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Abstract

Background: The aim of this study was to examine individual differences in a large sample of complete melatonin profiles
not suppressed by light and search for possible associations between the amount and timing of melatonin secretion and a
multitude of lifestyle variables. The melatonin profiles were derived from saliva samples collected every 30 minutes in dim
light from 85 healthy women and 85 healthy men aged 18–45 years. There was a large individual variability in the amount of
melatonin secreted with peak values ranging from 2 to 84 pg/ml. The onset of melatonin secretion ranged from 18:13 to
00:26 hours. The use of hormonal birth control, reduced levels of employment, a smaller number of days on a fixed sleep
schedule, increased day length and lower weight were associated with an increased amplitude of melatonin secretion. The
use of hormonal birth control, contact lenses, a younger age, and lower ratings of mania and paranoia were associated with
a longer duration of melatonin secretion. An earlier occurrence of the onset of melatonin secretion was associated with an
earlier wake time, more morningness and the absence of a bed partner. Lifestyle and behavioral variables were only able to
explain about 15% of the individual variability in the amount of melatonin secretion, which is likely because of a substantial
genetic influence on the levels of melatonin secretion.
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Introduction

Melatonin is a hormone synthesized and released from the

pineal gland [1]. The master circadian clock, located in the

suprachiasmatic nuclei (SCN) in the hypothalamus, controls the

secretion of melatonin from the pineal gland via a multisynaptic

pathway involving the paraventricular nucleus, spinal cord and

superior cervical ganglion. Typically, melatonin levels begin to

increase before sleep, peak in the early hours of the morning and

decrease to daytime levels after waking. Endogenous melatonin

secretion is suppressed by light according to a dose response curve

[2], such that melatonin can even be suppressed by ordinary

indoor light [3]. The extent of melatonin suppression due to light

is also dependent on prior light exposure, with greater previous

light exposure resulting in less melatonin suppression [4].

The duration of melatonin secretion corresponds to the length

of the dark period as a result of the suppressing effects of melatonin

by light. Thus, in many animals, the duration of the melatonin

profile is an important humoral signal that transmits information

about day length (photoperiod) to the neuroendocrine-gonadal

axis, thereby regulating appropriate seasonal physiological and

behavioral changes. However in humans, the use of indoor

lighting at night results in most humans experiencing a summer

photoperiod year round [5]. Indeed, humans living in mid

latitudes do not typically show seasonal changes in their melatonin

duration despite the changing external photoperiod [6,7].

However, when humans were exposed to extremely long (14 hour)

dark periods, melatonin duration increased, indicating that the

melatonin photoperiodic response in humans remains intact.

Furthermore, the increase in melatonin duration was even evident

when melatonin was measured in dim light, indicating that as in

other animals, the human circadian system has a ‘‘memory’’ for its

recent photoperiodic history [8].

The melatonin rhythm in humans is of interest for at least two

other reasons. First, because melatonin secretion is regulated by

the master circadian clock, the dim light melatonin rhythm is

increasingly being used as a reliable marker of the human master

circadian clock [9], which is located in the SCN. Two commonly

derived circadian phase markers include the dim light melatonin

onset (DLMO), the point in time when melatonin levels begin to

rise in the evening and the dim light melatonin offset (DLMOff),

the point in time when melatonin levels diminish in the morning

[10]. The DLMO is the most reliable circadian phase marker,

more reliable than the DLMOff and phase markers derived from

the core body temperature rhythm [9]. Importantly, the timing of

the DLMO is not necessarily dependent on the amplitude of the

melatonin secretion.

There has also been increasing interest in melatonin because of

its possible role in the etiology of breast cancer. Amongst

numerous effects, melatonin is a potent anti-oxidant and an

anti-inflammatory agent. An anti-cancer role for melatonin in

breast cancer is supported by the finding that human blood rich in

melatonin slows the growth of human breast cancer xenografts in

rats [11]. In humans, indirect evidence includes that night
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workers, who may have suppressed melatonin due to their light

exposure at night, have an increased risk for breast [12] and

colorectal cancer. However, there have been mixed findings from

prospective studies on whether or not melatonin levels in healthy

women are predictive of their future cancer risk [13,14].

The possible connection between melatonin and cancer have

led to an increasing interest in behavioral and lifestyle factors

beyond light exposure, which may influence melatonin concen-

trations, such as age, alcohol consumption, body mass index (e.g.

[15,16]) and numerous medications (e.g. [15,17,18]). However,

many of these studies have estimated melatonin secretion from the

concentration of the melatonin metabolite 6-sulfatoxymelatonin in

a urine sample collected in ambient light immediately after rising.

As subjects are typically instructed to void at bedtime, the entire

melatonin secretion, which begins 2–3 hours prior to habitual

bedtime, may not be measured. Furthermore, a single urine

sample cannot provide information on the duration of melatonin

secretion (DLMO to DLMOff interval) or on the timing of the

DLMO. In our laboratory we regularly measure complete salivary

melatonin profiles in dim light (,10 lux) to estimate the timing of

the circadian clock. We also collect much behavioral and lifestyle

information from our subjects. Thus the aim of this study was to

examine individual differences in the amount of melatonin

secreted and timing (phase) of the melatonin rhythm in a large

sample of complete salivary melatonin profiles not suppressed by

light, and search for possible associations between these melatonin

parameters and a multitude of lifestyle variables, some not

previously examined in the literature.

Methods

Subjects
As part of numerous studies, we have collected complete

baseline salivary melatonin profiles from 170 individual subjects

([19,20,21,22,23,24] and unpublished data). We included all

available complete melatonin profiles for this analysis. The

demographics of the sample are detailed in Tables 1 and 2. All

subjects were nonsmokers, free of medication throughout the

study, except hormonal birth control, and were in self-reported

good health. None reported taking melatonin supplements. One

hundred and thirty two subjects passed a urine drug screen for

common drugs of abuse (the remaining 38 subjects were not

tested). No subject had worked night shifts or flown across more

than 2 time zones in the previous month. Daily use of sunglasses

was recorded by 107 subjects from enrollment in the study to the

day of the phase assessment. If subjects typically wore contact

lenses they were permitted to do so during the study. The entire

protocols of all of the studies conformed to the standards set by the

Declaration of Helsinki and were approved by the Rush University

Medical Center Institutional Review Board. All procedures were

conducted with the prior adequate understanding and written

consent of the subjects.

