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Abstract

The onset of melatonin secretion, the dim light melatonin onset (DLMO), is a tool for determining the phase of the circadian timing
system. Although small studies have investigated the impacts of age and methods of calculating DLMO, there is no DLMO reference
range. In the current study, the saliva DLMO from 3579 participants from 121 published studies and plasma DLMO from 818 healthy
controls from 31 studies (aged 3-73 years) were analyzed. In a subset of 53 papers (1749 participants), individual saliva DLMO and
Morningness Eveningness Questionaire (MEQ) scores were obtained from authors or mined from publications and a reference range
was constructed. Saliva DLMO was earliest in children to 10 years of age and latest around 20 years of age and thereafter advanced
with age by 30 min in the oldest participants. Melatonin assay methods and DLMO calculation methods had little effect on the
determination of the DLMO. Saliva DLMO was correlated (p < 0.001) with the MEQ score; lower MEQ scores were associated with
later DLMO. MEQ scores increased with age, reflecting a tendency toward morningness. An evaluation of 14 saliva DLMO studies of
clinically diagnosed patients living with delayed sleep-wake phase disorder (mean ages 20 to 31 years) revealed mean saliva DLMO
within the reference range albeit at the late extreme. Peak plasma melatonin levels from 179 studies of healthy participants revealed
a high degree of variability within studies and age groups, but only a small decline between the 20 and 50 years and lowest levels
after 70 years.
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Graphical Abstract

The Dim Light Melatonin Onset (DLMO) across ages, methodologies and
sex and its relationship with Morningness/Eveningness.
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Individual saliva DLMO for 1749 healthy subjects, plotted versus
their ages. The shaded area represents 2 SD of the means for
each 10-year age category. The open blue squares and bars are
the means+ 1SD.

Saliva DLMO was correlated (P < 0.001)
with the MEQ score; lower MEQ scores
were associated with later DLMO.

MEQ scores increased with age, reflecting
a tendency towards Morningness.

The current study of published saliva and plasma
DLMO in healthy control subjects has shown the
DLMO to be extremely variable within age groups
and within measures of Morningness/Eveningness.

Statement of Significance

Although the dim light melatonin onset (DLMO) measurements have been made for many years in both research and clinical set-
tings, there is na clear cansensus about changes with age the impact of assay methads, or the pracedure used ta calculate DIMQO

It is also not clear how DLMO correlates with MEQ scores, with many studies finding low correlations. In this study through liter-
ature searches and data sharing, the first reference range for saliva DLMO across age groups has been prepared, together with the
association between DLMO and MEQ in more than 1700 healthy participants. DLMO in patients with DSWPD was fitted into this
reference range and provides strong evidence for a large proportion of these patients having normal DLMO. This study provides
a rationale for DLMO to be included in the assessment of patients reporting to clinicians with DSWPD. The study also shows that
assay methods and DLMO calculation procedures do not have a major impact on DLMO.

Introduction

From the time melatonin was discovered as a product of the pineal
gland, it has been recognized that its synthesis is low during the
daylight and high during the night in rats [1, 2] and humans [3],
indeed in most species. Since its discovery, there have been con-
siderable advances in our knowledge on the pathways and mecha-
nisms controlling melatonin production. In brief, light detected by
the retina during the day via melanopsin-containing cells actively
suppresses suprachiasmatic nucleus (SCN) signaling to the pineal
gland via the superior cervical ganglion and its sympathetic input
to the pineal gland. The endogenous rhythmicity of the SCN is also
synchronized by the light/dark cycle. In the early evening with
the decrease in light intensity and alterations in SCN cell activ-
ity, excitatory signals are sent via the Superior Cervical Ganglion
(SCG) to initiate the transcription/translation of Aryl Alkylamine
N-Acetyl Transferase (AANAT), the rate-limiting enzyme in the
melatonin synthesis pathway. From studies conducted in humans
kept in continuous dim light, abnormally short (20 h days) or long

(28 h days), or totally blind individuals it was found that the SCN-
driven core body temperature rhythm persists with the average of
the “free-running” period greater than 24 hours [4].

Measurement of the start of melatonin production under condi-
tions that minimized the acute effects of light promised to be useful
in determining the “state” of the SCN rhythm compared with core
body temperature measurement because the latter is intrusive,
cumbersome, and masked by sleep [5]. Melatonin measurement
was considered to have particular value in studies on sleep disor-
ders because it was clear that the SCN was also intimately involved
in sleep timing. There were some important technical challenges
in putting this approach into practice. The first was obviously to
develop assays for melatonin that were sensitive and specific for
melatonin. In the early human studies, melatonin was found to cir-
culate in the blood at night at low concentrations (<100 pg/mL). This
provided some serious methodological issues to overcome which
have been discussed in depth recently [6-10]. Nevertheless, in 1989,
it was reported that measurement of plasma melatonin using a



sensitive Gas Chromatography Mass Spectrometry (GC-MS) assay
could be used to determine the circadian phase of humans [11].
Then, following the availability of sensitive radioimmunoassays for
plasma melatonin, but especially those that could be used to relia-
bly measure melatonin in saliva [12, 13] and their subsequent com-
mercial availability (Buhlmann Laboratories (now Novolytix GmbH),
Stockgrand Ltd. (no longer in business) and IBL International GmbH,
the approach became more widely accessible.

More than 30 years ago, Al Lewy proposed the concept of the
“Dim Light Melatonin Onset” or “DLMO” as a means of determin-
ing the phase of the circadian timing system [11]. At that time,
plasma melatonin analysis was the common matrix used for mel-
atonin assay and his laboratory used a sensitive (1 pg/mL) GC-MS
assay that consistently measured daytime melatonin levels of
1-2 pg/mL. Participants avoided light exposure of >50 lux for at
least 1-2 h prior to their nightly onset of melatonin production
and throughout the blood- drawing. In his laboratory’s studies,
the DLMO was defined as the first interpolated point above 10 pg/
mL that continued to rise. Plasma DLMO assessments were used
to address questions around the phase shifting of rhythms with
light and melatonin and its impacts on sleep in subsequent years.
It is beyond the scope of this study to address these. What is obvi-
ous about the studies is that because the plasma DLMO required
frequent blood draws, all the studies had to take place in clinical
research centers; they were thus expensive, time-consuming, and
limited in sample sizes. The use of blood draws, which can pro-
ceed with the participant undisturbed and asleep does, however,
allows researchers to assess other characteristics of melatonin
secretion such as peak levels and the timing of the cessation of
melatonin production, the Dim Light Melatonin Off (DLMOff) [14].

With the discovery that melatonin can be detected in saliva
[15, 16], this matrix has become popular for melatonin studies
since it provides noninvasive access to secreted melatonin. The
melatonin in saliva is considered to represent the free, unbound
plasma melatonin levels [17]. Consequently, the levels of saliva
melatonin are approximately 30% of the total plasma melatonin
concentration. Saliva melatonin measurements, however, should
not be used to infer levels of melatonin production by the pineal
gland as there is a considerable variability in the binding between
individuals [9, 18, 19]. In a consensus paper on measurement of
melatonin in humans [20], some guidelines for saliva sampling
were proposed; samples should be “taken every 30 to 60 min
under dim light (<30 lux) for at least 1 h prior to and through-
out the expected rise in melatonin and subjects should follow
instructions to avoid contamination of samples with food parti-
cles, food dye, or blood.” The most frequently used ways of deter-
mining DLMO were stated as “an absolute threshold in the range
of 2 to 10 pg/mL, a threshold calculated at 2 SD above the average
baseline and a visual estimate of the point of change from base-
line to rising levels” A further approach for determining phase
when an overnight or 24-h melatonin profile is available involves
calculation of a “percentage of maximum levels (e.g. 20%, 25%, or
50% of maximum) on the rising phase, the midpoint between the
rising and declining phases, or the acrophase determined from
a cosine curve that has been fit to the raw melatonin data” [20].

Any study involving melatonin measurement must control for
the influence of certain drugs on melatonin metabolism, especially
drugs metabolized by CYP1A2 and CYP2C19 [21]. Other potential
confounders that might be encountered in human studies have
been discussed in a previous review [9] and include various other
drugs, not changing posture during the collection period, and not
using citric acid or similar to stimulate saliva flow. Provided that
there is compliance to scheduled sample collection times, home
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collection of saliva is often used and a recent study has highlighted
the use of a protocol that can ensure good quality collections [22].

DLMO is used as a marker of circadian phase, predominantly
in relation to sleep timing. Indeed, it has long been used to mon-
itor treatments to correct the timing of sleep in delayed sleep-
wake phase disorder (DSWPD) and advance sleep phase disorder,
and non-24-h sleep disorder in research settings. It has been
proposed that DLMO should be measured before treatments of
circadian rhythm disorders [23, 24], but its use is not universally
accepted in clinical practice settings [25, 26]. However, as pointed
out by Culnan et al. [25], saliva DLMO could be useful in differen-
tially diagnosing DSWPD from other conditions and identifying
patients who met ICSD-2 criteria but do not have a later DLMO
[27]. Morning light exposure, chronotherapy, and melatonin
administration are used in the treatment of DSWPD [28].

Melatonin has soporific [29] as well as chronobiotic properties
and administration can advance the timing of its own endogenous
rhythm [30, 31], that is, advance the DLMO time and may have effi-
cacy in the treatment of DSWPD [25, 26]. Melatonin is widely avail-
able as a “dietary supplement” without prescription in the United
States and some other jurisdictions with the implicit assumption
that it will help alleviate insomnia. In countries that restrict the
sale of melatonin either by makingit prescription-only or by requir-
ing pharmacist advice, there are several melatonin formulations
being marketed including prolonged-release formulations [32].
One prominent formulation, Circadin (Neurim Pharmaceuticals),
is used “for the short-term treatment of primary insomnia charac-
terized in patients who are aged 55 years or over” There is a per-
ception that melatonin production decreases with age, that the
artificial rise in melatonin will simulate an early DLMO, and that
the replenishment with exogenous melatonin will improve sleep
efficiency (reduce awakenings) and total sleep time. It is for these
reasons that melatonin has become popularized.

