControlDSWPD

ControlDSWPD

Figure 3. The PIPR in controls and subjects with DSWPD. The average PIPR is sig-
nificantly reduced in subjects with DSWPD when compared with controls pre-
sented as absolute mm (A, p < 0.05, unpaired t-test) or relative to baseline pupil
size (B, p < 0.01). Error bars represent SD, and dots indicate individual data points.

compared with controls (Table 2; Figure 3). These differences
remained significant after including age and sex as covariates.
There was no significant difference between groups when com-
paring the PIPR mm (0.12 + 0.75 mm [range -2.54 to 1.2 mm)] vs
0.30 + 0.57 mm [range -1.33 to 1.63 mm], p = 0.35) or PIPR %
(-1% + 11% [range —31% to 10%] vs 4% + 8% [range —22% to 18%)],
p = 0.15) in response to red light. Pupillometry measurements
were conducted at an average of 4:53 = 3:11 hours after wake.
Out of the 29 subjects classified as having DSWPD, 17 of
those subjects reported a clinical history of exhibiting a
non-24-hour sleep-wake pattern at some point in their life.
Individuals with DSWPD who also had a history of symp-
toms of N24SWD exhibited a later mid-point of sleep timing
(8:22 + 1:22 vs 6:54 + 1:37,p < 0.001) when compared with those
who only had symptoms of DSWPD (Table 3). PIPR mm (0.88 =

0.60 mm [range -0.27 to 5.46 mm] vs 1.82 + 1.44 mm [range
0.28-5.46 mm] vs 2.05 + 1.04 mm [range 0.7-4.61 mm], p < 0.01)
and PIPR % (12% + 8% [range —4% to 26%)] vs 20% + 14% [range
5%-50%] vs 26% + 12% [range 9%-46%], p < 0.01) were signifi-
cantly reduced in response to blue light in DSWPD subjects
with a history of symptoms of N24SWD when compared
with those who only had symptoms of DSWPD or controls
(Table 4; Figure 4). These differences remained significant after
including age and sex as covariates.

An ROC curve was constructed for PIPR % to blue light
for controls and DSWPD subjects with a history of N24SWD
(Figure 5). Using Youden’s index, a PIPR % cutoff of <18% provides
88% sensitivity and 76% specificity for distinguishing control in-
dividuals from DSWPD subjects with a history of N24SWD (AUC
0.85 [0.006], p < 0.001).

Actigraphy data were available for 15 of the DSWPD parti-
cipants and 20 control participants to allow for calculation of
the mid-sleep point. There is a moderate negative correlation
between the PIPR % and mid-sleep point (r = -0.54, p < 0.001;
Figure 6).

As actigraphy and salivary melatonin data were not avail-
able for all subjects, it was not possible to determine the exact
circadian time at which pupillometry was performed for each
subject; however, this was approximated for all subjects based
on the difference between wake time on the day of testing, ei-
ther obtained from actigraphy or self-report, and wall clock time
of pupillometry testing. Pupillometry was performed closer to
wake time in N24 (2:27 + 2:59 hours) and DSWPD (3:36 + 2:06
hours) compared to control subjects (6:24 + 2:36 hours). However,
differences in PIPR measures in response to blue light between
the three groups remained significant after adding time-since-
wake of pupillometry as a covariate.
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Table 3. Demographics of all study participants, broken down into DSWPD with and without a history of N24SWD features

DSWPD (without N24SWD

DSWPD (with N24SWD

Characteristic Control (n = 21) features) (n = 12) features) (n = 17) P

Age (years) 25.0 + 4.0 (19-36) 29.7 +12.3 (18-54) 26.6 + 10.2 (16-50) 0.34
Gender (M:F) 6:15 6:6 12:5

