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INTRODUCTION
The most reliable measure of central circadian timing in 

humans is the onset of melatonin secretion, when measured 
in dim light conditions (dim light melatonin onset, DLMO).1,2 
Melatonin typically begins to rise in the 2–3 h before the usual 
onset of nocturnal sleep,3 but must be measured in dim light 
because light can suppress melatonin secretion.4 The measure-
ment of the DLMO is now encouraged in the latest diagnostic 
criteria for circadian rhythm sleep disorders (International 
Classification of Sleep Disorders, Third Edition).5 Addition-
ally, measuring the DLMO can help to optimize the treatment 
of circadian rhythm sleep disorders with melatonin or bright 
light6–8 and help to prevent patients from receiving treatment 
at the wrong circadian time, which risks worsening their con-
dition.7,9 Similarly, measuring the DLMO or “phase typing” 
patients with winter depression can assist in optimizing the 
timing of bright light treatment.10
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The DLMO is most frequently assessed in a research labo-
ratory or clinic. Research participants or clinical patients are 
required to arrive at the facility approximately 6–8 h before 
their usual bedtime, and are guided by staff to remain in dim 
light, and to give samples every half hour or hour until their 
usual bedtime or even later.1,3 Melatonin can be measured in 
plasma, but melatonin is most easily assessed noninvasively 
from saliva samples.11 Additionally, saliva is often sampled 
more frequently than the urinary melatonin metabolite 6-sul-
phatoxymelatonin, allowing for greater precision in measure-
ment.11 The need for staff and space considerably increases 
the expense and inconvenience associated with measuring the 
DLMO.12 Furthermore, some participants and/or patients are 
reluctant to stay late or overnight in an unfamiliar laboratory 
or clinic. Thus, the possibility of having research participants 
or patients collect saliva samples in their own homes instead 
of having to stay in the laboratory or clinic at night is very 
appealing.

However, other concerns arise when saliva sampling occurs 
at home and is not supervised by staff. The first is the need to 
ensure people are in sufficiently dim light to avoid melatonin 
suppression, and subsequent circadian phase shifting. To date, 
only one study has compared DLMOs generated from home 
saliva samples to DLMOs generated from saliva samples col-
lected in the laboratory.12 In this study, light exposure at home 
was not measured, but the authors estimated that approxi-
mately 20% of the home DLMOs were suppressed by light, as 
these home DLMOs occurred more than 1 h later in time than 
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the corresponding laboratory DLMOs. A second concern sur-
rounding home saliva sampling is sample timing. For example, 
in one study of home saliva sampling for later determination of 
cortisol levels, compliance to scheduled sample times was poor, 
especially when participants were not informed that they were 
being electronically monitored.13 On average, participants who 
were unaware they were being monitored gave saliva samples 
more than 2 h from the scheduled sample times, but neverthe-
less reported significantly better compliance to the study in-
vestigators.13 The authors concluded that “researchers cannot 
rely on participants’ self-reports of sampling times”13.

In response to the increasing need for accurate home 
DLMOs, we have developed a kit designed to facilitate home 
saliva sampling while including objective measures of com-
pliance to the requirement for dim light levels and scheduled 
times for saliva samples. After collection, examination of the 
light levels and sample times can assist in determining whether 
the home procedures were correctly followed. Light exposure 
is measured in 30-sec epochs by a photosensor worn around 
the neck on a cord and pinned to the outermost clothing. This 
placement of the photosensor reduces the risk of sleeves cov-
ering a wrist-worn photosensor. Sample times are recorded by 
use of a medication monitoring device that tracks the opening 
of a vial that contains cotton swabs used for generating a saliva 
sample. The kit also includes a dispenser with prepared labels 
in chronological order, so the subject only has to attach a label 
and is not required either to select a specific tube, or to write 
the correct time on the tube, both of which can lead to errors 
in sample coding.12,14 To our knowledge this is the first kit for 
home saliva sampling that includes objective markers of light 
exposure and saliva sample timing, and a system to reduce 
sample labeling errors. Here, as a first test of this kit, we report 
on the subject compliance to the home procedures and on the 
accuracy of the home DLMOs collected with this kit, in a back-
to-back comparison with DLMOs collected in the laboratory.