In the more than 30 years since the DLMO was defined, it is
timely to reflect on its use and issues such as the variability across
individuals, the effect of age and sex, how the melatonin is meas-
ured, and the DLMO is calculated and its relationship with chrono-
type. To achieve these aims, the mean saliva and plasma DLMO
and ages of control/healthy participants were obtained from stud-
ies published after 1989. In addition, individual DLMO, MEQ, ages,
and sex data were obtained directly from the authors of a sub-
set of these publications published since 2010. Finally, to address
the question of whether plasma melatonin levels decrease with
age, the peak plasma melatonin data from a previous publication
[33] was updated with data published since the original publica-
tion. The primary null hypotheses were that DLMO is not different
across age groups and that DLMO and morningness/eveningness
(MEQ) are not correlated. Secondary analyses investigated the
effects on DLMO of the various analytical methods used to analyze
saliva and plasma melatonin, and the methods used to calculate
DLMO and sex differences. A reference range for DLMO versus age
was constructed from the individual participant data. Finally, the
nocturnal peak in plasma melatonin levels in normal participants
from 20 to 80 years was analyzed.

Methods

DLMO versus age: mean data from published
papers

A literature search of the PubMed and ScienceDirect databases
was conducted using the terms “Melatonin onset,” “Dim light
melatonin onset,” “Melatonin and plasma,” and “ Melatonin and
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Table 1. The saliva and plasma DLMO from the literature across age groups

0-9 years 10-19 years 20-29 years 30-39 years 40-49 years 50-59 years 60-69 years 70-79 years

Weighted mean saliva DLMO 2002+ 061h 21.94+120h 2160+074h 2138+068h 2097+078h 21.33+046h 2096+037h 21.22:0.40h
Upper 95% CI 21.24h 00.34 h 23.08h 22.74h 2253 h 22.25h 217h 22.02h
Lower 95% CI 18.80 h 19.54 h 20.12h 20.02h 19.41h 2041h 2022 h 2042 h

# Studies 5 11 66 22 10 5 5 3

n 133 550 1875 450 252 133 82 104

Weighted mean plasma DLMO — — 2215+0.62h 2136+057h 21.54+008h 2055+1.64h 21.43+048h 21.00+£043h
# Studies _ _ 17 7 2 4 7 3

n — — 463 98 8 38 123 88

The data are the weighted means + 1 SD for controls bundled into 10-year age groups based on the mean ages reported in the publications. Also shown are the
upper and lower 95% confidence intervals. # studies indicate the number of publications used to generate the data. n = the total number of participants used in the

publications.

saliva” from 1993. Papers that provided information on the sam-
pling rate, analytical methods used, ages and numbers of par-
ticipants, the method used to estimate DLMO, and the time of
DLMO in clock time are used in this study. Additional papers were
sourced through references in the papers and my personal data-
base. Papers that did not report the DLMO in clock time, for exam-
ple, used Z-scores, or calculated phase shifts of DLMO without
reporting the actual values, etc., were excluded.

Individual DLMO data obtained through data
sharing and published papers

Email requests for the sharing of healthy control participant data
were sent to the corresponding authors of 53 papers published
between 2010 and 2021.

Maximum plasma melatonin levels versus age:
mean data from published papers

In a 1999 published study [33], data from 137 studies published
between 1976 and 1997 with mean reporting plasma melatonin
levels between 24:00 and 02:00 h and the ages of normal healthy
adults were analyzed. A similar literature search covering the
years 1997 to 2021 identified a further 41 studies for reanalysis.

Statistics

For comparisons of DLMO across age groups using the data from
the published studies, the means were weighted according to the
number of participants in the study using IBM SPSS 28. Analysis
of variance was used to test for differences between groups or
ages. Post hoc analysis used Tukey’s HSD test. Differences with p
< 0.05 were considered significant. For the linear regression analy-
ses and preparation of graphs, GraphPad Prism 9 was used.

Results

DLMO versus age; mean data from published
papers

The searches identified 121 papers reporting saliva DLMO
(Supplementary File 1) and 31 papers reporting plasma DLMO in
healthy participants (Supplementary File 2). The DLMO values
(with standard deviations, mean ages, and numbers of control/
healthy participants) were sourced through the text, tables, or
through digitization of graphs. Of these 121 publications, 8 also
reported the DLMO in patients diagnosed with DSWPD. A further
6 papers found reported the DLMO only in patients with DSWPD
and not controls. The entire saliva DLMO data set represented
3579 individuals, with the median number of participants in each

group being 20 (range 4 to 170) and mean ages ranging from 3 to
73 years. The average standard deviation of the saliva DLMO data
points were 1.2 h. For the plasma, DLMO studies the data set repre-
sented 818 participants, with the median number of participants
in each group being 12 (range 3 to 104) and mean ages ranged
from 21 to 72 years. The average standard deviation of the plasma
DLMO data points were 1.2 h. Table 1 shows the weighted DLMO
means (+SD) pooled into 10-year age groups. Figure 1 shows the
published saliva and plasma DLMO (mean + SD) plotted versus
the mean ages of the groups. Saliva DLMO was earliest in children
up to 10 years of age and the latest around 20 years of age. The
saliva DLMO (weighted mean) for 20- to 29--year-old participants
was 21.59 h (66 studies/1875 participants) and the plasma DLMO
22.1 h (17 studies/463 participants). The difference between the
saliva DLMO of 20-29 and 70-79-year-old participants is 23 min
and between 30-39 and 70-79-year-old participants is 10 min.

DLMO versus assay method and DLMO method;
mean data from published papers

To determine whether there are differences in the calculated
saliva DLMO due to the melatonin assay methodologies used
or the way the DLMO is calculated, the data from 64 studies
conducted on healthy participants with mean ages between 20
and 29 years was analyzed. In the current study, the majority of
saliva DLMO studies assayed melatonin by Radioimmunoassay
(RIA) (72.4%), followed by 17.3% that used enzyme-linked immu-
nosorbent assays (ELISA), 4.7% that used mass spectrometry,
and 5.5% that used unspecified assays. The majority (78%) of
RIAs were conducted with a Buhlmann/NovoLytiX direct saliva
assay kit. For the saliva DLMO determined by ELISA, 54% used
a Buhlmann/NovoLytiX kit, 23% use a IBL kit, and 18% used a
Salimetrics kit. To compare the effects of assay technology on
saliva DLMO, studies that included participants with mean ages
in the most studied band (20-29 years) were assessed (Table 2).
The proportions using each technology were similar to the main
data set. The weighted mean saliva DLMO derived from studies
that used RIA (21.66 + 0.73 h; n = 1281) or ELISA (21.54 +0.71 h; n
= 425) were comparable, whereas those studies using mass spec-
trometry (20.9 £ 0.38 h; n = 104) tended to report somewhat ear-
lier DLMO. Note, however, that there were only four studies that
utilized mass spectrometry assays. When the DLMO for this age
group was calculated using an RIA or ELISA and the threshold
beyond which the melatonin concentration must cross, (usually
3 pg/ml), or an RIA using the two SD of the baseline method, or
other methods for determining DLMO (e.g. percentage of peak lev-
els or the hockey stick method) there were significant differences
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in the DLMO (p < 0.001, Figure 2). The earliest published DLMO
were obtained using the RIA/threshold method, followed by RIA/
other methods and ELISA/threshold, with the RIA/SD method
reporting the latest DLMO in this age group (Table 2). Only two
papers used the standard deviation method with ELISA kits.

DLMO versus age; individual data from
published papers

Of the 51 email requests for the sharing of individual data, 34
authors agreed to share their de-identified healthy control data
from their 40 publications. Of a further five authors who initially
agreed to share their data, three had failed to send any data up
until the time of manuscript preparation and two provided data
sets did not include ages of the participants or were not from
healthy participants. Two authors indicated that they were not
permitted to share data by their Ethics Committee or that the
aims of the current study were too similar to their ongoing work.
One further author was required by their university to obtain
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Figure 1. The saliva DLMO (A) and plasma DLMO (B) (mean + SD) of
groups of healthy participants from 121 published studies. The open
squares are the n-weighted means + SD of the 10-year age groups. Note
that in some cases, no SD was available.
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a nondisclosure agreement before data sharing and this was
not finalized before manuscript preparation. Finally, 10 corre-
sponding and coauthors failed to respond to multiple attempts
to contact them about the data sharing. A full set of DLMO, age,
and MEQ data was available for 26 papers, with DLMO and age
only, available for a further 14 papers (Supplementary File 3).
Literature searches identified a further seven papers that pub-
lished individual age and DLMO data in tables or graphs in the
main manuscript or in Supplementary files and six papers that
published individual DLMO and MEQ values in tables or graphs.
A total of 53 papers provided data for the final analyses [34-86].