Horne-Ostberg 56.8 + 5.2 (46-66) 26.2 £ 7.4* (16-35) (n = 6) 28.7 + 4.6 (26 34) (n 3) 0.0001
PSQI 2.3+ 1.4 (0-5) 6.8 + 3.4* (3-14) (n = 6) 6.7 £0.6"(6-7) (n = 0.0001
ESS 5.0 + 2.0 (0-9) 5.1+3.2 (0-11) (n = 10) 44+42(0-12) (n= 14) 0.79
Average sleep onset (hh:mm) 23:41 + 0:38 (22:30-0:45) 3:05 + 1:14* (1:53-5:00) (n = 6) 3:45 + 2:12* (0:34-6:39) (n = 9) <0.0001
Average sleep offset (hh:mm) 7:45 + 0:31 (6:46-8:48) 10:49 + 1:55* (8:46-13:40) (n=6)  12:58 + 0:53* (11:49-14:23) (n=9)  <0.0001
Average total sleep time (hhimm)  6:56 + 0:39 (5:26-8:09) 6:41 = 0:00 (5:58-7:38) (n = 6) 7:36 = 1:40 (5:35-10:45) (n = 9) 0.08
Average mid-sleep (hh:mm) 3:43 + 0:30 (2:48-4:44) 6:54 + 1:37* (5:49-9:20) (n = 6) 8:22 + 1:22* (6:41-10:11) (n = 9) <0.0001
Pupillometry testing 6:24 + 2:36 (0:43-9:35) 3:36 + 2:06* (0:37-7:30) 2:27 + 2:59* (0:01-8:48) <0.05

(time-since-wake)

Some of the measures were not available for all subjects. In those cases, the total number of subjects used for the analysis is listed in parentheses below the value.
All numbers indicate mean + standard deviation, with range presented in parentheses.
*indicates p < 0.05 when compared with controls.

Table 4. Pupillometry measures broken down by DSWPD with and without N24SWD features

DSWPD (without N24SWD

DSWPD (with N24SWD

Measure Control (n = 21) features) (n = 12) features) (n = 17) P

Baseline diameter (blue) (mm) 8.02 +0.98 (5.93-10.02) 8.57 + 1.39" (5.47-10.88) 7.35 + 1.32 (4.96-9.48) <0.05
Sustained diameter (blue) (mm) 5.96 + 1.24 (3.75-8.32) 6.74 + 1.34 (5.18-9.68) 6.48 + 1.15 (3.97-8.03) 0.19
PIPR mm (blue) 2.05 + 1.04* (0.7-4.61) 1.82 + 1.44* (0.28-5.46) 0.88 + 0.60 (-0.27 to 2.45) <0.01
PIPR % (blue) 25% + 12%" (9%-46%) 20% + 14%"* (5%-50%) 12% + 8% (—4% to 26%) <0.01
Baseline diameter (red) (mm) 7.36 + 1.12 (5.21-8.92) 7.76 +0.92 (5.76-8.78) 7.19 + 1.27 (5.11-9.37) 0.41
Sustained diameter (red) (mm) 7.07 + 1.00 (4.45-8.63) 7.38 £ 0.95 (5.61-8.78) 7.25 + 1.45 (4.98-10.70) 0.73
PIPR mm (red) 0.30 +0.57 (-1.33 to 1.63) 0.37 + 0.48 (-0.08 to 1.2) ~0.06 + 0.86 (—2.54 t0 0.8) 0.15
PIPR % (red) 4% + 8% (~23% to 18%) 5% = 6% (~1% to 15%) 1% + 11% (-31% to 10%) 0.17

All numbers indicate mean + standard deviation, with range presented in parentheses.

*indicates p < 0.05 when compared with DSWPD with N24SWD features.

Discussion

Our results demonstrate that subjects with DSWPD have a
significantly reduced PIPR in response to short wave length
(blue) light when compared with control subjects, and this
is further reduced when only analyzing those subjects with
DSWPD and a history of N24SWD. As the PIPR in response to
blue light represents a measure of melanopsin-dependent ret-
inal photo-transduction, this suggests that impaired function
of the melanopsin containing retinal ganglion cells, which are
known to transduce light signals to the SCN, plays a role in the
pathogenesis of DSWPD. Furthermore, this difference appears
to be more pronounced in sighted individuals who exhibit clin-
ical features of both DSWPD and N24SWD, suggesting that this
phenotype may result in part due to decreased sensitivity to
entraining light signals.