Protocol
All subjects slept at home and were assigned a 8–9 hour sleep

schedule for 3, 7, 10 or 15 days prior to the baseline phase

assessment of each study, during which we collected their

melatonin profiles. The sleep schedules were assigned to match

each subject’s sleep reported habitual sleep times. However, 11 of

the 170 subjects (6.5%) were assigned sleep schedules that varied

from their self reported habitual sleep schedule by more than

1 hour but less than 2 hours. During their scheduled sleep times

subjects were instructed to lie in bed and try to sleep. They were

not permitted to read, watch TV, listen to music or talk on the

telephone at this time. To ensure compliance subjects were

required to call the laboratory voice mail (time and date of call was

recorded) before turning out their lights at night and at their wake

time in the morning each day. Subjects also wore a wrist

actigraphy monitor (Ambulatory Monitoring BMA-32, Ardsley

NY or Actiwatch-L, Mini-Mitter, Bend OR) which recorded their

activity every minute and was downloaded and inspected in their

presence every 1–3 days. Subjects also completed daily logs noting

the time and dose of any caffeinated beverages, alcohol, and

medications they consumed that day.

Phase assessment
Each subject experienced a baseline dim light phase assessment

in the laboratory to determine their endogenous melatonin profile.

The light in the phase assessment room was generated from 4

ceiling fixtures, each of which contained 3 fluorescent tubes (GE

32 watt 4100K F32T8-SPX41) which were behind a red filter

(Rosco E-colour RS0248). The light in the adjoining bathroom

was generated by 2 light fixtures, each of which contained 1

incandescent bulb (GE 90 watt Miser). All light fixtures were

controlled by dimmer switches and each switch was locked to a

low setting. During the phase assessment, subjects were seated in

recliners in dim light (always ,10 lux, at the level of the subjects’

eyes, in the direction of gaze, measured at least every 4 hours with

a Minolta TL-1 light meter, Ramsey, NJ) for at least 20 hours.

After no more than 45 minutes in the dim light, subjects began to

give a saliva sample every 30 minutes using Salivettes (Sarstedt,

Newton, NC). During the session subjects were kept awake and

talked amongst each other, watched a dimmed TV (,10 lux) or

listened to music. Non-steriodal anti-inflammatory drugs were not

permitted for at least 72 hours before the first saliva sample as

these drugs have been shown to suppress melatonin [25]. Subjects

did not consume any alcohol in at least the 21.5 hours prior to the

Table 1. Means, standard deviation and range of continuous
demographic variables.

Mean (SD) Range

Age (y) 26.15 (6.00) 18 to 45

Weight (kg) 70.10 (13.87) 44.48 to 105.76

Height (m) 1.71 (0.11) 1.35 to 1.98

BMI (kg/m2) 23.89 (3.16) 16.85 to 30.31

Morningness-eveningnessa 52.11 (9.10) 34 to 75

Sleepinessb 5.69 (3.16) 0 to 14

Sleep qualityc 2.76 (1.50) 0 to 7

Baseline daysd 11.16 (4.37) 3 to 15

Day length (h)e 13.16 (1.54) 9.48 to 15.20

Caffeine (50 mg doses per week)f 9.19 (11.34) 0 to 70

Alcohol (drinks per week)f 2.45 (2.96) 0 to 18

aAssessed immediately after study enrolment, from the Horne Ostberg
questionnaire [70] in all 170 subjects.

bAssessed immediately after study enrolment, from the Epworth Sleepiness
Scale [71] in 132 subjects. Scores of greater than 10 are suggestive of high
daytime sleepiness.

cAssessed immediately after study enrolment, from the Pittsburgh Sleep Quality
Index [72] in 132 subjects. A score of greater than 5 is suggestive of a sleep
disorder.

dNumber of days on fixed sleep schedule prior to phase assessment.
eSunrise to sunset times in Chicago (US Naval Observatory).
fSelf-reported habitual use prior to start of study.
doi:10.1371/journal.pone.0003055.t001
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collection of the first saliva sample and were breathalyzed on

arrival to ensure their blood alcohol concentration was zero.

Subjects did not drink caffeine for at least 6 hours before the first

saliva sample. Toothpaste or mouthwash were not allowed during

the phase assessments. Small caffeine-free snacks and fluids were

permitted, except in the 10 minutes before each sample, and

subjects were required to rinse and brush their teeth with water

while remaining seated 10 minutes before each sample if they had

consumed food or drink. Subjects were occasionally allowed out of

the recliners to use the toilet facilities (also ,10 lux) but had to

remain seated in the 10 minutes before each saliva sample. After

collection, the samples were centrifuged, frozen and later shipped

in dry ice to Pharmasan Laboratories (Osceola, WI) to be

radioimmunoassayed for melatonin. The sensitivity of the assay

was 0.7 pg/ml, and intra- and interassay coefficient of variabilities

were 12.1 and 13.2% respectively.

Data Analysis
The peak value or maximum point of each melatonin profile

was identified. Additionally, area under the curve (AUC) was

calculated for each melatonin profile using the trapezoidal method

[26]. To ensure AUC calculations were not confounded by

differences in the number of saliva samples collected between

studies, longer profiles were truncated to 40 samples by removing

extra low daytime points as needed. Every individual melatonin

profile was visually inspected to ensure the entire profile was

captured by the phase assessment.

The dim light melatonin onset (DLMO) and dim light

melatonin offset (DLMOff) were also calculated. For each

melatonin profile, a threshold was calculated as the mean of 3

low consecutive daytime values plus twice the standard deviation

of these points [27]. Each subject’s DLMO was the point in time

(as determined with linear interpolation) when the melatonin

concentration exceeded and remained above the threshold for at

least 1 hour. The DLMOff was the point in time when melatonin

levels fell and remained below the threshold for at least 1 hour.

The mean (6SD) threshold was 1.860.9 pg/ml. Seven profiles

were of such irregular pattern that these circadian phase markers

could not be reliably determined, and therefore DLMOs and

DLMOffs were only calculated on 163 melatonin profiles.

Statistical Analysis
The statistical analysis included four dependent variables which

were all derived from the melatonin profiles: peak value, AUC,

DLMO, and melatonin duration (DLMO-DLMOff). As the

DLMO can be influenced by environmental light exposure

[28,29], alternative derivations of the DLMO (DLMO to bedtime

interval and sunset to DLMO interval, see Table 3) were also

tested, but as they did not yield unique results only the DLMO was

used in the model reported here. A total of 44 independent

variables were evaluated: the lifestyle and behavioural variables

listed in Tables 1–3, and the 13 subscales of the Minnesota

Multiphasic Personality Inventory-2 (MMPI-2) [30]. Missing

values for the continuous independent variables were replaced

Table 2. Sample size of categorical demographic variables.