To determine whether the saliva DLMO changes with age, the
DLMO from 1749 participants were plotted against their ages
(Figure 3). The mean = SD for 10-year age groups (0-9 years, 10-19
years, etc) was calculated (Table 3). Between early childhood and
late adolescence, the saliva DLMO was delayed by approximately
2 h 38 min. From around 25 years of age to 75 years of age, how-
ever, the DLMO gradually advanced by approximately 1 h 20 min.
Analysis of variance comparing the 10-year age bands from 0-9
to 70-79 years revealed a significant between groups (p < 0.001).
The 80-89 year group was omitted from the analysis because of a
very small number of participants. Post hoc analysis (Tukey HSD)
indicated the DLMO for 0-9 year-olds was earlier than the 10-19,
20-29, 30-39, 40-49, and 60-69-year-old groups (p < 0.004). The
DLMO for the 10-19 year-olds was later than all the other age
groups (p < 0.001). The DLMO for the 20- to 29-year-old group was
later than the 70-79 year olds (p = 0.008). As was also evident
from the published means reported in Figure 1, the saliva DLMO
is extremely variable within age cohorts. Using the DLMO =+ 2
standard deviations, a reference range was constructed for the
10-year age cohorts (Table 3) and also shown as the shaded area
in Figure 3.

Within the dataset of published papers, there were 11 papers
(three saliva DLMOs and eight plasma DLMO) that directly com-
pared the DLMO of young (<30 years) versus older healthy partici-
pants (>50 years) (Supplementary File 4). Ten out of the 11 papers
reported earlier DLMO in the older participants compared with
the young.

Effects of sex on DLMO across age groups;
individual data from published papers

Using the individual DLMO data set, the effect of sex on DLMO
was evaluated across the age groups. There was no effect of sex
on DLMO (Table 4).

DLMO in patient groups diagnosed with DSWPD
versus age

DSWPD has long been associated with a later DLMO and so it was of
interest to compare the published results with the current reference
ranges. A large majority of the studies investigated participants with

Table 2. The effects of assay method and DLMO calculation method on the DLMO for 20-29-year-old healthy participants from the

literature
RIA ELISA Mass Spec Threshold 2 Std Dev % of Peak Other
DLMO 21.66 +0.73 h 21.54+0.71h 20.93+0.38 h 21.53+0.65h 21.63+0.88h 21.88+0.56 h 2093+0.61h
# Studies 44 15 4 36 14 10 4
n 1281 425 104 1060 479 225 158

The data are the weighted means + 1 SD for controls aged 20-29y. # studies indicate the number of publications used to generate the data. n = the total number

of participants used in the publications.
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mean ages between 20 and 31 years. Figure 4 shows the DLMO for
14 studies (13 saliva, 1 plasma), 8 of which included healthy con-
trols in this age group. The weighted mean DLMO for the healthy
controls was 21.17 h £ 0.64 h (n = 101) compared with 23.97 + 0.75 h
(n = 124) for the associated participants living with DSWPD in those
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Figure 2. The published saliva DLMO means from healthy participants
with mean ages between 20 and 29 years (the SD of the individual
points were omitted for clarity). The squares and bars represent the
n-weighted means + SD for the following groups: (1) Melatonin assayed
by RIA and DLMO determined as the time the melatonin concentration
exceeded a threshold value, (2) melatonin assayed by RIA and the
DLMO determined as the time it exceeded two standard deviations of
the baseline, (3) melatonin assayed by RIA and the DLMO determined
by other methods, and (4) melatonin assayed by ELISA and DLMO
determined as the time the melatonin concentration exceeded a
threshold value. The horizontal lines represent significant differences
(p < 0.001) between the underlying groups. The data are from 21, 10, 12,
and 12 studies, respectively.
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Figure 3. Individual saliva DLMO for 1721 healthy participants, plotted
versus their ages. The shaded area represents two SD of the n-weighted
means for each 10-year age category. The squares and bars are the
means + SD.

eight studies. In each case, the authors reported that the DLMO was
significantly later for participants with DSWPD. Note, however, that
the mean DLMO was within the reference range for 12 of the 14
studies. For all 14 DSWPD studies, the weighted mean DLMO was
23.50 £ 0.67 (n = 345). The differences between the weighted means
for the controls and DSWPD groups were significant (p < 0.001).
Note that two studies applied additional selection criteria for their
DSWPD participants; one [23] used sleep diary and PSG sleep latency
results to differentiate participants while the other [27] used a “nor-
mal” DLMO to exclude participants from the DSWPD diagnosis. The
DLMO from these 14 DSWPD studies and a further 6 DSWPD stud-
ies whose participants' ages were outside the range used above are
shown in Supplementary File 5 together with their references and
criteria used to diagnose DSWPD.

Nocturnal peak melatonin levels in healthy
participants across age groups; mean data from
published papers
Along with potential changes in the onset of melatonin with age, it
is of interest whether peak melatonin secretion also changes with
age. Figure 5 shows an updated version of a graph published by
Kennaway et al. [33] of mean peak plasma melatonin concentration
from early childhood into old age which includes 41 studies pub-
lished since then. See Supplementary File 6 for references. Plasma
melatonin is highest prior to late adolescence. From the mid-20s
until the mid-50s, there is a gradual decline in peak levels from 72
to 61 pg/mL. Thereafter, peak melatonin levels appear to decline at
a faster rate to be approximately 25 pg/mL in participants in their
mid-80s. As can be seen in Table 5, however, the variability within
and between studies is extremely high (the average SDis 23 pg/mL).
Supplementary File 6 shows data from 18 published studies in
which peak plasma melatonin was measured in healthy partic-
ipants in two different age cohorts (“young” vs. “old”) under the
same conditions. In the table, the data are stratified by the change
in peak melatonin per year between the age groups. The range of
results is very large. The median of the 18 studies was 0.51 pg/mL
per year with 9 studies reporting changes <0.5 pg/mL/year with a
mean change of 0.26 pg/mL/year. The remaining nine studies had
a mean change of 1.04 pg/mL/year, almost four times the rate. In
those studies reporting a rapid decline in melatonin levels, the
n-weighted mean of the “young” group was significantly higher
than the group that had the slowest decline.

Relationship between DLMO and morningness/
eveningness; individual data from published
papers

Using the shared individual data and data obtained from publi-
cations, it was possible to determine the relationship between the

Table 3. The saliva DLMO across age groups using individual data sets from the literature

0-9 years 10-19 years 20-29 years 30-39 years 40-49 years 50-59 years 60-69 years 70-79 years 80-89 years
DLMO (h) 19.85+097h 2248+1.92h 21.65+156h 2145+146h 21.18=137h 2084=x167h 21.09+129h 2031+x122h 21.88=218h
Upper 95% CI 51 79} 02.32h 00.77 h 00.37 h 23.92h 24.18 h 2367 h 22.75h 02.24h
Lower 95% CI 17 91h 18.64 h 18.53h 18.53h 18.44 h 17.50 h 18.51h 17.87 h 17.52h
n 75 713 698 117 44 36 42 21 3

The data are the means + 1 SD for controls bundled into 10-year age groups from the shared data sets. Also shown are the upper and lower 95% confidence
intervals. n = the total number of participants in each age bracket. Analysis of variance comparing the 10-year age bands from 0-9 to 70-79 years revealed a
significant between groups difference (p < 0.001). The 80-89 year group was omitted from the analysis because of a very small number of participants. Post hoc
analysis (Tukey HSD) indicated the DLMO for 0-9 year-olds was earlier than the 10-19, 20-29, 30-39, 40-49, and 60-69-year-old groups (p < 0.004). The DLMO for
the 10-19 year-olds was later than all the other age groups (p < 0.001). The DLMO for the 20-29-year-old group was later than the 70-79 year-olds (p = 0.008).
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MEQ and saliva DLMO (Figure 6). There was a significant correla-
tion (p < 0.0001) between the two measures with high MEQ scores
(morningness) associated with an early saliva DLMO and lower
MEQ scores (eveningness) associated with a late DLMO. Of the 29
data sets used for this analysis, individual regression analysis indi-
cated a significant deviation from a zero slope in 15 and not signif-
icant in 14 sets (Supplementary File 7). This is likely to be a result
of the extreme variation in MEQ and DLMO between participants.

Relationship between age and morningness/
eveningness; individual data from published
papers

Using the shared and published individual data sets, it was pos-
sible to assess the impact of age on MEQ scores. Figure 7 shows
that, with increasing age, there is a change from a tendency
toward eveningness in younger participants to morningness in
older participants. There was no effect of sex on the MEQ across
the age ranges (Table 4).

Solheim 2019 - 16/20+ o —m—
Wyatt 2006 - 8/8 o —a—
Van der Maren 2018 - 14/14+ —o-t+———
Moderie 2019 - 14/144 ==
Saxvig 2013 - 8/20 ———t————
Micic 2020 - 18/26+ I @+ —i |
Watson 2018 - 12/12+ o —a—
Wilson 2018 - 12/12 —e— —a—
Rahman 2009 - 0/32+ e e ]
Murray, 2017 - 0/103 —a—
Mundey, 2005 - 0/13+4 g
Danielsson 2018 - 0/44+ [==—=_ =]
Sharkey 2011 - 0/254 —a—
Saxvig 2014 - 0/23+ e
Group Mean- FOH H1H%*
Normal Range- | il |
18h 1éh 2(I)h 2';h Zéh Zéh Zilth O;h Oéh 03h
DLMO Time

Figure 4. The published saliva DLMO (mean + SD) for healthy control
participants (filled circles) and patients diagnosed with DSWPD (filled
squares) aged between 20 and 31 years. The author and publication
years are shown, together with the number of participants studied.
Group n-weighted means + SD for the healthy controls (open circle) and
DSWPD (small square) are shown. Also shown is the n-weighted mean =
SD (large square) for this age group. The shaded area represents two SD
of the means of the individual data.

Table 4. The effects of sex on DLMO across age groups
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DLMO, MEQ, bedtime, and sleep onset time
across age

In Figure 8, the weighted means of the published mean DLMO, the
individual DLMO means and the MEQ from this study are plotted
together with the mean bedtimes and mean sleep onsets from
two independent studies [87, 88]. The main points to be made
from this summary graph are that (1) DLMO is later in late ado-
lescence and slowly advances with age, (2) in late adolescence
eveningness gives way to a tendency to morningness with age,
and (3) the time of going to bed and getting to sleep occurs earlier
as people age.

