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Abstract

Objective/Background—oCircadian rhythm sleep-wake disorders often manifest during the
adolescent years. Measurement of circadian phase such as the Dim Light Melatonin Onset
(DLMO) improves diagnosis and treatment of these disorders, but financial and time costs limit
the use of DLMO phase assessments in clinic. The current analysis aims to inform a cost-effective
and efficient protocol to measure the DLMO in older adolescents by reducing the number of
samples and total sampling duration.

Patients/Methods—A total of 66 healthy adolescents (26 males) aged 14.8 to 17.8 years
participated in a study in which sleep was fixed for one week before they came to the laboratory
for saliva collection in dim light (<20 lux). Two partial 6-h salivary melatonin profiles were
derived for each participant. Both profiles began 5 h before bedtime and ended 1 h after bedtime,
but one profile was derived from samples taken every 30 mins (13 samples) and the other from
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samples taken every 60 mins (7 samples). Three standard thresholds (first 3 melatonin values mean
+ 2 SDs, 3 pg/mL, and 4 pg/mL) were used to compute the DLMO. Agreement between DLMOs
derived from 30-min and 60-min sampling rates was determined using a Bland-Altman analysis;
agreement between sampling rate DLMOs was defined as £ 1 h.

Results and Conclusions—Within a 6-h sampling window, 60-min sampling provided DLMO
estimates that were within + 1 h of DLMO from 30-min sampling, but only when an absolute
threshold (3 pg/mL or 4 pg/mL) was used to compute the DLMO. Future analyses should be
extended to include adolescents with circadian rhythm sleep-wake disorders.

Keywords

dim light melatonin onset; DLMO; circadian; adolescent; sampling rate; circadian rhythm sleep-
wake disorder

1. Introduction

Melatonin, a neurohormone that is secreted by the pineal gland, is commonly used to
estimate the timing (phase) of the central circadian clock when measured in dim light [1].
Melatonin has a distinct circadian pattern; in a healthy nocturnal-sleeping individual,
circulating melatonin concentration is low during the waking day, shows a distinct rise about
1 to 3 hours before bedtime, remains high throughout sleep, and decreases close to wake-up
time. The onset (dim light melatonin onset, DLMO), offset (dim light melatonin offset,
DLMOff), and midpoint are often used to mark the phase of the endogenous melatonin
rhythm. Several factors make melatonin phase markers more appealing than other outputs of
the central clock. First, phase estimates from the melatonin rhythm are less variable and
more reliable than phase measures from other circadian outputs, like core body temperature
and cortisol [2, 3]. Furthermore, the melatonin rhythm is less prone to masking by behavior
(e.9., sleep), and if measured from saliva samples, is also less invasive than the procedure
necessary to measure core body temperature (wearing a rectal probe or swallowing a
capsule). Finally, it is not necessary to measure melatonin over 24 h or even overnight to
determine a reliable phase marker; collecting salivary melatonin around habitual bedtime is
usually adequate to estimate the DLMO. Therefore, many researchers measure the DLMO to
collect a reliable, non-invasive circadian phase marker.

Measuring the DLMO significantly improves diagnosis and treatment of circadian rhythm
sleep-wake disorders [4-6] and the ICSD-3 encourages DLMO measurement in diagnosing
these disorders [7]. Part of the challenge facing sleep clinics attempting to measure DLMO
phase is the financial and time expense. Melatonin assays can be costly (~$12 per sample in
the US) and while sampling can be limited to the evening, it still must be done over the
course of several hours. Reducing the number of samples collected can reduce cost (but not
time). One previous study in healthy adults showed that 60-min sampling (17 samples)
provides adequate estimates of the DLMO when compared to 30-min sampling (33 samples)
[8]. Another study of adults with and without sleep complaints showed that DLMO
estimates derived from fitting a curve to 11 well-placed saliva samples over 20 h (“sparse-
sampling schedule™) were within 20 minutes of DLMOs computed using 24 saliva samples
collected hourly [9]. Both of these studies, however, examined melatonin profiles derived
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from 16 to 20 h of sampling which is impractical for a clinical setting. Another study of
patients with suspected circadian rhythm sleep-wake disorders (CRSWDs) collected hourly
samples within a narrow 5-h sampling window, but failed to capture almost a quarter of the
DLMOs [10]. These failures may have resulted from the investigators setting the sampling
window relative to age and not based on habitual sleep/wake times; the latter has been
shown to predict circadian phase well in adults [11, 12] and adolescents [13]. These
concerns raise the need for a comprehensive analysis of DLMO estimates using fewer
samples over a well-timed, narrow sampling window.