Number of subjects

Sex 85 men, 85 women

Hormonal birth control 16 hormonal birth control, 69 no hormonal birth control

Menstrual phasea 34 follicular, 33 luteal, 2 unknown

Race 104 White, 32 Asian, 23 Black, 11 Other

Ethnicity 14 Hispanic, 156 non Hispanic

Education 3 high school, 68 some college, 44 college graduate, 44 higher degree, 11 unknown

Employment 35 unemployed, 116 student and/or part time work, 19 full time work

Living condition 37 alone, 133 not alone

Bed partner 41 bed partner, 129 no bed partner

Season 40 spring, 88 summer, 20 fall, 22 winter

Eyeglasses 61 wore eyeglasses, 68 no eyeglasses, 41 unknown

Contact lenses 55 wore contacts, 74 no contacts, 41 unknown

Sunglasses 93 yes sunglasses, 14 no sunglasses, 63 unknown

Caffeine in saliva 25 had caffeine in saliva, 145 had no caffeine in saliva

aMenstrual phase is only reported for females not using hormonal birth control.
doi:10.1371/journal.pone.0003055.t002

Table 3. Melatonin profile characteristics and sleep times.

Mean (SD) Range

Peak value (pg/ml) 17.64 (12.48) 2.40 to 83.60

Area under the curve (pg/ml/0.5 h) 235.68 (155.73) 43.95 to 1063.29

DLMO (time) 20:50 (1:12) 18:13 to 00:26

DLMOff (time) 08:21 (1:25) 04:54 to 12:38

DLMO to DLMOff (h) 11.52 (1.25) 7.89 to 14.70

DLMO to bedtime (h) 2.65 (1.04) 20.30 to 5.79

Sunset to DLMO (h) 1.59 (1.68) 21.44 to 6.92

Prestudy bedtime 00:10 (0:55) 22:02 to 03:02

Prestudy wake time 08:11 (1:01) 05:43 to 12:04

Prestudy time in dark (h) 8.01 (0.76) 6.22 to 12.88

Assigned bedtime 23:28 (0:47) 22:00 to 02:00

Assigned wake time 07:31 (0:48) 06:00 to 10:00

Assigned time in dark (h) 8.05 (0.20) 8.00 to 9.00

doi:10.1371/journal.pone.0003055.t003
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with the group mean. The missing values of the categorical

independent variables were replaced with the hot-deck method

[31].

A multivariate analysis was planned using structural equation

modeling. The analytic model used to describe these data had a

multivariate melatonin response with the four dependent variables

used as manifest measures of the underlying melatonin response

(n = 163). Potential predictors were entered into the model one at a

time, and were discarded if the model failed to fit the data, or the t-

statistic associated with the most recently entered predictor was

below 1.50. Overall model fit was determined when the relative

chi-square (chi-square divided by df) was below 2.00 and the root

mean square error of approximation (RMSEA) was below 0.05.

The final model selected had structural equation coefficients with

one-tailed probabilities less than 0.05. If the model was significant,

univariate stepwise regressions were planned to further explore

each dependent variable. Statistical significance was determined at

p,0.05.

Results

Figure 1 illustrates the variability in the individual melatonin

profiles collected and that some low secretors had a normally

shaped melatonin rhythm while other low secretors did not. Using

our method, we were able to calculate DLMOs and DLMOffs for

the low secretors in B, C and D, but not for the low secretor in A.

Figure 2 illustrates the positively skewed distributions observed in

the peak value and AUC, and the normal distributions observed in

the DLMO and DLMO-DLMOff duration. For statistical

analyses, peak value and AUC were normalized with a natural

log transformation, although the means of peak value and AUC

reported in the text and figures are of the untransformed variables.

The mean, standard deviation and range of the peak value, AUC,

DLMO, DLMOff and DLMO to DLMOff duration are shown in

Table 3. AUC and peak value were significantly and highly

correlated (r = 0.96, p,0.001). Peak value and DLMO-DLMOff

duration were significantly correlated (r = 0.35, p,0.001) as was

AUC and DLMO-DLMOff duration (r = 0.46, p,0.001). There

was no significant correlation between DLMO and peak value or

AUC (both r#0.11, p$0.15).

The final structural equation model fit the data well (chi-

square = 25.35, df = 26, relative chi-square = 0.98, RMSEA =

0.001). There were four significant predictors of melatonin

response in the model: age (r = .18), a dummy-coded measure of

level of employment (r = 0.14), a dummy-coded measure of use of

birth control pills (r = 2.18) and two scales from the MMPI-2,

paranoia (r = .17) and hypomania (r = .17). The results of the

univariate stepwise regressions (n = 170 for peak value and AUC,

n = 163 for DLMO and DLMO-DLMOff) are described below.

The regressions were only able to explain 14.8, 13.7, 35.7 and

14.6% of the variance in the peak value, AUC, DLMO and

DLMO-DLMOff duration respectively.

Age, Sex, Hormonal Birth Control, Menstrual Phase
Increasing age was associated with a shorter DLMO-DLMOff

duration (B = 20.04, p,0.03), but not with any of the other

Figure 1. Six individual melatonin profiles determined from half hourly saliva samples collected in dim light. Shown are two
melatonin profiles with the lowest AUC (A, B), two melatonin profiles with low AUC but normally shaped melatonin profiles (C, D), and two melatonin
profiles with the highest AUC (E, F). The profiles are plotted with reference to assigned bedtime. The peak value of each profile is shown above the
corresponding point on the profile. The threshold used to determine the DLMO and DLMOff is represented by the horizontal line. The DLMO and
DLMOff are indicated by arrows.
doi:10.1371/journal.pone.0003055.g001
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melatonin parameters. For every 10 year increase in age, the

DLMO-DLMOff duration decreased by 0.36 hours. Sex and

menstrual phase were not significantly associated with any of the

melatonin parameters. Use of hormonal birth control was

associated with a higher peak value (B = 0.41, p,0.02), higher

AUC (B = 0.37, p,0.02) and a longer DLMO-DLMOff duration

(B = 0.64, p,0.05). Figure 3 shows the mean melatonin profiles of

females who used hormonal birth control, females who did not use

hormonal birth control and males.