Discussion

The primary null hypotheses of this study were that DLMO is not
different across age groups and that DLMO and morningness/
eveningness (MEQ) are not correlated. Secondary analyses inves-
tigated the effects of the various analytical methods used to ana-
lyze saliva and plasma melatonin on DLMO, the methods used to
calculate it, and the effect of sex. Finally, changes in the noctur-
nal peak in plasma melatonin levels in normal participants from
20 to 80 years were analyzed to determine whether production
decreases with age.

To address the first question, a search of the literature was
conducted and mean saliva and plasma DLMO data for groups
of healthy participants was obtained and plotted against the
mean ages of the groups. The saliva DLMO was earliest in chil-
dren under 10 years of age and highest in late adolescence.
After this age, there was a gradual advance of the saliva DLMO.
Although there were fewer studies reporting plasma DLMO,
the trend toward a slightly earlier DLMO in younger people
was evident. Following a request to more than 50 authors for
their de-identified individual DLMO, age, MEQ scores, and sex
data for healthy participants, a similar analysis was conducted
on DLMO/age pairs. This was expected to confirm the results
of the primary analysis of the published means, but provide a
more reliable estimate of the variability of the saliva DLMO. The
latest DLMO was associated with late adolescence and slowly
advanced with age up to the mid-70s. There was an extraordi-
nary degree of variability within the age cohorts such that the
putative reference range (based upon 2 standard deviations of
the mean) for the 10-year age cohorts was very large

Age band (years) 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79
Female DLMO 2094081 2286+175 2171+146 2165+103 21.08+124 2163+222 21.09x135 2005085
Female n = 7 315 279 12 11 13 4

Male DLMO 2054+046 23.08+198 2191234 2164205 2201+059 2092+226 2142+129 2092+1.22
Male n = 3 244 195 8 10 11 7
Female MEQ 4250+ 509 4638+9.28 49.48+9.838 54.11+1149 5633+10.84 56.64+11.68 5831+882 6175991
Female n = 6 290 277 12 11 13 4

Male MEQ 39.75+433 4374+906 4873+9.81 5250%10.05 5506+7.65  5940+757 5955871 6143+12.23
Male n = 8 232 192 8 10 11 7
Combined MEQ 4093 +4.70 4520+9.24 49.18+9.85 53.51+10.88 55.83+949 57.95+9.80 58.88+860 61.55+10.92

The data are the means + 1 SD for control males and females bundled into 10-year age groups from the shared data sets. n = the number of participants in each
age band. ANOVA indicated a significant effect of age on DLMO (p < 0.001), but no sex effects or interaction. Similarly, there was a significant effect of age on MEQ

(p < 0.001), but no sex effects or interaction.
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Table 5. Weighted means of peak melatonin levels (pg/mL) across ages from the literature

0-9 years 10-19 years 20-29 years 30-39years 40-49years 50-59years 60-69 years 70-79 years 80-89 years
Melatonin (pg/ml) 155 79.7 +25.8 724+274 638+217 636+187 60.8=287 452+208 336x+124 248%74
# Studies 2 10 78 19 17 15 16 4
(@] 24 118 910 531 250 214 293 362 74

The data are the weighted means + SD of peak (2400 hours-0300 hours) melatonin levels derived from the literature. # Studies indicate the number of age groups
within the 10-year age bands. n = the cumulative number of participants in each age band.
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Figure 5. The published peak (24 h-03 h) plasma melatonin levels
(mean + SD) in healthy participants from 179 studies versus age. The
n-weighted means + SD are also shown (squares).

@
o
1
=
m

o
m »

-
3
Ed
-
o —4--
>
-

DLMO time

Figure 6. Individual MEQ scores were plotted versus the saliva DLMO
for healthy participants not corrected for age. The MEQ (mean + SD) for
each 1-hour DLMO block is plotted (squares) together with the result
of the simple linear regression line of the full data set. DE, definite
evening; ME, moderate evening; N, neither morning nor evening; MM,
moderate morning; DM, definite morning.

The results of this part of the study are of particular impor-
tance since in a highly cited review published in 2018 it was
stated that “Older subjects show an increased lag from sunset to
the onset of melatonin pulse and to the melatonin pulse peak and
between melatonin secretion peak and the middle of the sleep
period.” [89] No references were used to support the statement.
If true, a delay in DLMO with age might be used to justify the
use of exogenous melatonin to correct the perceived abnor-
mality in melatonin timing. In support of the current study,
a literature search identified 11 papers (3 saliva DLMO and 8
plasma DLMO) that compared DLMO in young versus older
healthy participants under the same conditions, with 10 of the
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Figure 7. Individual MEQ scores were plotted against age for healthy
participants. The MEQ (mean = SD) for each 10-year age group between
20 and 80 years is also plotted (squares). DE, definite evening; ME,
moderate evening; N, neither morning nor evening; MM, moderate
morning; DM, definite morning.
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Figure 8. Summary of the saliva DLMO and MEQ scores from the
current study and mean bedtimes and mean sleep onset from the
literature. The n-weighted mean saliva DLMO from published studies
(triangles). Mean saliva DLMO from the individual values in the current
study (open squares). The mean MEQ scores from the individual values
in the current study (filled squares). The mean bedtimes were redrawn
from the paper by [88]. The mean sleep onset was redrawn from the
paper by [87].

papers reporting that the DLMO was indeed earlier in the older
participants.

Although the time of onset of melatonin production provides
a quantifiable estimate of circadian phase, questionnaire-based
methods have been developed to assess what is termed morn-
ingness and eveningness. The Horne and Ostberg questionnaire
(MEQ) has been used in many studies and has been validated in
several languages while other similar tests were developed later
[90, 91]. A shorter form of the questionnaire was developed by



Smith et al. in an attempt to address perceived deficiencies of the
MEQ [92]. More recently, a new questionnaire has been developed,
the Munich ChronoType Questionnaire (MCTQ) which addresses
more specifically the actual times of sleep during weekdays and
weekends [93]. The mid-sleep on free days is highly correlated
with the MEQ and shows that young children are generally ear-
lier chronotypes, progressively becoming later until the age of
20 years and then earlier again with age [94]. The MEQ in the
current study was found to change from moderate eveningness
to moderate morningness with age as previously reported [95,
96]. It is beyond the scope of this paper to discuss the various
advantages of the questionnaires, but it is clear that the MEQ is
older and has been more widely used than the MCTQ and this is
reflected by few papers reporting simultaneous DLMO and MCTQ
results.

In the current study, the saliva DLMO was significantly corre-
lated with the MEQ in healthy participants. Previous small stud-
ies using healthy participants [40, 85] or a mixture of healthy
participants and participants diagnosed with DSWPD [82] found
strong associations between MEQ and DLMO and midpoint of
sleep on work-free days, sleep-corrected and DLMO. Although
the correlation reported in the current study is interesting, the
high degree of variability in both measures strongly suggests
that the MEQ should not be used as a surrogate/proxy measure
for DLMO.

The two major null hypotheses in this very large study are
rejected; DLMO clearly advances with age after late adolescence
and DLMO and MEQ are highly correlated.

When assessing DLMO in the laboratory, there are a number
of methodological issues that need to be considered; what assay
to use for the melatonin measurement an what objective method
to use to determine when melatonin secretion has started. With
respect to the first point, I have written several reviews recently
about melatonin assays in which [ have criticized many of the
ELISA that have appeared on the market in the last 10-15 years
[6-10, 97, 98]. Poor assay design, specificity, and sensitivity have
meant that many are incapable of reporting valid daytime mel-
atonin levels in saliva or plasma. We know that melatonin is
not actively synthesized during the daytime and therefore that
plasma melatonin levels are expected to be less than 4 pg/mL
based on mass spectrometry and less than that for saliva. It is
clear that to accurately determine saliva DLMO, RIA, and ELISA
kits from Buhlmann/NovolytiX and IBL and ELISA kits from
Salimetrics are to be preferred over other kits. Note, however, that
the ELISA kits from small companies can still cause problems in
saliva [98], especially when used for direct (nonextracted) assay
of plasma melatonin [6-10, 97, 98].

The other issue that can affect the DLMO is the calculation
method used. The original plasma DLMO was defined as the
time that the plot of melatonin concentration versus time of
day crossed 10 pg/mL [11]. A mass spectrometry assay was used
which had a very high sensitivity (1 pg/mL) and rarely reported
values before sleep that exceed this concentration. With the
understanding that saliva melatonin levels are approximately
one-third of those of plasma, a comparable threshold level would
be around 3-4 pg/mL [20]. This low threshold level for saliva mel-
atonin measurement produces a technical challenge because not
all assay kits are capable of measuring/reporting the expected
daytime levels of <1 pg/mL. In part for this reason other meth-
ods have been used. First, a statistical method based on levels
exceeding 2 standard deviations of the mean baseline concen-
trations [12]. This is used when an assay either lacks sensitivity
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or specificity or detects daytime levels in excess of 3-4 pg/mL
because of nonspecific interference. Another method is to deter-
mine the time of day that the melatonin concentration reaches a
certain percentage (often 25%) of the peak melatonin level. This
is more commonly used for plasma DLMO when samples are col-
lected throughout the night, as opposed to saliva collections that
usually cease around midnight. Yet another method used infre-
quently is the “Hockey stick method” [99]. Across studies on 20
to 29 year olds, the choice of DLMO calculation method had little
impact on the DLMO. Given the variability between studies and
within studies, it seems clear that the use of either a low thresh-
old or a standard deviation of baseline levels approach may both
be acceptable.