Adolescents may be particularly vulnerable to CRSWDs as this is the age when symptoms
of Delayed Sleep-Wake Phase Disorder (DSPD) often begin to emerge [14, 15]. Sleep
timing shifts later [16-19] in healthy adolescents, driven in part by homeostatic and
circadian rhythm changes that have been linked to puberty [20-22]. Whether DSPD is an
exaggeration of this normal developmental sleep regulatory processes or whether it has
another etiological pathway is unknown. In either case, efficient and cost-effective estimates
of phase in adolescents are needed to diagnose a possible underlying circadian problem and
to provide an accurate temporal context for administering timed treatment, such as bright
light [23-26] to shift the system in the desired direction.

The current analysis aims to inform the development of a cost-effective, efficient, and
standardized protocol to measure the dim light melatonin onset (DLMO) in older
adolescents. We sampled saliva within a 6-h sampling window timed relative to bedtime and
examined whether 60-min sampling provided a similar estimate of the DLMO as 30-min
sampling in this age group. Three standard threshold methods were used to compute the
DLMO for both sampling rates. We also describe cases of missed or potentially spurious
DLMO estimates when melatonin is sampled within a 6-h sampling window.

2.1 Participants

Participants and a parent responded to study advertisements in the community (e.g.,
information sessions, flyers, post cards, etc.). After a preliminary phone interview, the child
and at least one parent (usually the mother) visited the laboratory for a tour of the facility
and to complete questionnaires to determine eligibility.

A total of 66 adolescents (26 males) aged 14.8 to 17.8 years (mean + SD = 16.1 + 0.7 years)
participated in one of two studies from which baseline data were analyzed. Thirty-four
participants completed a study during the school year (October to May; “school-year
study™); some of these data have been previously reported [27]. Thirty-two participants were
enrolled in a study during summer months (June, July, and August; “summer study”). For
both studies, a parent reported on a questionnaire that their adolescent was healthy and
without a personal history of a sleep disorder, psychotic disorder, bipolar disorder, or
neurological disorder, and that their child had no diagnosis of any chronic medical
conditions or developmental disorder. Participants and their parent reported that participants
were medication-free, except for one female participant in the summer study who was taking
an oral contraceptive. Participants did not endorse depressive symptoms as indicated by a
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score of 16 or lower on the Center for Epidemiologic Studies — Depression (CES-D) scale
[28]. Participants did not travel more than 2 time zones within the month before starting the
study. Participants reported their usual sleep duration was between 6 and 10 hours. Circadian
phase preference was measured with the Morningness Questionnaire of Smith and
colleagues [29]; morning types (= 44) and evening types (< 20) were defined by 2 SDs
above and below the mean of a larger separate sample of older adolescents (n=148). The
majority of participants (n=62) were neither types, three were morning types, and one was
an evening type. Participants completed the study based on their availability in groups of one
to six.

These studies were approved by their respective Institutional Review Boards (Brown
University and Lifespan for the school-year study and Rush University Medical Center for
the summer study) and were performed in accordance with the ethical standards outlined in
the 1964 Declaration of Helsinki. A parent of the participant was present during the
consenting process and provided written consent for their child to participate in the study,
and study participants co-signed the consent forms to acknowledge their assent to
participate. Participants were paid for participating in the studies.

2.2 Study Protocols

Study protocols were 2 or 4 weeks, and both studies required that participants sleep at home
on a fixed baseline sleep schedule during the first week of the study before collecting
salivary melatonin in the laboratory. Only this first baseline melatonin profile was included
in the current analysis. Sleep schedules for both studies were assigned based on habitual
sleep times just prior to participation in the study. Participants in the summer study were
given a 9-hour sleep opportunity, while those in the school-year study were given a 7.5-hour
sleep opportunity during this baseline week. Sleep duration differed between the studies to
reflect an adolescent’s typical sleep duration during the school year and during summer
vacation. Compliance to the baseline sleep schedule was monitored by wrist actigraphs
(Actiwatch Spectrum, Mini-Mitter, Bend, OR , USA and Octagonal Basic; Ambulatory
Monitoring, Ardsley, NY, USA) worn on the non-dominant wrist, sleep diaries, and daily
timestamped telephone messages to the laboratory at bedtime and wake time. Actigraph
records and sleep diaries were reviewed with participants 2 to 3 times during the baseline
week to clarify inconsistencies and ensure compliance with the protocol. If participants were
not compliant with the sleep schedule, then they were dropped from the study.