It should be noted that in this study, we are using the PIPR as
a surrogate marker to test the function of the melanopsin con-
taining retinal ganglion cells; however, we are not directly as-
sessing the ability of these cells to provide a circadian entraining
light signal. The PIPR is mediated by a projection from the ipRGCs
to the olivary pretectal nucleus in the midbrain. The circadian
entraining response is mediated by projections from the iPRGCs,
through the retinohypothalamic tract, synapsing at the SCN. In
rodents, the pupillary light reflex and the circadian entraining
response, while both representing melanopsin-dependent path-
ways, are mediated by different subsets of melanopsin con-
taining ipRGCs; this has not yet been demonstrated in humans

[30]. Further studies are still needed to demonstrate whether our
observed differences in the PIPR in these individuals translate
into functional differences in the circadian response to light, as
seen with melatonin suppression or phase shifting.

However, despite the above limitations of the PIPR, there is
previously published evidence for an association between pu-
pillary light responses and circadian responses to light. A recent
study by van der Meijden et al. evaluated the PIPR in healthy in-
dividuals without DSWPD, who had a range of mid-sleep times
between 2:00 and 6:00, measured with sleep logs and actigraphy.
In this study, they found a correlation between later sleep-wake
times and an increased PIPR [31]. It should be noted that if we
only look at our control subjects, who like the participants in van
der Meijden et al., have a mid-sleep time between 2:00 and 6:00
we see a similar (though nonsignificant) positive association
between later sleep-wake timing and increased PIPR. Thus, in
healthy individuals, later sleep-wake timing may be related to
greater sensitivity to light in the evening, which could result
in greater phase delays in response to evening light. Similarly,
McGlashan et al. demonstrated that individuals with DSWPD
(average bedtime of 1:07) appeared to be hypersensitive to day-
time bright light (2-8 hours after wake) when compared with
controls, exhibiting a faster constriction velocity in response
to bright white light [32]. In contrast, our results demonstrate
a reduced sensitivity to daytime light in the participants with
DSWPD, with our testing occurring at a similar time in relation
to sleep-wake timing (1-9 hours after wake). A key difference be-
tween our study and van der Meijeden and McGlashan’s studies

220z 1snbny g1 uo 1sanb Ag 01 $506S/18LEBSZ/Z/17/0|o1e/daa|s/wod dnoolwapede//:sdiy woly papeojumoq



(<]
1
[<2]
o
1

N
1
5
o
1

(-]

PIPR (mm)
o N
|
Foo
PIPR (relative %)
N
o o
1
8o
G gl
L]

o:o rm

-2 T T T -20 I I I
,éo\ $Q° &0 ,éo\ $Qo &0
& v W & ¥ W
o9 éq' [©XER] é’b

Figure 4. The PIPR in control, DSWPD, and N24SWD subjects. (A) The PIPR meas-
ured in mm in participants with DSWPD who also exhibit N24SWD features is
significantly reduced when compared with controls (p < 0.01), or participants
who only have DSWPD (p < 0.05). (B) The PIPR % in participants with DSWPD
who also exhibit N24SWD features is significantly reduced when compared with
controls (p < 0.001), or participants who only have DSWPD (p < 0.05). One-way
ANOVA, with Tukey post hoc analysis. Error bars represent SD, and dots indicate
individual data points.
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Figure 5. ROC curve demonstrating the sensitivity and specificity of the PIPR %
in control and N24SWD subjects. Using a cutoff of <18%, the PIPR % to blue light
has 88% sensitivity and 76% specificity for distinguishing control participants
from those with N24SWD. AUC 0.85 (0.06), p < 0.001.