With respect to the effect of sex on DLMO, the current study
has shown no difference across the age groups. In addition, we
failed to detect any sex differences in the MEQ score across
the ages. This is in contrast to the results of a large study using
the MCTQ [94] which found that males had a later chronotype
(eveningness) than women up until 50 years of age. This differ-
ence is likely to be a reflection of the different questions across
the questionnaires especially those related directly to sleep times.

DLMO is recognized as a useful circadian marker since it is
dependent on the suprachiasmatic nucleus timing system. It
can be influenced by light exposure, such that light presented in
the evening can phase delay the DLMO, while light in the early
morning can advance the DLMO [100]. Furthermore, melatonin
administration can also alter the timing of the DLMO, such that
administration in the evening promotes an advance of the DLMO
and morning administration can delay the DLMO [101]. DSWPD
is diagnosed clinically after a careful evaluation of the patient’s
sleep history using International Classification of Sleep Disorders
(ICSD-3) criteria. Several authors have suggested that the DLMO
should be used as well [23, 24], but the technique has not been
widely accepted or used. It would appear that not all patients
with DSWPD actually have a delay in their circadian timing sys-
tem. In a recent study [27], Murray et al., for example, found that
43% of clinically diagnosed participants with DSWPD could be
classified as having non-circadian DSWPD (defined as having a
DLMO time greater than 30 min before their desired bedtime).
In the current study, 12 out of the 14 DSWPD studies reviewed
had the mean DLMO within the normal range. When compared
with healthy controls, the mean DLMO of the participants with
DSWPD was clearly and significantly later, but the large variance
is suggestive of many of those diagnosed with DSWPD having
normal melatonin timing. Measurement of DLMO in DSWPD may,
however, have an important role in selecting patients who have
DLMO outside the reference range for melatonin therapy [102].

The final part of the current study revisited the question of
whether the production of melatonin decreases with age. If the
production of melatonin decreases dramatically with age, it could
impact on the determination of the DLMO, especially when a
fixed threshold of 3 pg/mLis used. It has been repeatedly reported
that melatonin production decreases with age, with the inference
that people older than 50 years are melatonin deficient. In a pre-
vious analysis [33], this conclusion was challenged following a
re-examination of published data and the author’s own research.
The conclusion from that study was that “melatonin production
is lower in older people, but the change occurs very early in life,
around 20-30 years of age” In the current study, peak plasma
melatonin data from the original paper have been supplemented
with results published since 1998 and a similar conclusion can
be drawn. It is not until 65 years and older that peak melatonin
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production dips below 50 pg/mL. More importantly, like other
aspects of melatonin rhythmicity, there is a very high level of
variability between individuals and between primary studies. Two
recent systematic reviews on melatonin production in healthy
older participants [103, 104] showed unequivocally that they
had melatonin rhythms of high amplitude. The current study
of DLMO across age groups has shown that the DLMO actually
occurs earlier in older participants, which is not to be expected in
older people who are somehow melatonin deficient.

The (false) premise that a large proportion of older people is
“low-secretors” or “melatonin deficient,” together with the obser-
vation that older people often with primary insomnia, has been
seized upon as a reason to recommend the prescription of mela-
tonin either as a pharmaceutical product or as a “supplement.” Is
there in fact a link between low melatonin secretion and insom-
nia? There have been at least 10 papers published that concluded
that there is no significant relationship between the amount of
melatonin produced at night and insomnia. These 10 papers [105-
114] have been cited a total of 376 times (on average two cita-
tions a year since publication), while three papers [115-117] that
did report a relationship have been cited a total of 732 times (on
average 9.6 times per year since publication (Supplementary File
8). Since the elderly are already producing significant amounts of
melatonin [103, 104], the amount of melatonin is not related to
insomnia and the DLMO actually occurs earlier than in younger
people, we might question the justification for melatonin admin-
istration as a “replacement.” Of course, exogenous melatonin may
still be beneficial for helping insomniacs achieve better sleep
quality, increase total sleep and accelerate sleep onset, but a
recent review of its efficacy would indicate that these effects are
modest [32].

This study has some limitations, but they are unlikely to affect
the conclusions reached. This was not a formal systematic review,
but the searches conducted by the author uncovered more than
150 relevant publications to produce the main data set. These
papers came from laboratories in 15 different countries and
used different methodologies. It was considered unreasonable to
expect raw data to be available for analysis from all the papers
and an arbitrary cutoff date of 2010 was decided upon for this
aspect of the study. Approximately 80% of the authors contacted
by the author responded which is an excellent strike rate. It was
unfortunate that 10 authors could not be contacted or refused
to reply to the approaches as their data would have enriched the
study. Most authors did not consider the supply of de-identified
data from healthy participants raised any particular ethical con-
cerns; indeed many journals now expect authors to provide orig-
inal data sets upon reasonable request, while others encourage
the publishing of complete data sets in Supplementary Files.

In a study such as the current one, it is not possible to con-
trol for the potential confounders of light exposure (i.e. how dim
was the light?), possible changes in posture between sampling, or
adherence to the designated sampling times when samples were
collected at home. The selection of the healthy control partici-
pants may also have had a minor influence on the measured out-
comes if there was an exclusion of extreme chronotypes from the
experiments. For example, one study stated that “healthy controls
were deemed eligible for further study if they had a DLMO time
of earlier than 22.00 h” [118]. Another limitation of the current
study which could not be avoided is the extraordinary age bias
of the studies. More than 50% of the published studies included
here were conducted on participants whose ages ranged from 20
to 29 years, while only 11% investigated the saliva DLMO on par-
ticipants aged over 50 years. This is despite the fact that this age

group is targeted by the vitamin and pharmaceutical industries
because of the perception that this group has a high incidence of
sleep disorders. Finally, there is a small proportion of the normal
population who can be considered “low melatonin secretors” for
whom the DLMO cannot be determined by any of the standard
methods [63, 119, 120]. The incidence of these low secretors is
difficult to establish due to different assay methodologies and
sensitivities but is probably less than 10%.

In summary, the current study of published saliva and plasma
DLMO in healthy control participants has found that the DLMO
is extremely variable within age groups and within measures
of morningness/eveningness. The basis of the variability is not
known. One possible contributor is the variability in the intrinsic
circadian period between participants with those having longer
periods having a later DLMO. Against this notion, however, is the
fact that the endogenous period of humans has been reported to
be 24.15 h, with an SD of approximately 12 min as opposed to the
approximately 90 min SD of DLMO reported here [4]. Other possi-
ble causes are variations in light exposure and wake times, which
could not be controlled for in the current study. The time of the
DLMO advances with age after early adulthood and is correlated
with the MEQ score such that those with moderate eveningness
have a later DLMO. A reference range was calculated for 10-year
age bands that could be useful as a guide for clinicians inves-
tigating sleep timing disorders. For example, it was found that
large proportion of patients clinically diagnosed with DSWPD had
saliva DLMO within the normal reference range implying that
they may not have had an underlying circadian timing disorder,
but that there were other causes of their delayed sleep patterns.
Finally, while peak nocturnal melatonin levels in healthy older
people decrease slowly with age after early adulthood, those aged
>70 years still maintain high amplitude melatonin rhythms.
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Supplementary material is available at SLEEP online.

Acknowledgments

I am grateful to the researchers who generously provided their
individual healthy participant data for this study. Data provided
by Prof. Sharon Naismith and Dr. Camilla Hoyos were collected
as part of a study funded by the Australia NHMRC (Project Grant
Number: 632689) and conducted within the School of Psychology,
University of Sydney.

Financial Disclosures

Financial Disclosure: The author declares that the University of
Adelaide receives payment and reagents from NovoLytiX GmbH as
part of a licensing agreement for the supply of the goat anti-mel-
atonin serum known as G280 for use in their RK-MEL2, RK-DSM2,
and EK-DSM kits. NovolytiX have had no role in the preparation
of this manuscript. Nonfinancial Disclosure: None.

Data Availability

The individual data underlying this article were provided by
multiple third parties and further sharing may require their per-
mission. Data from the published studies analyzed here will be
shared on reasonable request to the corresponding author.


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad033#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad033#supplementary-data

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wurtman RJ, et al. Melatonin synthesis in the pineal gland:
effect of light mediated by the sympathetic nervous system.
Science. 1964;143:1328-1329. doi: 10.1126/science.143.3612.1328
Pang SF, et al. Pineal and serum melatonin at midday and mid-
night following pinealectomy or castration in male rats. ] Exp
Zool. 1975;193:275-280.

Arendt J, et al. 24-hour profiles of melatonin, cortisol, insulin,
C-peptide and GIP following a meal and subsequent fasting. Clin
Endocrinol. 1982;16:89-95.

Duffy JF, et al. Sex difference in the near-24-hour intrinsic period
of the human circadian timing system. Proc Natl Acad Sci U S A.
2011;108(suppl 3):15602-15608. doi: 10.1073/pnas.1010666108
Dijk DJ, et al. Novel approaches for assessing circadian rhyth-
micity in humans: a review. J Biol Rhythms. 2020;35:421-438. doi:
10.1177/0748730420940483

Kennaway DJ. Can we believe results obtained from plasma
melatonin ELISA kits? Chronobiol Int. 2021;38(4):616-619. doi:
10.1080/07420528.2021.1886112

Kennaway DJ. Melatonin measurement in epilepsy; are the
assays letting us down? Epilepsy Behav. 2021;114(Pt A):107594.
doi: 10.1016/j.yebeh.2020.107594

Kennaway DJ. Trough melatonin levels have no physiological or
clinical relevance. Clin Psychopharmacol Neurosci. 2021;19(2):391-
392. doi: 10.9758/cpn.2021.19.2.391.