Following a week of baseline sleep at home, participants came to the laboratory for the
saliva collection procedure. Saliva sampling in the school-year study occurred across 6
hours, starting 5 h before scheduled bedtime and ending 1 h after scheduled bedtime.
Bedtimes ranged from 22:00 to 23:30; therefore, the earliest sampling window was 17:00 to
23:00 and the latest sampling window was 18:30 to 00:30. In the summer study, sampling
occurred from 15:00 to 03:30 for everyone; however, the present analysis used samples
taken in the same 6-h window as the school-year study, i.e., 5 h before to 1 h after scheduled
bedtime. Bedtimes for the summer study ranged from 21:00 to 02:00; therefore, the earliest
sampling window was 16:00 to 22:00 and the latest was 21:00 to 03:00. Non-steroidal anti-
inflammatory drugs (NSAIDs), alcohol, nicotine, and recreational drugs were prohibited
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throughout both studies. Chocolate and caffeine were prohibited in the 72 h before and
during saliva collection. Participants self-reported abstaining from these substances when
they arrived to the laboratory for the saliva collection procedure. Bananas were not
consumed during saliva collection to avoid cross-reactivity with the melatonin assay.
Approximately 2 mL of saliva was collected every 30 minutes in dim light (< 20 lux) using
Salivettes (Sarstedt, Newton, NC, USA) over the 6-h sampling window. Participants were
seated for at least 5 minutes before and during each saliva sample. Saliva samples were
immediately centrifuged after collection and frozen. These samples were later
radioimmunoassayed (RIA) for melatonin concentration using commercially available kits
(Alpco, Salem NH, USA). An individual’s samples were analyzed in the same batch. The
intra-assay coefficients of variation for low (evening) and high (nighttime) levels of salivary
melatonin were 4.1% and 4.8%, respectively. The inter-assay coefficients of variation for
low and high levels of salivary melatonin were 6.6% and 8.4%, respectively. The functional
least detectable dose of the assay (minimum salivary melatonin concentration measured with
an intra-assay coefficient of variation of less than 10%) was 0.9 pg/mL.

2.3 Data Analysis

We examined 2 melatonin profiles for each participant in this analysis; both profiles began 5
h before scheduled bedtime and ended 1 h after scheduled bedtime. The difference between
these profiles was the sampling interval: one profile was derived from samples taken every
30 minutes (“30-min sampling profile”; 13 samples total) and the other from samples taken
every 60 minutes (“60-min sampling profile”; 7 samples total). The 60-min sampling-rate
profile was obtained from the 30-min melatonin profile by removing every other sample
beginning 4.5 hours before habitual bedtime.

Two of the most frequently-used and objective methods to compute the DLMO from a
partial melatonin profile are (1) an absolute threshold and (2) a threshold calculated at 2 SDs
above low baseline (daytime) values [30]. The absolute threshold most often used for plasma
melatonin is 10 pg/mL based on the original work of Lewy and colleagues [1]. Because
salivary melatonin levels are approximately 30% [31] to 40% [32] of plasma levels, many
use the absolute thresholds of 3 or 4 pg/mL to determine salivary DLMO. Carskadon and
colleagues were the first to propose a 4 pg/mL threshold for determining salivary DLMO in
adolescents [22]. For each sampling rate profile, the DLMO was calculated using 3 threshold
methods: a fixed 3 pg/mL threshold, a fixed 4 pg/mL threshold, and a relative threshold (“2
SD”). The 2SD threshold method uses the average of the first three melatonin data points
plus two standard deviations of the same three points; this is similar to the threshold
proposed by Voultsios and colleagues [31]. For all threshold methods, the DLMO was
operationally defined as the time point that melatonin values exceeded the threshold value
and remained above the threshold. Linear interpolation of the times between the melatonin
points immediately below and above the threshold value was used to calculate the precise
DLMO clock time.