is that our subjects exhibited much later sleep-wake timing
(average mid-sleep of 7:49 and sleep onset of 3:43, compared
to a mid-sleep range of 2:00-6:00 and an average sleep onset
of 1:07, respectively). The extremely delayed phenotype may
represent a subtype with a different pathophysiological mech-
anism, compared to the milder delays in sleep-wake timing that
can be observed in the general population. The results of our
study suggest that in addition to the previously identified cir-
cadian and noncircadian phenotypes of DSWPD, within circa-
dian DSWPD, there may be at least two distinct populations of
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delayed individuals that can be distinguished though testing of
melanopsin function. The first group, as demonstrated by van
der Meijeden and McGlashan’s studies, are hypersensitive to the
delaying effects of evening light, but presumably are still able to
also respond to the advancing effects of morning light, resulting
in overall slightly later sleep-wake patterns. Our study has po-
tentially identified a separate population of individuals who
appear to have decreased melanopsin-dependent retinal photo-
transduction, with significantly later sleep-wake timing, as well
as a tendency to develop a non-24-hour sleep-wake pattern.
These individuals, who possess normal image-forming vision,
appear to have impaired non-image-forming vision, clinically
appearing more like the visually blind individuals who are un-
able to appropriately entrain to environmental light. In light of
these findings, it will be important for future studies of DSWPD
to include these extreme phenotypes for comparison.

There are several limitations in these results. First,
pupillometry was not performed with mydriatics to dilate the
contralateral eye. However, it has recently been demonstrated
that there is high test-retest reliability of the PIPR even when
performed without mydriatics [33]. Second, pupillometry was
not performed at the exact same circadian time for all subjects,
with testing performed closer to wake time in subjects with
DSWPD and N24SWD. However, all testing occurred within a
range from O to 9 hours after habitual wake time, a window
which has been demonstrated to be fairly stable for the PIPR
[34] and differences between groups remained significant after
adding time-since-wake of pupillometry testing as a covariate
Third, the diagnosis of DSWPD was based on a detailed clin-
ical interview, habitual self-reported sleep time, and confirm-
ation with actigraphy (using the International Classification of
Sleep Disorders criteria) and not confirmed by DLMO. Recent
evidence indicates that almost half of the individuals with
clinical features of DSWPD do not actually exhibit a delay of
circadian biomarkers, suggesting the distinction between cir-
cadian and noncircadian subtypes of DSWPD [8]. It is possible
that the greater variability observed in our subgroup of individ-
uals with DSWPD without symptoms of N24SWD is a result of
that group consisting of a mixed population of both circadian
and noncircadian subtypes of DSWPD. In future studies, it will
be important to obtain DLMO for all participants and complete
pupillometry testing at the same circadian time for all subjects.
Additional limitations include the small sample size, and that
the results were not adjusted for additional confounding fac-
tors such as age. In addition, we were not able to fully match
the control and DSWPD populations on all demographic factors.
It should also be noted that our population of DSWPD subjects
included a mix of prospective and retrospective clinical re-
sults. However, despite the potential heterogeneity of our clin-
ical population, the response to blue light differed significantly
between DSWPD and controls. While there is some overlap in
PIPR results between groups, a threshold of <18% demonstrates
a sensitivity and specificity of 88% and 76%, respectively for
distinguishing control participants from those with DSWPD
and sighted N24SWD. The PIPR may be a useful clinical tool for
distinguishing these individuals from healthy controls. Finally,
while these results represent the first stage in identifying a
subset of severe DSWPD and sighted N24SWD who have re-
duced melanopic photo-transduction, further research is still
necessary to demonstrated that these findings translate into an
impaired circadian response to light.
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Figure 6. PIPR in relation to mid-sleep. Correlation between the PIPR in mm (A) and PIPR % (B). There is a moderate negative correlation between the PIPR % and mid-
sleep point, based on actigraphy obtained prior to pupillometry testing (r = -0.54, p < 0.001).

In summary, our results provide evidence that reduced
melanopic photo-transduction may be a novel mechanism for
the alterations in circadian entrainment in individuals with
DSWPD and sighted N24SWD. Furthermore, our findings iden-
tified a subset of individuals with delayed sleep-wake patterns
that overlap with non-24 sleep-wake patterns, who appear to
have intact image-forming vision, but impaired non-image-
forming vision, suggested that they are in a sense “blind” to
circadian light input. Further research is necessary to identify
which component of the circadian photo-transduction pathway
is responsible for the PIPR changes, whether this is due to dif-
ferences in melanopsin, retinal ganglion cell function, or other
components of this pathway.