Weight, Height, Body Mass Index (BMI)
Increased weight was associated with a lower peak value

(B = 20.008, p,0.05) and a lower AUC (B = 20.006, p,0.05),

such that an additional 10 kgs (about 22 lbs) corresponded to a

reduction in peak value of 9.93 pg/ml and reduction in AUC of

9.94 pg/ml/0.5 h. Height and BMI were not associated with any

of the melatonin parameters.

Race, Ethnicity, Education, Employment, Living
Condition, Bed Partner

Race, ethnicity (NIH classification), education level and living

condition were not associated with any melatonin parameter.

However there were effects of employment status. For this analysis

students and part-time workers were grouped together because

many students also worked part-time. Increased levels of

employment were associated with reduced AUC (B = 20.17,

p = 0.03). Figure 4 shows the mean melatonin profiles of the

unemployed, student/part-time workers and full-time workers.

Having a bed partner was associated with a later DLMO

(B = 20.37, p,0.05), on average a 0.37 hour delay in the DLMO.

Morningness-Eveningness, Sleepiness, Sleep Quality,
Personality

Table 1 shows the mean morningness-eveningness, sleepiness

and sleep quality scores. These were all assessed immediately after

Figure 2. The frequency distributions of peak value, area under the curve, time of the DLMO and melatonin duration (DLMO-
DLMOff). The frequency distributions of peak value and area under the curve were positively skewed, while DLMO and DLMO-DLMOff were
normally distributed.
doi:10.1371/journal.pone.0003055.g002

Figure 3. The mean melatonin profiles of females using (‘‘BC’’,
n = 16) or not using hormonal birth control (‘‘no BC’’, n = 69)
and males (n = 85). The profiles are plotted with reference to assigned
bedtime. Error bars represent SEMs.
doi:10.1371/journal.pone.0003055.g003

Figure 4. The mean melatonin profiles of the unemployed
(n = 35), students and/or part-time workers (n = 116) and full-
time workers (n = 19). The profiles are plotted with reference to
assigned bedtime. Error bars represent SEMs.
doi:10.1371/journal.pone.0003055.g004
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study enrollment and thus prior to the phase assessment. More

morningness (higher score) was associated with an earlier DLMO

(B = 20.03, p,0.01). Sleepiness (from the Epworth Sleepiness

Scale) and sleep quality (from the Pittsburgh Sleep Quality Index)

were not associated with any melatonin parameter. None of the

validity scales (L, F, K) or the clinical scales of Hypochodriasis,

Depression, Hysteria, Psychopathic Deviate, Masculinity-Femi-

ninity, Psychasthenia, Schizophrenia and Social Introversion on

the Minnesota Multiphasic Personality Inventory-2 (MMPI-2) [30]

were associated with any melatonin parameter. However,

increased scores of Hypomania and Paranoia were associated

with a shorter DLMO-DLMOff interval (B = 20.02, p,0.05 and

B = 20.02, p = 0.05 respectively).

Sleep Times, Number of Baseline Days, Day Length,
Season

Mean sleep times are shown in Table 3. Prestudy sleep times

were not associated with any melatonin parameter. An earlier

assigned wake time was associated with an earlier DLMO

(B = 0.77, p,0.001), such that for each earlier hour of scheduled

wake time, the DLMO was advanced by 0.77 hours. A greater

number of days on the assigned sleep schedule was associated with

a lower peak value (B = 20.04, p,0.001), and a lower AUC

(B = 20.03, p,0.01), such that for each additional day of

scheduled sleep, peak value decreased by 0.96 pg/ml and AUC

by 0.97 pg/ml/0.5 h. The summary statistics of day length

(sunrise to sunset) are shown in Table 1. Increased day length

was associated with a higher peak value (B = 0.11, p,0.01) and a

higher AUC (B = 0.07, p,0.05). For every additional hour of day

length, peak value and AUC increased by 1.12 pg/ml and

1.07 pg/ml/0.5 h respectively. There were no effects of season on

any of the melatonin parameters.

Eyeglasses, Contact Lenses, Sunglasses
There was no effect of eyeglasses or sunglasses use on any

melatonin parameter. However, the use of contact lenses was

associated with a longer DLMO-DLMOff duration (B = 20.39,

p,0.05), such that subjects who wore contact lenses had an

average 0.39 hour increase in melatonin duration.

Caffeine, Alcohol
Habitual caffeine and alcohol use was determined from self-

report prior to the start of each study and summary statistics of

these variables are in Table 1. Neither habitual caffeine use or

alcohol use were significantly associated with any melatonin

parameter. Using the daily logs subjects completed during the

studies, we identified 25 subjects who could have had circulating

levels of caffeine during the saliva collection. However there was

no association between circulating levels of caffeine and any of the

melatonin parameters.

Discussion

In this study, 170 salivary melatonin profiles that were sampled

half hourly and not suppressed by light were examined. To our

knowledge this is the largest sample of its kind reported. There was

a large individual variability and a positively skewed distribution in

the amplitude of melatonin secreted (peak value, AUC, Figures 1,

2). Thus it is more unusual to secrete very high amounts of

melatonin than to secrete very low amounts of melatonin

(e.g.[15,32,33]). By contrast, the distributions of the DLMO and

DLMO-DLMOff duration were normally distributed. Previous

research in sheep suggests that the variability in the amount of

melatonin secreted is due to differences in the synthesis, rather

than metabolism, of melatonin [34]. The amount of melatonin

secreted could be due to a multitude of factors, including the

number of functioning (uncalcified) pinealocytes in the pineal

gland [35,36] and the integrity of the retinal-suprachiasmatic

nuclei-pineal pathway [37].

The relationships between melatonin secretion and numerous

behavioral and lifestyle variables were also examined. As detailed

below, several variables had significant associations with the

amount and timing of melatonin secretion; however all of these

variables combined were only able to explain about 15% of the

individual variability in the amount of melatonin (peak value,

AUC, DLMO-DLMOff), but 36% of the individual variability in

the DLMO. Thus all of these significant variables are likely

modifying a strong genetic influence on the amount of melatonin

secretion as indicated by high correlations in the plasma melatonin

levels in monozygotic twins (r = 0.94, [38]). Indeed, individual

melatonin profiles often have a characteristic shape that is

reproducible with repeated assessment (e.g. Figure 3 in [20],

Figure 2 in [39]). Below the specific findings and possible

mechanisms are discussed and related to the existing literature.