2.4 Statistical Analysis

A Bland-Altman analysis [33] was used to determine agreement between the DLMOs
derived from the two sampling rates (30-min and 60-min) for each threshold method. This
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method is more appropriate than computing a correlation coefficient because a significant
correlation indicates that the two estimates are associated, but does not necessarily indicate
that the two methods of measuring the DLMO agree. Thus, a high correlation may obscure
lack of agreement between DLMO estimates [33]. Data were first examined using a Bland-
Altman plot, in which the mean of the 30-min and 60-min DLMOs (estimate of the true
value) was plotted on the x-axis and the difference between the two DLMOs derived from
each sampling frequency (measurement error) was plotted on the y-axis. Bias estimates (the
average difference between sampling rates) were compared to 0 using a one-sample t-test.
Multiple linear regressions were computed to determine whether bias estimates were
systematically varying by mean clock time of the DLMO, the study (school-year vs.
summer), sex, or race (African American or other race)L. We defined a priori our agreement
measure for DLMO estimates from each sampling profile as 95% Limits of Agreement
(average difference + 1.96*SD of the difference) within £ 1 h because 1 h is the lowest
sampling rate in the current analysis.

3.1 Agreement between DLMOs derived from 30-min and 60-min sampling melatonin

profiles

Of the 66 participants included in the analysis, DLMO was estimated for both the 30-min
and 60-min sampling-rate profiles for 64 participants (97%) when using the 2 SD threshold
and for 60 participants (91%) when using the 4 pg/mL threshold or the 3 pg/mL threshold.
We were unable to compute the 60-min sampling rate DLMO for 2 participants using the 2
SD threshold and for 6 participants using the 4 pg/mL and 3 pg/mL thresholds (Table 1; see
section 3.2 below). Average (SD) DLMOs for each sampling rate profile and threshold
method are listed in Table 1.

DLMO estimates using 30-min and 60-min sampling rates were significantly correlated for
all 3 threshold methods examined; however, the correlation for the 2SD method (r = 0.87, p
<.001) was weaker than the correlations for both absolute threshold methods (r’s = 0.99, p’s
<.001;z=7.13,p<.05).

Bland-Altman plots for each threshold method are illustrated in Figure 1. DLMO estimates
computed using the 2 SD method for both sampling profiles differed most from one another,
as indicated by frequent and large deviations from the “true” estimate (Figure 1A). The
overall difference between sampling rates using the 2SD threshold did not show a
statistically significant bias (bias estimate = 6 £ 38 min; t(63)=1.3, p=.20); however, a
negative linear association (R = -.37, p = .01) indicated that 60-min DLMOs were later than
30-min DLMOs for individuals with early DLMOs. This finding was accounted for by the
group of adolescents who were studied during the school year (B=0.34, p =.03) and not by
sex or race. The difference between DLMO measurements using the two sampling rates and
the 2SD threshold method was estimated between —1.13 and 1.34 h (95% Limits of
Agreement), which extends beyond our a priori criterion of 1 h. A total of 8 out of 64 (13%)

1\\e examine race because recent studies indicate that African Americans have a shorter intrinsic circadian period compared to other
races [34-36], and this difference that may impact the phase relationship between DLMO and sleep timing.
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DLMO estimates differed by more than 1 h. Therefore, with a narrow 6-h sampling window
in the evening and a 2 SD threshold method, DLMOs derived using a 60-min sampling rate
can show substantial disagreement with a DLMO derived from a 30-min sampling rate.

DLMO differences between the two sampling rates were less variable using an absolute
threshold (4 pg/mL or 3 pg/mL; see Figure 1 B and C). Although the bias estimate was small
(=2 = 8 min) for the 4 pg/mL method, it was different from 0 min [t(59)=1.98, p=.05],
indicating that the 60-min DLMO was systematically earlier than the 30-min DLMO. A
positive association (R=0.26, p=.04) indicated that this bias is more likely to occur when
DLMOs were early during the 6-h window. DLMO deviations did not differ by sex, race, or
school status. The difference between measurements using these two sampling rates and the
4 pg/mL threshold method lay between —0.32 and 0.25 h (95% Limits of Agreement) which
is within our a priori criterion of 1 h. Similar results were seen for the 3 pg/mL absolute
threshold. Therefore, either of these absolute thresholds applied to samples collected in a 6-h
sampling window in the evening achieve reliably similar DLMOs from a 60-min sampling
rate compared to a 30-min sampling rate.