Based on these results, we may need to re-evaluate treat-
ment protocols, at least for this subset of patients with DSWPD
and N24SWD overlap. Although the AASM clinical practice
guidelines currently only recommend timed melatonin ad-
ministration [35], timed morning bright light exposure is often
used clinically as an additional resetting signal. Treatment of
circadian rhythm disorders is often challenging, with incon-
sistent effectiveness, even in specialized sleep disorder cen-
ters. Understanding the mechanisms responsible for circadian
rhythm disorder subtypes is crucial for the development of ef-
fective treatments. For example, it is possible that individuals
with an impaired melanopsin response require either higher
intensity light and/or manipulation of light spectral properties,
or even a shift in focus to strengthening non-light-based time-
keeping stimuli (such as timed feeding or structured physical/
social activities) in order to realign or stably entrain circadian
rhythms. These results both provide insight into the mechan-
isms underlying DSWPD and sighted N24SWD and development
of treatments that can be personalized for the various circadian
disorder phenotypes.

Acknowledgments

Thank you to the clinical staff in the Northwestern Circadian
Medicine Clinic, including Bridget Boulanger, Lakisha Brown,
and Bailey Chao for their assistance in obtaining pupillometry
measurements.

Funding

Funding for this project was provided by the American Sleep
Medicine Foundation (award 155-JF-16) and the Northwestern
Center for Circadian and Sleep Medicine.

Conflict of interest statement. None declared.

References
1.

10.

11.

12.

13.

14.

15.

16.

Stephan FK, et al. Circadian rhythms in drinking behavior
and locomotor activity of rats are eliminated by hypothal-
amic lesions. Proc Natl Acad Sci USA 1972;69(6):1583-1586.
Tynes T, et al. Incidence of breast cancer in Norwegian fe-
male radio and telegraph operators. Cancer Causes Control.
1996;7(2):197-204.

Karlsson B, et al. Is there an association between shift work
and having a metabolic syndrome? Results from a popu-
lation based study of 27,485 people. Occup Environ Med.
2001;58(11):747-752.

Baron KG, et al. Role of sleep timing in caloric intake and
BMIL. Obesity (Silver Spring). 2011;19(7):1374-1381.

Reutrakul S, et al. Chronotype is independently associated
with glycemic control in type 2 diabetes. Diabetes Care.
2013;36(9):2523-2529.

Knutson KL, et al. Associations between chronotype, mor-
bidity and mortality in the UK Biobank cohort. Chronobiol
Int. 2018;35(8):1045-1053.

American Academy of Sleep Medicine. The International
Classification of Sleep Disorders: Diagnostic and Coding Manual.
3rd ed. Westchester, IL: American Academy of Sleep
Medicine; 2014.

Murray JM, et al. Prevalence of circadian misalignment and
its association with depressive symptoms in delayed sleep
phase disorder. Sleep. 2017;40(1). doi:10.1093/sleep/zsw002
Rahman SA, et al. Clinical efficacy of dim light melatonin
onset testing in diagnosing delayed sleep phase syndrome.
Sleep Med. 2009;10(5):549-555.

Hida A, et al. Evaluation of circadian phenotypes utilizing
fibroblasts from patients with circadian rhythm sleep dis-
orders. Transl Psychiatry. 2017;7(4):e1106.

Patke A, et al. Mutation of the Human Circadian Clock
Gene CRY1 in familial delayed sleep phase disorder. Cell.
2017;169(2):203-215.¢13.

Chang AM, et al. Chronotype genetic variant in PER2 is as-
sociated with intrinsic circadian period in humans. Sci Rep.
2019;9(1):5350.

St Hilaire MA, et al. Human phase response curve toa 1 h
pulse of bright white light. ] Physiol. 2012;590(13):3035-3045.
Khalsa SB, et al. A phase response curve to single bright
light pulses in human subjects. J Physiol. 2003;549(Pt
3):945-952.

Riger M, et al. Human phase response curve to a
single 6.5 h pulse of short-wavelength light. J Physiol.
2013;591(1):353-363.

Aoki H, et al. Hypersensitivity of melatonin suppression in
response to light in patients with delayed sleep phase syn-
drome. Chronobiol Int. 2001;18(2):263-271.