There was a small effect of age on the duration of melatonin

secretion, but not on the amplitude, which may have been due to

the restricted age range in this study (18–45 years). Many studies

have reported decreasing melatonin levels with increasing age, but

melatonin levels in these studies may have been confounded by

subjects being exposed to ambient light during melatonin

collection, or smoking, drinking alcohol and/or using medication

in close proximity to melatonin collection (e.g.

[15,16,17,32,40,41,42]). The one study that sampled melatonin

frequently in dim light from healthy drug free subjects with ages

ranging from 18 to 81 years, did not find any association between

the AUC of melatonin secreted and age [33].

There was no effect of sex on any of the melatonin parameters.

Furthermore, menstrual phase in women not using hormonal birth

control was not associated with alterations in any of the melatonin

parameters, in agreement with previous studies [39,43,44,45]. Use

of hormonal birth control was significantly associated with

increased melatonin secretion, a result which is at odds with some

epidemiological studies that measured 6-sulfatoxymelatonin

[16,18], but consistent with laboratory studies that measured

melatonin in saliva or plasma [45,46]. While the mechanism is not

clear, this finding is also consistent with estradiol increasing

melatonin synthesis in rat and guinea pig pineal explants [47].

Thus a previous report of an apparent sex difference in melatonin

secretion, with females secreting more melatonin than males [32],

could be because some females in the sample were using hormonal

birth control. Our sample included two female subjects using non-

pill hormonal birth control (implant and vaginal ring), indicating

that only inquiring about oral contraceptive use may overlook

some users of hormonal birth control.

There was an association between weight and melatonin such

that people of heavier weight secreted less melatonin (peak value,

AUC). This finding is consistent with reports of increasing weight

[32] and higher BMI [15,16,17] being associated with lower

amounts of 6-sulfatoxymelatonin in urine. However the mecha-

nism behind this association has not been clearly explained in the

literature [17]. There were no effects of race, ethnicity, education,

or living condition on melatonin. One study has previously

reported increased melatonin secretion in people with higher

education, even after controlling for BMI, alcohol, medication use

and smoking [17]. However while 53% of that sample had

received some college education, over 90% of subjects in our

sample had received some college education. Thus effects of

education on melatonin levels may have been obscured in our
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sample. Having a bed partner was found to be significantly

associated with a later DLMO, although the effect was relatively

small.

To our knowledge, the effect of employment status on

melatonin levels has not been previously examined. As the level

of employment increased, the amount of melatonin secreted, as

indexed by the AUC, decreased (Figure 4). It is not entirely clear

why employment would be associated with AUC but not peak

value. Although the full time workers had earlier prestudy

(habitual) bedtime and wake times than students/part-time

workers and the unemployed (on average at least 0.35 hour

earlier), their prestudy time in dark and scheduled sleep times and

time in dark did not differ. This may explain why there was no

effect of employment on the DLMO-DLMOff duration.

There was no significant association between the amount of

melatonin secreted and morningness-eveningness score, which is

consistent with a previous report [18]. However, as expected,

more morningness was associated with an earlier DLMO. Baseline

sleepiness and sleep quality were not associated with any

melatonin parameter. This is in agreement with previous reports

of no association between sleep architecture and salivary or plasma

melatonin levels in young healthy subjects [48,49] and no

association between the Pittsburgh Sleep Quality Index and

melatonin levels in older healthy subjects [50]. Interestingly,

increased scores of hypomania and paranoia were associated with

a reduced DLMO-DLMOff duration. As individuals with a

hypomania T score .75 (apart from one subject with a T score of

85) and a paranoia T score $75 were excluded from the study,

subjects who scored at higher levels on these subscales likely only

had a tendency towards over activity and a paranoid predispo-

sition [51]. Precisely why these two subscales would relate to

melatonin duration is unclear. To our knowledge the only other

psychological factor associated with melatonin duration is winter

depression. The relationship is in the same direction, but at the

other extreme: winter depression co-occurs with an increased

duration in melatonin [52].

Sleep lengths and season were not significantly associated with

any of the melatonin parameters. An earlier scheduled wake time

was associated with an earlier DLMO, which is consistent with a

previous study which manipulated wake time and found

corresponding shifts in the DLMO [53]. All other sleep times

were not associated with any melatonin parameter. An increasing

number of days on the assigned sleep schedule was associated with

reductions in melatonin amplitude. While the cause of this effect is

unknown, there was a 11.52 pg/ml difference in peak value and

11.64 pg/ml/0.5 h difference in AUC between those subjects on a

fixed sleep schedule for 3 versus 15 days. Consistent with previous

studies of people at mid latitudes, there was no association between

day length and melatonin duration [6,7]. But longer day lengths

were associated with higher peak and AUC levels of melatonin.

Studies conducted at mid latitudes have either not found an effect

of day length on melatonin amplitude [16,17,54], or found that

melatonin amplitude decreases with longer day lengths [15]. One

possible explanation for our results is that longer day lengths in

Chicago likely leads to longer periods of time spent outside and

more exposure to bright outdoor light during the day. Two

research groups have reported that more bright light during the

day can increase melatonin amplitude at night [55,56]. Further

research is needed to fully investigate this possibility.

To our knowledge, this is the first report to explore the

relationship between melatonin levels and use of eyeglasses and

contact lenses. Use of eyeglasses and sunglasses were not associated

with any melatonin parameter. However, use of contact lenses was

associated with an on average 0.39 hour increase in melatonin

duration. In humans, melatonin suppression occurs in response to

short wavelength light as low as 420 nm [57,58], but shorter

wavelengths have not been tested, presumably for safety reasons.

Studies which have used glasses that block light below 530–

540 nm report less melatonin suppression in response to light

[59,60]. As contact lenses typically contain a UV filter, which

blocks wavelengths of less than ,400 nm [61], use of contact lens

may reduce exposure to some short wavelength light. By contrast

the use of eyeglasses still enables at least 7% of light to reach the

eye without passing through the lens [62], presumably from the

periphery. Thus it is possible that our subjects who wore contact

lens received less short wavelength light prior to and during the

saliva collection. A history of less melatonin suppression may have

been reflected in the dim light melatonin profiles collected, or

alternatively less melatonin may have been suppressed during the

saliva collection. Regardless, this finding requires replication and

further investigation.