3.2 Missed and Potentially Spurious DLMOs

We were unable to compute the DLMOs in 0 to 9% of the 6-h melatonin profiles, depending
on the sampling rate and the threshold method (see Table 1). DLMQOs missed in the 30-min
sampling profile were the same participants for whom DLMO was missed in the 60-min
sampling profile. Also, DLMOs missed using the 3 pg/mL threshold method also were
missed using the 4 pg/mL threshold method. The number of missed DLMOs was roughly
equal for males and females. DLMOs were missed when melatonin values did not reach the
threshold or if melatonin values started higher than the threshold. Figure 2 illustrates an
example of each scenario where we were unable to compute the DLMO using the 3 pg/mL
and 4 pg/mL thresholds from the 30-min sampling profile. The first scenario, in which all
melatonin levels were less than the threshold (Figure 2A), occurred most often for
participants in the school-year study. Sampling ended 1 h after schedule bedtime; thus,
melatonin onset as defined by an absolute threshold was likely more than 1 h after scheduled
school-year bedtime in these few adolescents. Instances in which all melatonin values were
above the threshold (Figure 2B) only occurred for participants in the summer study. It is
possible that these youngsters were either low melatonin secretors (Figure 2A) or high
melatonin secretors (Figure 2B); however, without more data it is difficult to determine
whether these absolute thresholds are inappropriate for these individuals or if the melatonin
onset was not captured in the selected sampling window.

The 2 SD threshold method yielded a DLMO for all 30-min sampling profiles and for all
except two 60-min sampling profiles. The 2 SD threshold values ranged from 0.16 to 17.18
pg/mL (median = 1.11, IQR = 1.50 pg/mL) for the 30-min sampling profiles and 0.17 to
37.10 pg/mL (median = 1.28, IQR = 2.30 pg/mL) for the 60-min sampling profiles. As seen
by these ranges, a number of 2 SD thresholds were quite low. Of the 66 participants included
in the analysis, almost half (n=30) had 2 SD thresholds lower than the functional sensitivity
(<0.9 pg/mL) of the assay in the 30-min sampling condition. A low threshold may result in
an early and perhaps spurious DLMO estimate that does not indicate the distinct rise of the
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melatonin rhythm. In Figure 3, for example, the rise occurred after 19:00 when we visually
inspect the profile, yet the 2 SD DLMO was computed at 18:35. To determine the frequency
in which DLMOs may be too early using the 2 SD method, we computed the slope between
the interpolating points (e.g., 18:30 and 19:00 in Figure 3) and the slope of the entire profile.
DLMOs were defined as too early if the slope of the line connecting the points bracketing
the threshold was less than the slope of the entire profile. Of the 30 participants with low
(<0.9 pg/mL) thresholds using 30-min sampling, 20 DLMQOs were categorized as too early.
Two authors (SJC and TAM) visually inspected these 20 profiles and agreed that 18
computed DLMOs were earlier than the distinct rise of the melatonin rhythm. Twenty-three
60-min sampling profiles had 2 SD thresholds less than 0.9 pg/mL and 10 DLMOs were
defined as too early using a descriptive comparison of slopes as described above. Visual
inspection confirmed that 9 out of 10 DLMOs were earlier than the distinct rise of melatonin
rhythm.

In addition to low thresholds, several 2 SD thresholds were considered outliers (> 75t
percentile + 1.5 x IQR). These outliers occurred when the first 3 melatonin values were high,
variable, or both. We identified three 30-min sampling profiles with 2 SD thresholds that
were outliers (thresholds > 5.9 pg/mL) and nine 60-min sampling profiles with 2 SD
thresholds that were outliers (thresholds > 6.2 pg/mL). Figure 4A illustrates an example of
one participant’s 30-min sampling profile, in which the calculated threshold was 17.2
pg/mL. In this case, the threshold was not derived from low daytime levels, which was the
original intention of this threshold method [31]. When only hourly samples were available
(Figure 4B), the first 3 points of this profile were higher and more variable than in the 30-
min sampling profile, producing such a high threshold that the DLMO could not be
accurately determined from the 60-min samples. High thresholds run the risk of computing a
DLMO that is later than actual melatonin onset.