220z 1snbny g1 uo 1sanb Ag 01 $506S/18LEBSZ/Z/17/0|o1e/daa|s/wod dnoolwapede//:sdiy woly papeojumoq


https://doi.org/10.1093/sleep/zsw002

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Watson LA, et al. Increased sensitivity of the circadian
system to light in delayed sleep-wake phase disorder. J
Physiol. 2018;596(24):6249-6261.

Malkani RG, et al. Diagnostic and treatment challenges of
sighted non-24-hour sleep-wake disorder. J Clin Sleep Med.
2018;14(4):603-613.

Hayakawa T, et al. Clinical analyses of sighted patients with
non-24-hour sleep-wake syndrome: a study of 57 consecu-
tively diagnosed cases. Sleep. 2005;28(8):945-952.

Micic G, et al. Circadian melatonin and temperature taus in
delayed sleep-wake phase disorder and non-24-hour sleep-
wake rhythm disorder patients: an ultradian constant rou-
tine study. ] Biol Rhythms. 2016;31(4):387-405.

Hattar S, et al. Melanopsin-containing retinal ganglion cells:
Architecture, projections, and intrinsic photosensitivity.
Science. 2002;295(5557):1065-1070.

Mrosovsky N, et al. Impaired masking responses to
light in melanopsin-knockout mice. Chronobiol Int.
2003;20(6):989-999.

Tsujimura S, et al. Contribution of human melanopsin ret-
inal ganglion cells to steady-state pupil responses. Proc Biol
Sci. 2010;277(1693):2485-2492.

Park JC, et al. Toward a clinical protocol for assessing rod,
cone, and melanopsin contributions to the human pupil re-
sponse. Invest Ophthalmol Vis Sci. 2011;52(9):6624-6635.
Adhikari P, et al. The Post-Illumination Pupil Response
(PIPR). Invest Ophthalmol Vis Sci. 2015;56(6):3838-3849.
Buysse D], et al. The pittsburgh sleep quality index: A new
instrument for psychiatric practice and research. Psychiatry
Res. 1989;28(2):193-213.

27.

28.

29.

30.

31

32.

33.

34.

35.

Abbottetal. | 9

Zavada A, et al. Comparison of the munich chronotype
questionnaire with the horne-ostberg’s morningness-
eveningness score. Chronobiol Int. 2005;22(2):267-278.

Johns MW.A new method for measuring daytime sleepiness:
The Epworth sleepiness scale. Sleep. 1991;14(6):540-545.
ChungF,etal. STOP questionnaire: A tool to screen patients for
obstructive sleep apnea. Anesthesiology. 2008;108(5):812-821.
Chen 8K, et al. Photoentrainment and pupillary light reflex
are mediated by distinct populations of ipRGCs. Nature.
2011;476(7358):92-95.

vander Meijden WP,etal.Individual differencesinsleep timing
relate to melanopsin-based phototransduction in healthy
adolescents and young adults. Sleep. 2016;39(6):1305-1310.
McGlashan EM, et al. The pupillary light reflex distinguishes
between circadian and non-circadian delayed sleep phase
disorder (DSPD) phenotypes in young adults. PLoS One.
2018;13(9):€0204621.

Bruijel ], et al. Individual differences in the post-illumination
pupilresponse to blue light: assessment without mydriatics.
Biology (Basel). 2016;5(3):34.

Zele AJ, et al. The circadian response of intrinsically photo-
sensitive retinal ganglion cells. PLoS One. 2011;6(3):e17860.
Auger RR, et al. Clinical practice guideline for the treat-
ment of intrinsic circadian rhythm sleep-wake disorders:
advanced sleep-wake phase disorder (ASWPD), delayed
sleep-wake phase disorder (DSWPD), non-24-hour sleep-
wake rhythm disorder (N24SWD), and irregular sleep-wake
rhythm disorder (ISWRD). An update for 2015: an American
Academy of Sleep Medicine Clinical Practice Guideline. J
Clin Sleep Med. 2015;11(10):1199-1236.

220z 1snbny g1 uo 1sanb Ag 01 $506S/18LEBSZ/Z/17/0|o1e/daa|s/wod dnoolwapede//:sdiy woly papeojumoq