There was no significant association between self-reported

habitual caffeine use and the timing or amount of melatonin

secreted. This is consistent with a study that reported no difference

in 6-sulfatoxymelatonin levels between subjects who were high and

low caffeine users [17]. Caffeine has a long half-life which ranges

between 2.5 to 10 hours across individuals [63]. On average it

takes 16 hours before a 100 mg dose of caffeine is eliminated and

about 29 hours for a 200 mg dose to be eliminated [63].

Nonetheless, there were no differences in any of the melatonin

parameters between the 25 subjects that likely had circulating

levels of caffeine during the saliva collection and those that did not.

Indeed, there are mixed findings in terms of the effect of caffeine

on melatonin levels [64,65,66,67]. Thus whatever the effects of

caffeine on melatonin, the effect is likely small and the results

suggest that low to moderate caffeine use does not appear to have

any long term effects on melatonin. Alcohol ingestion just prior to

melatonin collection has been shown to decrease melatonin [68].

However, in our study subjects did not drink alcohol for at least

21.5 hours prior to their saliva collection and were breathalyzed

just prior to their first saliva sample to ensure they had zero blood

alcohol concentration. Thus there were no significant associations

between self-reported habitual alcohol use and the timing or

amount of melatonin secretion.

We report these results in the hope that they may aid future

research studies which examine the magnitude and timing of the

melatonin rhythm. There are several factors which may have

increased the variability in the melatonin measurement. It has

recently been reported that the sleep deprivation associated with

overnight phase assessments can reduce melatonin amplitude by

6.7% [69]. This would suggest that the melatonin amplitudes

reported here may be slightly suppressed. Variability in the

melatonin assay would also have contributed to variability in the

melatonin results. However, due to the typically rapid rise in

melatonin levels, assay variability likely had a greater effect on the

estimates of AUC and peak value, than on the DLMO, DLMOff

and melatonin duration. Despite these sources of variability, the

relationships between melatonin and the various lifestyle factors

examined here are not expected to have been systematically

affected.

In summary, the use of hormonal birth control, reduced levels

of employment, a smaller number of days on a fixed sleep

schedule, increased day length and lower weight were associated

with an increased amount of melatonin secretion. The use of

hormonal birth control, contact lenses, a younger age, and lower

ratings of mania and paranoia were associated with a longer

duration of melatonin secretion. An earlier occurrence of the onset

of melatonin secretion was associated with an earlier wake time,
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more morningness and the absence of a bed partner. About 75%

of the large individual variability in the amount of melatonin

secreted could not be explained, likely because of the large genetic

influence on levels of melatonin secretion. Importantly, high levels

of melatonin do not appear to be necessary to communicate

photoperiodic information to the organism–the duration of

melatonin secretion is likely the critical signal. The melatonin

rhythm as a circadian phase marker is also not affected by the

amplitude of melatonin secretion. Some low secretors failed to

show a readily discernible circadian rhythm in melatonin secretion

(Figure 1 A), but other low secretors exhibited a clear circadian

pattern in their melatonin secretion (Figure 1 C, D). As levels of

melatonin in the blood are approximately three times higher than

in saliva, further detailed examination of low secretors may benefit

by examining plasma melatonin profiles collected in dim light.

Whether low melatonin secretors are at greater risk for breast

cancer is currently unclear [13,14].

Acknowledgments

We thank Daniel B. Alderson for his help with data analysis and the

following people for their assistance with data collection: Sheri Allen,

Vanita Asokan, Erin Baehr, Young Cho, Stephanie Crowley, Erin

Cullnan, Meredith Durkin, Valerie Ellois, Mathias Fleck, Clifford Gazda,

Marc Hebert, Cynthia Hiltz, Hyungsoo Kim, Clara Lee, Kun Lee,

Kathryn Lenz, Stacy Martin, Vanessa Meyer, Thomas Molina, Victoria

Revell, Katie Sharkey, Mark Smith, Craig Stewart, Jonathan Swisher and

Christine Tseng. We thank Charmane Eastman and Mark Smith for their

comments on the manuscript.

Author Contributions

Conceived and designed the experiments: HJB. Performed the experi-

ments: HJB. Analyzed the data: HJB LFF. Wrote the paper: HJB LFF.

References

1. Moore RY (1978) The innervation of the mammalian pineal gland. Prog Reprod

Biol 4: 1–29.

2. Lewy AJ, Wehr TA, Goodwin FK, Newsome DA, Markey SP (1980) Light

suppresses melatonin secretion in humans. Science 210: 1267–1269.

3. Zeitzer JM, Dijk DJ, Kronauer RE, Brown EN, Czeisler CA (2000) Sensitivity of

the human circadian pacemaker to nocturnal light: melatonin phase resetting

and suppression. J Physiol 526.3: 695–702.

4. Hebert M, Martin SK, Lee C, Eastman CI (2002) The effects of prior light

history on the suppression of melatonin by light in humans. J Pineal Res 33:

198–203.

5. Cole RJ, Kripke DF, Wisbey J, Mason WJ, Gruen W, et al. (1995) Seasonal

variation in human illumination exposure at two different latitudes. J Biol

Rhythms 10: 324–334.

6. Illnerova H, Zvolsky P, Vanecek J (1985) The circadian rhythm in plasma

melatonin concentration of the urbanized man: The effect of summer and winter

time. Brain Res 328: 186–189.

7. Wehr TA, Giesen HA, Moul DE, Turner EH, Schwartz PJ (1995) Suppression

of men’s responses to seasonal changes in day length by modern artificial

lighting. Am J Physiol 269: R173–R178.

8. Wehr TA, Moul DE, Barbato G, Giesen HA, Seidel JA, et al. (1993)

Conservation of photoperiod-responsive mechanisms in humans. Am J Physiol

265: R846–R857.

9. Klerman EB, Gershengorn HB, Duffy JF, Kronauer RE (2002) Comparisons of

the variability of three markers of the human circadian pacemaker. J Biol

Rhythms 17: 181–193.

10. Lewy AJ, Cutler NL, Sack RL (1999) The endogenous melatonin profile as a

marker of circadian phase position. J Biol Rhythms 14: 227–236.

11. Blask DE, Brainard GC, Dauchy RT, Hanifin JP, Davidson LK, et al. (2005)

Melatonin-depleted blood from premenopausal women exposed to light at night

stimulates growth of human breast cancer xenografts in nude rats. Cancer Res

65: 11174–11184.

12. Megdal SP, Kroenke CH, Laden F, Pukkala E, Schernhammer ES (2005) Night

work and breast cancer risk: a systematic review and meta-analysis. Eur J Cancer

41: 2023–2032.