Participants in the summer study provided more samples than the analyzed 6-h window,
which provided the opportunity to determine whether a longer sampling window would
change the DLMO estimate compared to the 6-h window. Sampling began at 15:00 and the
earliest scheduled bedtime was 21:00 in the summer study. Therefore, the sampling window
could be extended 1 h earlier to begin 6 h before bedtime for all summer study participants.
The last sample remained at 1 h after bedtime, making the longer sampling window 7 h. In a
post-hoc analysis, we compared DLMOs computed from the original 6-h sampling window
to DLMOs computed from the extended 7-h sampling window in the summer group only
(n=32). We computed DLMO’s using the 2SD threshold only because adding more samples
would not change the 3 and 4 pg/mL absolute thresholds and therefore would not change the
DLMO estimates. Agreement between the DLMOs computed from the 6-h and 7-h sampling
windows were within our 1-h criterion for the 30-min sampling rate (95% Limits of
Agreement: —0.88 to 0.89 h), but were not within our 1-h criterion for the 60-min sampling
rate (95% Limits of Agreement: —1.45 to 1.02 h). Of the 32 participants included in this sub-
analysis, the DLMO changed by more than 1 h for three 30-minute profiles (9%) when we
used a 7-h sampling window and the 2SD threshold. The DLMO changed by one or more
hours in seven 60-min sampling profiles (22%) when we used the 7-h sampling window and
the 2SD threshold. Figure 4C and 4D illustrate an example of how the threshold and
therefore DLMO changed when the sampling window was lengthened by one hour. When
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we reintroduced the early samples in the 30-min (Figure 4C) sampling profiles, the 2 SD
threshold decreased to 3.6 pg/mL, resulting in an earlier DLMO than when computed from
the 6-h sampling window (Figure 4A). The 2SD threshold also decreased in the 60-min
sampling profile (Figure 4D); however, the difference in DLMO estimates between the two
sampling rates remained large (77 minutes). Therefore, adding one hour to the sampling
window can change the DLMO estimate by more than 1 h when using the 2SD threshold
method.

4. Discussion

The aim of the current analysis was to inform development of a cost-effective and efficient
method to measure accurate circadian phase using salivary melatonin in older adolescents.
We tested agreement between 30-min and 60-min sampling rates when samples were
collected within a narrow 6-h window timed relative to habitual sleep. The number of
samples was substantially lower (7 vs. 13) in the 60-min sampling protocol, and therefore
could reduce assay costs. Our analysis indicates that within a 6-h sampling window
beginning 5 h before habitual bedtime, 60-min sampling will provide a similar estimate of
the melatonin onset phase as 30-min sampling, but only when an absolute threshold (3
pg/mL or 4 pg/mL) is used to compute the DLMO. Our descriptive analysis also indicates
that it may not be possible to compute the DLMO in a small number of youngsters using this
approach and these absolute thresholds. Nevertheless, we feel confident using the fixed
threshold method because, although the 2 SD threshold computed a DLMO for all but two
profiles, this method produced spurious results with a 6-h partial melatonin profile.

A similar analysis completed in adults [8] also showed that 60-min sampling produced
results similar to 30-min sampling DLMOs when samples were collected over 16 h
beginning 6 h before bedtime. Similar to the current analysis, DLMO estimates were more
variable using the 2 SD threshold compared to a fixed 3 pg/mL threshold. In that study, the
60-min sampling profile DLMO differed from the 30-min sampling profile by an average of
only 8 £ 25 min using the 2 SD threshold; however, the maximum difference between the
two sampling rate DLMOs was 2 h, and 7 participants (~6% of the sample) showed
differences of more than 1 h. Of note, 13 participants (~11% of the sample) were omitted
from their analysis because they did not have six low daytime melatonin levels necessary to
compute the 2SD DLMO in both the 30-min and the 60-min sampling profiles (similar to the
participant depicted in Figure 4 A and B). Removing these participants from the set likely
reduced the variability and differences that may otherwise have been seen between sampling
rates using the 2 SD method. When a fixed 3 pg/mL threshold was used to compute the
DLMO in that study, differences between the DLMOs using a 60-min and a 30-min
sampling rate averaged 6 £ 11 min, and the maximum difference between the DLMOs
computed from the two sampling rates was 1.1 h. One participant showed a difference of
more than 1 h when the fixed 3 pg/mL threshold was used, and 3 participants (2.5% of the
sample) were omitted because values did not reach threshold. This previous study in adults
and our current analysis suggest that 60-min sampling provides as accurate an estimate of
the DLMO as 30-min sampling. Our analysis, however, indicated that applying the 2 SD
threshold method can substantially impact agreement between DLMO estimates derived
from a 30-min and 60-min sampling rate. Therefore, unlike the study completed in adults
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[8], we would recommend caution when using the 2 SD threshold to compute the DLMO
from a partial melatonin profile.