Kennaway DJ. Measuring melatonin by immunoassay. J Pineal
Res. 2020;e12657. doi: 10.1111/jpi.12657

Kennaway DJ. A critical review of melatonin assays: past and
present. ] Pineal Res. 2019;67(1):e12572. doi: 10.1111/jpi.12572
Lewy AJ, et al. The dim light melatonin onset as a marker for
circadian phase position. Chronobiol Int. 1989;6:93-102. doi:
10.3109/07420528909059144

Voultsios A, et al. Salivary melatonin as a circadian
phase marker: validation and comparison with plasma
melatonin. ] Biol Rhythms. 1997;12(5):457-466. doi:
10.1177/074873049701200507

English J, et al. Rapid direct measurement of melatonin in saliva
using an iodinated tracer and solid phase second antibody. Ann
Clin Biochem. 1993;30:415-416.

Lewy AJ, et al. The endogenous melatonin profile as a marker for
circadian phase position. ] Biol Rhythms. 1999;14(3):227-236. doi:
10.1177/07487309912900064 1

Miles A, et al. Salivary melatonin estimation in clinical research.
Clin Chem. 1985;31:2041-2042.

Vakkuri O. Diurnal rhythm of melatonin in human saliva. Acta
Physiol Scand. 1985;124:409-412. doi: 10.1111/j.1748-1716.1985.
tb07676.x

Kennaway DJ, et al. Circadian rhythm of free melatonin in
human plasma. J Clin Endocrinol Metab. 1998;83(3):1013-1015.
doi: 10.1210/jcem.83.3.4636

Laakso ML, et al. Correlation between salivary and serum mel-
atonin: dependence on serum melatonin levels. J Pineal Res.
1990;9:39-50. doi: 10.1111/§.1600-079x.1990.tb00692.x

Cavallo A, et al. Pharmacokinetics of melatonin in human sex-
ual maturation. J Clin Endocrinol Metab. 1996;81(5):1882-1886.
doi: 10.1210/jcem.81.5.8626852

Benloucif S, et al. Measuring melatonin in humans. J Clin Sleep
Med. 2008;4(1):66-69.

von Bahr C, et al. Fluvoxamine but not citalopram increases
serum melatonin in healthy subjects-- an indication that cyto-
chrome P450 CYP1A2 and CYP2C19 hydroxylate melatonin. Eur
J Clin Pharmacol. 2000;56(2):123-127. doi: 10.1007/s002280050729

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kennaway | 11

Burgess HJ, et al. Home circadian phase assessments with mea-
sures of compliance yield accurate dim light melatonin onsets.
Sleep. 2015;38(6):889-897. doi: 10.5665/sleep.4734

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. doi: 10.1016/j.sleep.2008.03.020

Keijzer H, et al. Why the dim light melatonin onset (DLMO)
should be measured before treatment of patients with circa-
dian rhythm sleep disorders. Sleep Med Rev. 2014;18(4):333-339.
doi: 10.1016/j.sm1v.2013.12.001

Culnan E, et al. Circadian rhythm sleep-wake phase disorders.
Neurol Clin. 2019;37(3):527-543. doi: 10.1016/j.ncl.2019.04.003
Auger RR, et al. Clinical practice guideline for the treatment 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).
J Clin Sleep Med. 2015;11(10):1199-1236. doi: 10.5664/jcsm.5100
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
Morgenthaler TI, et al.; Standards of Practice Committee of the
American Academy of Sleep Medicine. Practice parameters
for the clinical evaluation and treatment of circadian rhythm
sleep disorders. Sleep. 2007;30(11):1445-1459. doi: 10.1093/
sleep/30.11.1445

Cajochen C, et al. The acute soporific action of daytime mela-
tonin administration: effects on the EEG during wakefulness
and subjective alertness. ] Biol Rhythms. 1997;12(6):636-643.
Deacon S, et al. Acute phase-shifting effects of melatonin asso-
ciated with suppression of core body temperature in humans.
Neurosci Lett. 1994;178:32-34. doi: 10.1016/0304-3940(94)90282-8
Lewy AJ, et al. Melatonin shifts human circadian rhythms
according to a phase- response curve. Chronobiol Int. 1992;9:380-
392. doi: 10.3109/07420529209064550

Kennaway DJ. What do we really know about the safety and
efficacy of melatonin for sleep disorders? Curr Med Res Opin.
2022;38(2):211-227. doi: 10.1080/03007995.2021.20007 14
Kennaway DJ, et al. Urinary 6-sulfatoxymelatonin excretion and
aging: new results and a critical review of the literature. J Pineal
Res. 1999;27(4):210-220. doi: 10.1111/j.1600-079%.1999.tb00617.x
Crowley SJ, et al. A longitudinal assessment of sleep timing, cir-
cadian phase, and phase angle of entrainment across human
adolescence. PLoS One. 2014;9(11):e112199e112199. doi: 10.1371/
journal.pone.0112199

SundeE, et al. Alerting and circadian effects of short-wavelength
vs. long-wavelength narrow-bandwidth light during a simu-
lated night shift. Clocks Sleep. 2020;2(4):502-522. doi: 10.3390/
clockssleep2040037

Sunde E, et al. Blue-enriched white light improves perfor-
mance but not subjective alertness and circadian adaptation
during three consecutive simulated night shifts. Front Psychol.
2020;11:2172. doi: 10.3389/fpsyg.2020.02172

Sunde E, et al. Role of nocturnal light intensity on adaptation
to three consecutive night shifts: a counterbalanced cross-
over study. Occup Environ Med. 2020;77(4):249-255. doi: 10.1136/
oemed-2019-106049

Kantermann T, et al. Circadian phase, circadian period and
chronotype are reproducible over months. Chronobiol Int.
2017;35(2):280-288. doi: 10.1080/07420528.2017.1400979
Thomas JM, et al. Circadian rhythm phase shifts caused by timed
exercise vary with chronotype. JCI Insight. 2020;5(3):e134270.
doi: 10.1172/jci.insight.134270.


https://doi.org/10.1126/science.143.3612.1328
https://doi.org/10.1073/pnas.1010666108
https://doi.org/10.1177/0748730420940483
https://doi.org/10.1080/07420528.2021.1886112
https://doi.org/10.1016/j.yebeh.2020.107594
https://doi.org/10.9758/cpn.2021.19.2.391
https://doi.org/10.1111/jpi.12657
https://doi.org/10.1111/jpi.12572
https://doi.org/10.3109/07420528909059144
https://doi.org/10.1177/074873049701200507
https://doi.org/10.1177/074873099129000641
https://doi.org/10.1111/j.1748-1716.1985.tb07676.x
https://doi.org/10.1111/j.1748-1716.1985.tb07676.x
https://doi.org/10.1210/jcem.83.3.4636
https://doi.org/10.1111/j.1600-079x.1990.tb00692.x
https://doi.org/10.1210/jcem.81.5.8626852
https://doi.org/10.1007/s002280050729
https://doi.org/10.5665/sleep.4734
https://doi.org/10.1016/j.sleep.2008.03.020
https://doi.org/10.1016/j.smrv.2013.12.001
https://doi.org/10.1016/j.ncl.2019.04.003
https://doi.org/10.5664/jcsm.5100
https://doi.org/10.1093/sleep/zsw002
https://doi.org/10.1093/sleep/30.11.1445
https://doi.org/10.1093/sleep/30.11.1445
https://doi.org/10.1016/0304-3940(94)90282-8
https://doi.org/10.3109/07420529209064550
https://doi.org/10.1080/03007995.2021.2000714
https://doi.org/10.1111/j.1600-079x.1999.tb00617.x
https://doi.org/10.1371/journal.pone.0112199
https://doi.org/10.1371/journal.pone.0112199
https://doi.org/10.3390/clockssleep2040037
https://doi.org/10.3390/clockssleep2040037
https://doi.org/10.3389/fpsyg.2020.02172
https://doi.org/10.1136/oemed-2019-106049
https://doi.org/10.1136/oemed-2019-106049
https://doi.org/10.1080/07420528.2017.1400979
https://doi.org/10.1172/jci.insight.134270

12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

| SLEEP, 2023, Vol. 46, No. 5

Reiter AM, et al. Concordance of chronotype categorisations
based on Dim Light Melatonin Onset, the Morningness-
Eveningness questionnaire, and the Munich Chronotype
Questionnaire. Clocks Sleep. 2021;3(2):342-350. doi: 10.3390/
clockssleep3020021

Chakraborty R, et al. Myopia, or near-sightedness, is associated
with delayed melatonin circadian timing and lower melatonin
output in young adult humans. Sleep. 2020;44(3). doi: 10.1093/
sleep/zsaa208

Van Reen E, et al. Sex of college students moderates associations
among bedtime, time in bed, and circadian phase angle. ] Biol
Rhythms. 2013;28(6):425-431. doi: 10.1177/0748730413511771
Ricketts EJ, et al. Morning light therapy in adults with
Tourette’s disorder. ] Neurol. 2021;269(1):399-410. doi: 10.1007/
500415-021-10645-z

Fukuda T, et al. A randomized, double-blind and placebo-con-
trolled crossover trial on the effect of l-ornithine ingestion on
the human circadian clock. Chronobiol Int. 2018;35(10):1445—
1455. doi: 10.1080/07420528.2018.1490315

Moderie C, et al. Home versus laboratory assessments of mela-
tonin production and melatonin onsetin young adults complain-
ing of a delayed sleep schedule. ] Sleep Res. 2019;29(3):€12905.
Flanagan SC, et al. Elevated melatonin levels found in young myo-
pic adults are not attributable to a shift in circadian phase. Invest
Ophthalmol Vis Sci. 2020;61(8):45-45. doi: 10.1167/iovs.61.8.45
Lovato N, et al. Circadian phase delay using the newly devel-
oped re-timer portable light device. Sleep Biol Rhythms.
2016;14(2):157-164.