13. Schernhammer ES, Hankinson SE (2005) Urinary melatonin levels and breast

cancer risk. J Natl Cancer Inst 97: 1084–1087.

14. Travis RC, Allen DS, Fentiman IS, Key TJ (2004) Melatonin and breast cancer:

a prospective study. J Natl Cancer Inst 96: 475–482.

15. Stevens RG, Davis S, Mirick DK, Kheifets L, Kaune W (2000) Alcohol

consumption and urinary concentration of 6-sulfatoxymelatonin in healthy

women. Epidemiology 11: 660–665.

16. Schernhammer ES, Kroenke CH, Dowsett M, Folkerd E, Hankinson SE (2006)

Urinary 6-sulfatoxymelatonin levels and their correlations with lifestyle factors

and steroid hormone levels. J Pineal Res 40: 116–124.

17. Levallois P, Dumont M, Touitou Y, Gingras S, Masse B, et al. (2001) Effects of

electric and magnetic fields from high-power lines on female urinary excretion of

6-sulfatoxymelatonin. Am J Epidemiol 154: 601–609.

18. Knight JA, Thompson S, Raboud JM, Hoffman BR (2005) Light and exercise

and melatonin production in women. Am J Epidemiol 162: 1114–1122.

19. Smith MR, Revell VL, Eastman CI (in press) Phase advancing the human

circadian clock with blue-enriched polychromatic light. Sleep Med.

20. Revell VL, Kim H, Tseng CY, Crowley SJ, Eastman CI (2005) Circadian phase

determined from melatonin profiles is reproducible after 1 wk in subjects who

sleep later on weekends. J Pineal Res 39: 195–200.

21. Lee C, Smith M, Eastman C (2006) A compromise phase position for permanent

night shift workers: circadian phase after two night shifts with scheduled sleep

and light/dark exposure. Chronobiol Int 23: 859–875.

22. Revell VL, Eastman CI (2005) How to trick mother nature into letting you fly

around or stay up all night. J Biol Rhythms 20: 353–365.

23. Sharkey KM, Eastman CI (2002) Melatonin phase shifts human circadian

rhythms in a placebo-controlled simulated night-work study. Am J Physiol 282:

R454–R463.

24. Eastman CI, Martin SK, Hebert M (2000) Failure of extraocular light to

facilitate circadian rhythm reentrainment in humans. Chronobiol Int 17:

807–826.

25. Murphy PJ, Myers BL, Badia P (1996) Nonsteroidal anti-inflammatory drugs

alter body temperature and suppress melatonin in humans. Physiol Behav 59:

133–139.

26. Salas SL, Hille E (1982) Calculus: One and Several Variables with Analytic

Geometry. New York: John Wiley and Sons.

27. Voultsios A, Kennaway DJ, Dawson D (1997) Salivary melatonin as a circadian

phase marker: validation and comparison to plasma melatonin. J Biol Rhythms

12: 457–466.

28. Roenneberg T, Kumar CJ, Merrow M (2007) The human circadian clock

entrains to sun time. Curr Biol 17: R44–45.

29. Kantermann T, Juda M, Merrow M, Roenneberg T (2007) The human

circadian clock’s seasonal adjustment is disrupted by daylight saving time. Curr

Biol 17: 1996–2000.

30. Butcher JN, Dahlstrom WG, Graham JR, Tellegen A, Kaemmer B (1989)

MMPI-2 (Minnesota Multiphasic Personality Inventory-2): Manual for Admin-

istration and Scoring. Minneapolis: University of Minnesota Press.

31. Rubin DB (1987) Multiple Imputation for Nonresponse in Surveys. New York:

John Wiley and Son.

32. Wetterberg L, Bergiannaki JD, Paparrigopoulos T, von Knorring L, Eberhard G,

et al. (1999) Normative melatonin excretion: a multinational study. Psychoneur-

oendocrinology 24: 209–226.

33. Zeitzer JM, Daniels JE, Duffy JF, Klerman EB, Shanahan TL, et al. (1999) Do

plasma melatonin concentrations decline with age? Am J Med 107: 432–436.

34. Zarazaga L, Malpaux B, Guillaume D, Bodin L, Chemineau P (1998) Genetic

variability in melatonin concentrations in ewes originates in its synthesis, not in

its catabolism. Am J Physiol 274: E1086–E1090.

35. Kunz D, Schmitz S, Mahlberg R, Mohr A, Stoter C, et al. (1999) A new concept

for melatonin deficit: On pineal calcification and melatonin excretion.

Neuropsychopharmacology 21: 765–772.

36. Gomez Brunet A, Gomez Brunet A, Malpaux B, Daveau A, Taragnat C, et al.

(2002) Genetic variability in melatonin secretion originates in the number of

pinealocytes in sheep. J Endocrinol 172: 397–404.

37. Tessonneaud A, Locatelli A, Caldani M, Viguier-Martinez MC (1995) Bilateral

lesions of the suprachiasmatic nuclei alter the nocturnal melatonin secretion in

sheep. J Neuroendocrinol 7: 145–152.

38. Hallam KT, Olver JS, Chambers V, Begg DP, McGrath C, et al. (2006) The

heritability of melatonin secretion and sensitivity to bright nocturnal light in

twins. Psychoneuroendocrinology 31: 867–875.

39. Berga SL, Yen SSC (1990) Circadian pattern of plasma melatonin concentra-

tions during four phases of the human menstrual cycle. Neuroendocrinology 51:

606–612.

40. Sack RL, Lewy AJ, Erb DL, Vollmer WM, Singer CM (1986) Human melatonin

production decreases with age. J Pineal Res 3: 379–388.

41. Kennaway DJ, Lushington K, Dawson D, Lack L, van den Heuvel C, et al.

(1999) Urinary 6-sulfatoxymelatonin excretion and aging: New results and a

critical review of the literature. J Pineal Res 27: 210–220.

42. Mahlberg R, Tilmann A, Salewski L, Kunz D (2006) Normative data on the

daily profile of urinary 6-sulfatoxymelatonin in healthy subjects between the ages

of 20 and 84. Psychoneuroendocrinology 31: 634–641.

Melatonin Amplitude and Timing

PLoS ONE | www.plosone.org 8 August 2008 | Volume 3 | Issue 8 | e3055



43. Parry BL, Berga SL, Mostofi N, Klauber MR, Resnick A (1997) Plasma

melatonin circadian rhythms during the menstrual cycle and after light therapy
in premenstrual dysphoric disorder and normal control subjects. J Biol Rhythms

12: 47–64.