Several methods to compute the DLMO have been reported, providing a challenge to know
which method is most appropriate. In a consensus report, Benloucif and colleagues [30]
suggested that when feasible, a low threshold (2 SD or < 3 pg/mL) should be reported to
facilitate DLMO comparisons between partial and overnight melatonin profiles across
studies, but also indicated that there was limited evidence to support any one low-threshold
method. It could be argued from the current analysis that that the 2 SD method may compute
spurious phase estimates when only 6 h of melatonin data are available. Therefore, it is
critical to plot and visually inspect melatonin profiles for spurious results (e.g., due to a
threshold that is too low like in Figure 3 or a threshold that is too high like in Figure 4 A and
B) and not rely on automated computations of the DLMO. Given the large variability in
DLMO estimates and potential for spurious results using the 2 SD method found in the
current analysis, we recommend including a fixed (3 pg/mL or 4 pg/mL) threshold when
computing DLMO from a partial melatonin profile to facilitate comparison between studies.
A 4 pg/mL threshold may be preferred for studies of children and adolescents as most
previous studies that collected salivary melatonin in this age group use this threshold (e.g.,
[13, 22, 37-40]).

Our data came from a 6-h sampling window that began 5 h before scheduled bedtime. In our
previous study of adolescents, we found that self-reported sleep times predict DLMO to
within + 2 hours of the measured DLMO [13]. We used the equations derived from these
regression models to time the melatonin sampling window for these participants. This 6-h
sampling window ending 1 h after bedtime is feasible for a young person and their family to
complete successfully. Of course, missing the rise of melatonin is a risk with such a narrow
time frame, particularly among individuals in whom a circadian rhythm sleep-wake disorder
is suspected. Keijzer and colleagues, for example, collected hourly salivary melatonin
samples in patients with suspected CRSWDs (~42% were children) using a 5-h sampling
window and missed almost 25% [10], perhaps because sampling was timed based on age
(e.g., 19:00-00:00 for children aged 6 to 12 years, 20:00-01:00 for adolescents aged 13-15
years, and 21:00-02:00 for patients 16 and older) and not relative to habitual sleep times.
Alternatively, the 5-h window may be too narrow and needed to be extended slightly. Using
the 4 pg/mL threshold, Keijzer and colleagues missed approximately 11.5% of DLMOs
because values were too low (< 3 pg/mL) and 7.4 % because values started higher than the
threshold. (Another 5% were missed due to unexplained curve fluctuation or insufficient
samples.) In our analysis with a sampling window of only 1 h longer and timed relative to
bedtime, our rate of misses using the 4 pg/mL threshold was descriptively smaller (7.8% and
1.5%, respectively). Most of our misses were due to values not reaching threshold, which
suggests that extending the window to 2 h after bedtime may help capture more DLMOs,
though this comes at the expenses of time, sampling cost, and patient burden. It is also
possible that some of these youngsters were low melatonin secretors and extending the
sampling window would not help. Future analyses may consider a systematic examination of
sampling window duration and timing relative to sleep to determine the most efficient and
high-yielding protocol to determine DLMO phase in adolescents presenting with sleep
problems.
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The current analysis is not without limitations. Melatonin profiles examined in this study
were collected from healthy normally-sleeping adolescents who kept a strict sleep-wake
schedule for a week before DLMO was measured and not a clinical sample. Patients with
sleep/wake complaints may show greater variability in DLMO timing and therefore may
require a wider sampling window to capture the onset of melatonin. In this instance, a cost-
saving option may be to collect saliva samples over a longer time period, but assay the
samples taken 5 h before to 1 h after habitual bedtime to determine whether the DLMO can
be captured. The extra samples could be kept on reserve and assayed only if needed. Also,
the 60-min sampling melatonin profile was derived from the 30-min sampling profile
because this was a secondary analysis of previous datasets. It remains unknown whether
collecting saliva samples at different sampling rates on separate evenings would provide
similar results. Females were slightly over-represented in this secondary data analysis
(~60% female); thus, repeating this analysis with a more equal distribution of males and
females may be warranted. Despite these limitations, these data start to inform a cost-
effective and efficient method to measure circadian phase for clinical purposes, which can
help in diagnosis and treatment of sleep/wake scheduling disorders common during the
adolescent years.
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HIGHLIGHTS