Manni R, et al. Evening melatonin timing secretion in real
life conditions in patients with Alzheimer disease of mild to
moderate severity. Sleep Med. 2019;63:122-126. doi: 10.1016/j.
sleep.2019.04.018

McGlashan EM, et al. Decreased sensitivity of the circadian
system to light in current, but not remitted depression. J Affect
Disord. 2019;256:386-392. doi: 10.1016/j.jad.2019.05.076
Coleman MY, et al. Advanced melatonin onset relative to sleep in
women with unmedicated major depressive disorder. Chronobiol
Int. 2019;36(10):1373-1383. doi: 10.1080/07420528.2019.1644652
Titone MK, et al. Sex and race influence objective and self-report
sleep and circadian measures in emerging adults independently
of risk for bipolar spectrum disorder. Sci Rep. 2020;10(1):13731.
doi: 10.1038/s41598-020-70750-3

Coles ME, et al. Sleep duration and timing in obsessive-compul-
sive disorder (OCD): evidence for circadian phase delay. Sleep
Med. 2020;72:111-117. doi: 10.1016/j.sleep.2020.03.021

Wilson J, et al. Habitual light exposure relative to circadian tim-
ing in delayed sleep-wake phase disorder. Sleep. 2018;41(11). doi:
10.1093/sleep/zsy166

Higuchi S, et al. Late circadian phase in adults and chil-
dren is correlated with use of high color temperature light
at home at night. Chronobiol Int. 2016;33(4):448-452. doi:
10.3109/07420528.2016.1152978

Micic G, et al. Nocturnal melatonin profiles in patients with
delayed sleep-wake phase disorder and control sleepers. ] Biol
Rhythms. 2015;30:437-448. doi: 10.1177/0748730415591753
Sletten TL, et al. Inter-individual differences in neurobe-
havioural impairment following sleep restriction are associated
with circadian rhythm phase. PLoS One. 2015;10(6):e0128273.
doi: 10.1371/journal.pone.0128273

Sletten TL, et al. Timing of sleep and its relationship with the
endogenous melatonin rhythm. Front Neurol. 2010;1:137. doi:
10.3389/fneur.2010.00137

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Hoyos CM, et al. Circadian rhythm and sleep alterations in older
people with lifetime depression: a case-control study. BMC
Psychiatry. 2020;20(1):192. doi: 10.1186/512888-020-02606-z
Baron KG, et al. Circadian timing and alignment in healthy
adults: associations with BMI, body fat, caloric intake and phys-
ical activity. Int J Obesity. 2017;41(2):203-209.

Zerbini G, et al. Weekly, seasonal, and chronotype-depen-
dent variation of dim-light melatonin onset. ] Pineal Res.
2022;70(3):12723. doi: 10.1111/jpi. 12723

Jo H, et al. Effects of organic light-emitting diodes on circadian
rhythm and sleep. Psychiatry Investig. 2021;18(5):471-477. doi:
10.30773/p1.2020.0348.

Reichert CF, et al. Wide awake at bedtime? Effects of caffeine on
sleep and circadian timing in male adolescents - a randomized
crossover trial. Biochem Pharmacol. 2020;191:114283.

Feigl B, et al. Melanopsin cell dysfunction is involved in sleep dis-
ruptionin Parkinson’s Disease.] Parkinson Dis. 2020;10:1467-1476.
Bonmati-Carrion MA, et al. Circadian phase assessment by
ambulatory monitoring in humans: correlation with dim
light melatonin onset. Chronobiol Int. 2014;31(1):37-51. doi:
10.3109/07420528.2013.820740

Misiunaite I, et al. Circadian phase advances in response to
weekend morning light in adolescents with short sleep and
late bedtimes on school nights. Front Neurosci. 2020;14:99. doi:
10.3389/fnins.2020.00099

LeBourgeois MK, et al. Circadian phase and its relationship to
nighttime sleep in toddlers. J Biol Rhythms. 2013;28(5):322-331.
doi: 10.1177/0748730413506543

Domagalik A, et al. Long-term reduction of short-wavelength
light affects sustained attention and visuospatial working
memory with no evidence for a change in circadian rhythmicity.
Front Neurosci. 2020;14(654).

Komarzynski S, et al. Predictability of individual circadian phase
during daily routine for medical applications of circadian
clocks. JCI Insight. 2019;4(18):e130423.

Lévi F, et al. Tele-monitoring of cancer patients’ rhythms during
daily life identifies actionable determinants of circadian
and sleep disruption. Cancers. 2020;12(7):1938. doi: 10.3390/
cancers12071938

Stone JE, et al. The role of light sensitivity and intrinsic circadian
period in predicting individual circadian timing. J Biol Rhythms.
2020;35(6):628-640. doi: 10.1177/0748730420962598.

Stone JE, et al.; CLASS Study Team. In-person vs. home school-
ing during the COVID-19 pandemic: differences in sleep, cir-
cadian timing, and mood in early adolescence. J Pineal Res.
2021;71(2):12757. doi: 10.1111/jpi. 12757

Goldman SE, et al. Characterizing sleep in adolescents and
adults with autism spectrum disorders. ] Autism Dev Disord.
2017;47(6):1682-1695. doi: 10.1007/s10803-017-3089-1

Grima NA, et al. Circadian melatonin rhythm following traumatic
brain injury. Neurorehabil Neural Repair. 2016;30(10):972-977.
Akacem LD, et al. The timing of the circadian clock and sleep
differ between napping and non-napping toddlers. PLoS One.
2015;10(4):e0125181. doi: 10.1371/journal.pone.0125181
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):e0204621. doi: 10.1371/journal.pone.0204621
McMahon WR, et al. The impact of structured sleep sched-
ules prior to an in-laboratory study: individual differences in
sleep and circadian timing. PLoS One. 2020;15(8):e0236566. doi:
10.1371/journal.pone.0236566


https://doi.org/10.3390/clockssleep3020021
https://doi.org/10.3390/clockssleep3020021
https://doi.org/10.1093/sleep/zsaa208
https://doi.org/10.1093/sleep/zsaa208
https://doi.org/10.1177/0748730413511771
https://doi.org/10.1007/s00415-021-10645-z
https://doi.org/10.1007/s00415-021-10645-z
https://doi.org/10.1080/07420528.2018.1490315
https://doi.org/10.1167/iovs.61.8.45
https://doi.org/10.1016/j.sleep.2019.04.018
https://doi.org/10.1016/j.sleep.2019.04.018
https://doi.org/10.1016/j.jad.2019.05.076
https://doi.org/10.1080/07420528.2019.1644652
https://doi.org/10.1038/s41598-020-70750-3
https://doi.org/10.1016/j.sleep.2020.03.021
https://doi.org/10.1093/sleep/zsy166
https://doi.org/10.3109/07420528.2016.1152978
https://doi.org/10.1177/0748730415591753
https://doi.org/10.1371/journal.pone.0128273
https://doi.org/10.3389/fneur.2010.00137
https://doi.org/10.1186/s12888-020-02606-z
https://doi.org/10.1111/jpi.12723
https://doi.org/10.30773/pi.2020.0348
https://doi.org/10.3109/07420528.2013.820740
https://doi.org/10.3389/fnins.2020.00099
https://doi.org/10.1177/0748730413506543
https://doi.org/10.3390/cancers12071938
https://doi.org/10.3390/cancers12071938
https://doi.org/10.1177/0748730420962598
https://doi.org/10.1111/jpi.12757
https://doi.org/10.1007/s10803-017-3089-1
https://doi.org/10.1371/journal.pone.0125181
https://doi.org/10.1371/journal.pone.0204621
https://doi.org/10.1371/journal.pone.0236566

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Fourtillan JB, et al. Melatonin secretion occurs at a constant rate
in both young and older men and women. Am J Physiol Endocrinol
Metab. 2001;280(1):E11-E22. doi: 10.1152/ajpendo.2001.280.1.E11
Agostini A, et al. An experimental study of adolescent sleep
restriction during a simulated school week: changes in
phase, sleep staging, performance and sleepiness. J Sleep Res.
2017;26(2):227-235. doi: 10.1111/js1.12473

Kawinska A, et al. Are modifications of melatonin circadian
rhythm in the middle years of life related to habitual pat-
terns of light exposure? J Biol Rhythms. 2005;20(5):451-460. doi:
10.1177/0748730405280248

Wittenbrink N, et al. High-accuracy determination of inter-
nal circadian time from a single blood sample. J Clin Invest.
2018;128(9):3826-3839. doi: 10.1172/JC1120874

Burgess HJ, et al. The dim light melatonin onset following fixed
and free sleep schedules. J Sleep Res. 2005;14(3):229-237. doi:
10.1111/j.1365-2869.2005.00470.x

Kantermann T, et al. Comparing the Morningness-Eveningness
Questionnaire and Munich ChronoType Questionnaire to the
dim light melatonin onset. J Biol Rhythms. 2015;30(5):449-453.
doi: 10.1177/0748730415597520

Martin SK, et al. Sleep logs of young adults with self-selected
sleep times predict the dim light melatonin onset. Chronobiol Int.
2002;19(4):695-707. doi: 10.1081/cbi-120006080

Roemer HC, et al. The reliability of melatonin synthesis as an
indicator of the individual circadian phase position. Mil Med.
2003;168(8):674-678. doi: 10.1093/milmed/168.8.674

Kitamura S, et al. Validity of the Japanese version of the Munich
ChronoType Questionnaire. Chronobiol Int. 2014;31(7):845-850.
doi: 10.3109/07420528.2014.914035