44. Brzezinski A, Lynch HJ, Seibel MM, Deng MH, Nader TM, et al. (1988) The
circadian rhythm of plasma melatonin during the normal menstrual cycle and in

amenorrheic women. J Clin Endocrinol Metab 66: 891–895.
45. Kostoglou-Athanassiou I, Athanassiou P, Treacher DF, Wheeler MJ,

Forsling ML (1998) Neurohypophysial hormone and melatonin secretion over

the natural and suppressed menstrual cycle in premenopausal women. Clin
Endocrinol 49: 209–216.

46. Wright KP, Badia P (1999) Effects of menstrual cycle phase and oral
contraceptives on alertness, cognitive performance, and circadian rhythms

during sleep deprivation. Behav Brain Res 103: 185–194.
47. Cardinali DP, Vacas MI, Keller Sarmiento MI, Etchegoyen GS, Pereyra EN, et

al. (1987) Neuroendocrine integrative mechanisms in mammalian pineal gland:

effects of steroid and adenohypophysial hormones on melatonin synthesis in
vitro. J Steroid Biochem 27: 565–571.

48. Claustrat B, Brun J, Garry P, Roussel B, Sassolas G (1986) A once-repeated
study of nocturnal plasma melatonin patterns and sleep recordings in six normal

young men. J Pineal Res 3: 301–310.

49. Rahman S, Kayumov L, Tchmoutina E, Shapiro C (2006) Sleep architecture in
low endogenous melatonin secretors. Sleep 29: A58.

50. Baskett JJ, Wood PC, Broad JB, Duncan JR, English J, et al. (2001) Melatonin in
older people with age-related sleep maintenance problems: a comparison with

age matched normal sleepers. Sleep 24: 418–424.
51. Graham JR (1990) MMPI-2 Assessing Personality and Psychopathology. New

York: Oxford University Press.

52. Wehr TA, Duncan WC, Sher L, Aeschbach D, Schwartz PJ, et al. (2001) A
circadian signal of change of season in patients with seasonal affective disorder.

Arch Gen Psychiatry 58: 1108–1114.
53. Burgess HJ, Eastman CI (2006) A late wake time phase delays the human dim

light melatonin rhythm. Neurosci Lett 395: 191–195.

54. Bojkowski CJ, Arendt J (1988) Annual changes in 6-sulphatoxymelatonin
excretion in man. Acta Endocrinol (Copenh) 117: 470–476.

55. Takasu NN, Hashimoto S, Yamanaka Y, Tanahashi Y, Yamazaki A, et al.
(2006) Repeated exposures to daytime bright light increase nocturnal melatonin

rise and maintain circadian phase in young subjects under fixed sleep schedule.
Am J Physiol 291: R1799–1807.

56. Park SJ, Tokura H (1999) Bright light exposure during the daytime affects

circadian rhythms of urinary melatonin and salivary immunoglobulin A.
Chronobiol Int 16: 359–371.

57. Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, et al. (2001)
Action spectrum for melatonin regulation in humans: evidence for a novel

circadian photoreceptor. J Neurosci 21: 6405–6412.

58. Thapan K, Arendt J, Skene DJ (2001) An action spectrum for melatonin

suppression: evidence for a novel non-rod, non-cone photoreceptor system in

humans. J Physiol 535: 261–267.

59. Sasseville A, Paquet N, Sevigny J, Hebert M (2006) Blue blocker glasses impede

the capacity of bright light to suppress melatonin production. J Pineal Res 41:

73–78.

60. Kayumov L, Casper RF, Hawa RJ, Perelman B, Chung SA, et al. (2005)

Blocking low-wavelength light prevents nocturnal melatonin suppression with no

adverse effect on performance during simulated shift work. J Clin Endocrinol

Metab 90: 2755–2761.

61. Quesnel NM, Fares F, Verret E, Giasson C (2001) Evaluation of the spectral

transmittance of UV-absorbing disposable contact lenses. CLAO J 27: 23–29.

62. Rosenthal FS, Bakalian AE, Taylor HR (1986) The effect of prescription

eyewear on ocular exposure to ultraviolet radiation. Am J Public Health 76:

1216–1220.

63. Magkos F, Kavouras SA (2005) Caffeine use in sports, pharmacokinetics in man,

and cellular mechanisms of action. Crit Rev Food Sci Nutr 45: 535–562.

64. Wright KP, Badia P, Myers BL, Plenzler SC, Hakel M (1997) Caffeine and light

effects on nighttime melatonin and temperature levels in sleep-deprived humans.

Brain Res 747: 78–84.

65. Babkoff H, French J, Whitmore J, Sutherlin R (2002) Single-dose bright light

and/or caffeine effect on nocturnal performance. Aviat Space Environ Med 73:

341–350.

66. Ursing C, Wikner J, Brismar K, Rojdmark S (2003) Caffeine raises the serum

melatonin level in healthy subjects: an indication of melatonin metabolism by

cytochrome P450(CYP)1A2. J Endocrinol Invest 26: 403–406.

67. Drapeau C, Robillard R, Hamel-Hebert I, Selmaoui B, Filipini D, et al. (2005)

Effects of an evening caffeine administration on vigilance, melatonin and cortisol

levels in young and middle-aged subjects. Sleep 28: A49.

68. Ekman AC, Leppaluoto J, Huttunen P, Aranko K, Vakkuri O (1993) Ethanol

inhibits melatonin secretion in healthy volunteers in a dose-dependent

randomized double blind cross-over study. J Clin Endocrinol Metab 77:

780–783.

69. Zeitzer J, Duffy J, Lockley S, Dijk D, Czeisler C (2007) Plasma melatonin

rhythms in young and older humans during sleep, sleep deprivation, and wake.

Sleep 30: 1437–1443.

70. Horne JA, Ostberg O (1976) Self-assessment questionnaire to determine

morningness-eveningness in human circadian rhythms. Int J Chronobiol 4:

97–110.

71. Johns MW (1991) A new method for measuring daytime sleepiness: The

Epworth sleepiness scale. Sleep 14: 540–545.

72. Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ (1989) The

Pittsburgh sleep quality index: A new instrument for psychiatric practice and

research. Psychiatry Res 28: 193–213.

Melatonin Amplitude and Timing

PLoS ONE | www.plosone.org 9 August 2008 | Volume 3 | Issue 8 | e3055