Compared 30-min and 60-min melatonin sampling rates to compute DLMO
in adolescents

Sampled over a 6-h interval to reduce time cost and increase feasibility

Sampling rate did not impact DLMO estimates when we applied a fixed
threshold

Informs a cost-effective and efficient method to measure DLMO for clinical
use
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Bland-Altman plots for the 2 SD threshold (A), 4 pg/mL absolute threshold (B), and the 3
pg/mL absolute threshold (C). For each plot, the mean of the 30-min and 60-min DLMOs
(estimate of the true DLMO value) is identified on the x-axis. The difference between the
two DLMOs derived from each sampling rate is shown on the y-axis. Sample sizes included
in the analyses are indicated for each threshold method.
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A. melatonin levels < fixed thresholds
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Examples of 30-minute sampling melatonin profiles in which the DLMO was missed when
using the fixed threshold methods, 3 pg/mL and 4 pg/mL. Each threshold is indicated by the
dashed horizontal lines. A: DLMO was not computed because melatonin values were lower
than both fixed thresholds. B: DLMO was not computed because melatonin values were
higher than both fixed thresholds. The upward facing arrows indicate the DLMOs computed
using the 2 SD threshold approach (21:09 for the profile in A and 22:48 for the profile in B).
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Figure 3.
Example of a melatonin profile in which the 2 SD threshold (0.8 pg/mL) is lower than the

functional sensitivity (<0.9 pg/mL) of the melatonin assay. The DLMO estimate (black
upward facing arrow) appears earlier than the rise of the melatonin. Gray dashed lines mark
the 3 pg/mL and 4 pg/mL thresholds and gray upward-facing arrows indicate the DLMO
derived from the 3 pg/mL (DLMO=19:31) and 4 pg/mL (DLMO=19:36) thresholds.
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Figure 4.
Example of a 30-minute (A) and a 60-minute (B) 6-h sampling profile in which the 2SD

thresholds were outliers. All profiles in this figure are from the same individual who
participated in the summer study with a scheduled bedtime of 01:30. The 2 SD threshold
was 17.2 pg/mL in the 30-minute sampling profile and 37.1 pg/mL in the 60-minute
sampling profile. By adding to the 30-min (C) and 60-min (D) profiles samples acquired 1 h
earlier, we illustrate that low daytime levels were missed by our 6-h sampling window and
adding one hour to the sampling window can change the 2SD threshold and therefore the
DLMO estimate. DLMOs computed from the available samples are indicated by upward-
facing arrows with times provided in the box.
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Mean + SD DLMO and number of DLMOs missed for each sampling rate and threshold method.

30-min sampling profile

Table 1

DLMO threshold method

2SD 4 pg/mL 3 pg/mL

DLMO (hh:mm £ mins)

20:47 75 21:30+77  21:17 %75

melatonin levels < threshold (N) - 4 3
melatonin levels > threshold (N) - 1 2
Total Missed (N; % total samplel) 0(0%) 5 (8%) 5 (8%)

60-min sampling profile

DLMO (hh:mm * mins)

20:53+63 21:28+79 21:14+77

melatonin levels < threshold (N) 2 5 4

melatonin levels > threshold (N) - 1 2

Total Missed (N;% of total samplel) 2 (3%) 6 (9%) 6 (9%)
JN:66

Sleep Med. Author manuscript; available in PMC 2017 April 01.

Page 19



	Abstract
	1. Introduction
	2. Method
	2.1 Participants
	2.2 Study Protocols
	2.3 Data Analysis
	2.4 Statistical Analysis

	3. Results
	3.1 Agreement between DLMOs derived from 30-min and 60-min sampling melatonin profiles
	3.2 Missed and Potentially Spurious DLMOs

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