Ruiz FS, et al. Early chronotype with advanced activity rhythms
and dim light melatonin onset in a rural population. ] Pineal Res.
2020;69(3):e12675. doi: 10.1111/jpi. 12675

Jonasdottir SS, et al. Gender differences in nighttime sleep pat-
terns and variability across the adult lifespan: a global-scale
wearables study. Sleep. 2021;44(2). doi: 10.1093/sleep/zsaal169
Ong JL, et al. Large-scale data from wearables reveal regional
disparities in sleep patterns that persist across age and sex. Sci
Rep. 2019;9(1):3415. doi: 10.1038/s41598-019-40156-x

Zisapel N. New perspectives on the role of melatonin in human
sleep, circadian rhythms and their regulation. Br ] Pharmacol.
2018;175(16):3190-3199. doi: 10.1111/bph.14116

Torsvall L, et al. A diurnal type scale. Construction, consis-
tency and validation in shift work. Scand ] Work Environ Health.
1980;6(4):283-290. doi: 10.5271/sjweh.2608

Folkard S, et al. Towards a predictive test of adjust-
ment to shift work. Ergonomics. 1979;22(1):79-91. doi:
10.1080/00140137908924591

Smith CS, et al. Evaluation of three circadian rhythm
questionnaires with suggestions for an improved mea-
sure of morningness. J Appl Psychol. 1989;74:728-738. doi:
10.1037/0021-9010.74.5.728

Roenneberg T, et al. Life between clocks: daily temporal patterns
of human chronotypes. ] Biol Rhythms. 2003;18(1):80-90. doi:
10.1177/0748730402239679

Roenneberg T, et al. Epidemiology of the human circa-
dian clock. Sleep Med Rev. 2007;11(6):429-438. doi: 10.1016/j.
smrv.2007.07.005

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. doi:
10.1081/cbi-200053536

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Kennaway | 13

Carrier J, et al. Sleep and morningness-eveningness in the “mid-
dle” years of life (20-59 y). ] Sleep Res. 1997;6(4):230-237. doi:
10.1111/j.1365-2869.1997.00230.x

Kennaway DJ. Measuring morning melatonin levels with plasma
melatonin ELISA kits is a poor choice on two levels. J Pineal Res.
2022;72(1):e12773. doi: 10.1111/jpi.12773

Kennaway DJ, et al. Pitfalls in saliva melatonin meas-
urement. Chronobiol Int. 2017;34(3):297-299. doi:
10.1080/07420528.2016.1271806

Danilenko KV, et al. The hockey-stick method to estimate evening
dim light melatonin onset (DLMO) in humans. Chronobiol Int.
2014;31(3):349-355. doi: 10.3109/07420528.2013.855226

Khalsa SB, et al. A phase response curve to single bright light
pulses in human subjects. J Physiol. 2003;549(Pt 3):945-952. doi:
10.1113/jphysiol.2003.040477

Lewy AJ, et al. The human phase response curve (PRC) to mel-
atonin is about 12 hours out of phase with the PRC to light.
Chronobiol Int. 1998;15(1):71-83. doi: 10.3109/07420529808998671
Sletten TL, et al.; Delayed Sleep on Melatonin (DelSoM) Study
Group. Efficacy of melatonin with behavioural sleep-wake sched-
uling for delayed sleep-wake phase disorder: a double-blind,
randomised clinical trial. PLoS Med. 2018;15(6):e1002587. doi:
10.1371/journal.pmed.1002587

Scholtens RM, et al. Physiological melatonin levels in healthy
older people: a systematic review. ] Psychosom Res. 2016;86:20—
27.doi: 10.1016/j.jpsychores.2016.05.005

Godfrey S, et al. Melatonin profile in healthy, elderly subjects - A
systematic literature review. Chronobiol Int. 2022:1-17.
Lushington K, et al. 6-Sulfatoxymelatonin excretion and self-re-
ported sleep in good sleeping controls and 55-80-year-old
insomniacs. J Sleep Res. 1998;7(2):75-83.

Kripke DF, et al. Melatonin: marvel or marker? Ann Med.
1998;30(1):81-87.

Youngstedt SD, et al. Melatonin excretion is not related to sleep
in the elderly.] Pineal Res. 1998;24(3):142-145. doi: 10.1111/j.1600-
079%.1998.tb00526.x

Lushington K, et al. The relationship between 6-sulphatoxyme-
latonin and polysomnographic sleep in good sleeping controls
and wake maintenance insomniacs, aged 55-80 years.J Sleep Res.
1999;8(1):57-64. doi: 10.1046/j.1365-2869.1999.00130.x

Monti JM, et al. Polysomnographic study of the effect of mel-
atonin on sleep in elderly patients with chronic primary
insomnia. Arch Gerontol Geriatr. 1999;28(2):85-98. doi: 10.1016/
50167-4943(98)00129-0

Siegrist C, et al. Lack of changes in serum prolactin, FSH, TSH, and
estradiol after melatonin treatment in doses that improve sleep
and reduce benzodiazepine consumption in sleep-disturbed,
middle-aged, and elderly patients. ] Pineal Res. 2001;30(1):34-42.
doi: 10.1034/;.1600-079%.2001.300105.x

Baskett JJ, et al. Melatonin in older people with age-related
sleep maintenance problems: a comparison with age matched
normal sleepers. Sleep. 2001;24(4):418-424. doi: 10.1093/
sleep/24.4.418

Baskett J], et al. Does melatonin improve sleep in older people? A
randomised crossover trial. Age Ageing. 2003;32(2):164-170. doi:
10.1093/ageing/32.2.164

Mahlberg R, et al. Melatonin excretion levels and polysomno-
graphic sleep parameters in healthy subjects and patients with
sleep-related disturbances. Sleep Med. 2007;8(5):512-516. doi:
10.1016/j.sleep.2006.11.001

Wade AG, et al. Nightly treatment of primary insomnia with pro-
longed release melatonin for 6 months: a randomized placebo


https://doi.org/10.1152/ajpendo.2001.280.1.E11
https://doi.org/10.1111/jsr.12473
https://doi.org/10.1177/0748730405280248
https://doi.org/10.1172/JCI120874
https://doi.org/10.1111/j.1365-2869.2005.00470.x
https://doi.org/10.1177/0748730415597520
https://doi.org/10.1081/cbi-120006080
https://doi.org/10.1093/milmed/168.8.674
https://doi.org/10.3109/07420528.2014.914035
https://doi.org/10.1111/jpi.12675
https://doi.org/10.1093/sleep/zsaa169
https://doi.org/10.1038/s41598-019-40156-x
https://doi.org/10.1111/bph.14116
https://doi.org/10.5271/sjweh.2608
https://doi.org/10.1080/00140137908924591
https://doi.org/10.1037/0021-9010.74.5.728
https://doi.org/10.1177/0748730402239679
https://doi.org/10.1016/j.smrv.2007.07.005
https://doi.org/10.1016/j.smrv.2007.07.005
https://doi.org/10.1081/cbi-200053536
https://doi.org/10.1111/j.1365-2869.1997.00230.x
https://doi.org/10.1111/jpi.12773
https://doi.org/10.1080/07420528.2016.1271806
https://doi.org/10.3109/07420528.2013.855226
https://doi.org/10.1113/jphysiol.2003.040477
https://doi.org/10.3109/07420529808998671
https://doi.org/10.1371/journal.pmed.1002587
https://doi.org/10.1016/j.jpsychores.2016.05.005
https://doi.org/10.1111/j.1600-079x.1998.tb00526.x
https://doi.org/10.1111/j.1600-079x.1998.tb00526.x
https://doi.org/10.1046/j.1365-2869.1999.00130.x
https://doi.org/10.1016/s0167-4943(98)00129-0
https://doi.org/10.1016/s0167-4943(98)00129-0
https://doi.org/10.1034/j.1600-079x.2001.300105.x
https://doi.org/10.1093/sleep/24.4.418
https://doi.org/10.1093/sleep/24.4.418
https://doi.org/10.1093/ageing/32.2.164
https://doi.org/10.1016/j.sleep.2006.11.001

14 | SLEEP, 2023, Vol. 46, No. 5

controlled trial on age and endogenous melatonin as predictors
of efficacy and safety. BMC Med. 2010;8:18.

115.Haimov I, et al. Sleep disorders and melatonin rhythms in
elderly people. Br Med J. 1994;309:167X.

116. Garfinkel D, et al. Improvement of sleep quality in elderly people
by controlled- release melatonin. Lancet. 1995;346(8974):541-
544. doi: 10.1016/50140-6736(95)91382-3

117. Leger D, et al. Nocturnal 6-sulfatoxymelatonin excretion in insom-
nia and its relation to the response to melatonin replacement ther-
apy. AmJ Med. 2004;116(2):91-95. doi: 10.1016/j.amjmed.2003.07.017

118. Watson LA, et al. Increased sensitivity of the circadian sys-
tem to light in delayed sleep-wake phase disorder. J Physiol.
2018;596(24):6249-6261. doi: 10.1113/JP275917.

119. Burgess HJ, et al. Individual differences in the amount and tim-
ing of salivary melatonin secretion. PLoS One. 2008;3(8):e3055.
doi: 10.1371/journal.pone.0003055.

120.Rahman SA, etal. Altered sleep architecture and higher incidence
of subsyndromal depression in low endogenous melatonin
secretors. Eur Arch Psychiatry Clin Neurosci. 2010;260(4):327-335.
doi: 10.1007/s00406-009-0080-7


https://doi.org/10.1016/s0140-6736(95)91382-3
https://doi.org/10.1016/j.amjmed.2003.07.017
https://doi.org/10.1113/JP275917
https://doi.org/10.1371/journal.pone.0003055
https://doi.org/10.1007/s00406-009-0080-7