METHODS

Participants
Thirty-five healthy participants participated in the study year 

round (12 in spring, 4 in summer, 7 in fall, 12 in winter). All 
participants were medication free, consumed only moderate 
caffeine (< 300 mg/day) and alcohol doses (< 2 drinks/day), 
and had a body mass index between 18.5–29.8 kg/m2. Based 
on their responses to screening questionnaires, all participants 
had no medical (Tasto Health Questionnaire15), psychiatric 
(Minnesota Multiphasic Personality Inventory-2,16 Beck De-
pression Inventory,17 Personal Inventory for Depression and 
Seasonal Affective Disorder18), or sleep disorders (Pittsburgh 
Sleep Quality Index,19 Insomnia Severity Index,20 Berlin Sleep 
Apnea Questionnaire,21 International Restless Legs Syndrome 
Study Group consensus criteria for restless leg syndrome22) 
and were not extreme chronotypes (Owl and Lark Question-
naire23). All participants were required to pass a urine drug 
screen for common drugs of abuse and nicotine; two partici-
pants failed the urine test and were dropped from the study. A 
third subject was dropped from the study after an urgent work 
assignment conflicted with study participation. The remaining 
sample of 32 participants consisted of 16 men, 16 women; 

21–62 y, mean age ± standard deviation 39.9 ± 13.9 y. There 
were 11 moderate morning, 16 neither types, and five moderate 
evening types in the final sample. Almost all participants had 
some college education (94% of sample), with the remainder 
having only completed high school. Most participants were 
employed on a part-time (44% of sample) or full-time (31% 
of sample) basis, with the remainder reporting that they were 
not working. The majority of participants were not students 
(88% of sample), with only a minority reporting student status 
(12% of sample). No subject was color blind, as determined 
by the Ishihara test for color blindness. All participants had 
not worked any night shifts in the 2 y prior to the study and 
had not traveled across more than one time zone in the 2 mo 
preceding the study. All participants reported no previous 
experience with saliva sampling, and had not previously par-
ticipated in any research study in our laboratory. Non-steroidal 
anti-inflammatory drugs were not permitted throughout the 
study because they can suppress melatonin.24 All participants 
gave written informed consent prior to their participation. The 
study was approved by the Rush University Medical Center 
Institutional Review Board.

Protocols
Participants were randomized in groups of one to three 

people to one of two 10-day protocols (Figure 1). In Protocol 
A, participants completed a home circadian phase assessment 
first, followed by a laboratory circadian phase assessment the 
next day. Participants then had a 5-day break where they re-
turned to their usual sleep schedule at home, before completing 
a laboratory phase assessment, followed the next day by a 
second home phase assessment. In Protocol B, participants 
completed a laboratory phase assessment first, followed by a 
home phase assessment the next day. Participants then had a 
5-day break where they returned to their usual sleep schedule 
at home, before completing a home phase assessment, followed 
the next day by a laboratory phase assessment. Sixteen par-
ticipants completed Protocol A and 16 participants completed 
Protocol B.

The protocol for each subject was tailored to each indi-
vidual’s habitual sleep times collected in the week before the 
study start with daily sleep diaries. Subjects were not required 
to follow a fixed sleep-wake schedule during this week. On 
average across the sample, each participant’s bedtime varied 
by a maximum of 89.8 min and each participant’s wake time 
varied by a maximum of 114.5 min during this week. Saliva 
sampling started 6 h before and ended 2 h after each subject’s 
average bedtime (Figure 1). After the last saliva sample, par-
ticipants slept at home or in the laboratory before waking at 
their average wake time, to minimize any shifts in circadian 
timing. The average bedtime and wake time for the sample 
was 23:43 ± 0.9 h and 07:41 ± 0.7 h respectively, with average 
bedtime in the sample ranging from 21:30 to 01:00 and average 
wake time ranging from 06:30 to 09:00. Participants were re-
quired to take a 2-h nap prior to the second and fourth phase 
assessment (whether at home or in the laboratory) to reduce the 
sleep deprivation from the night before. Driving was not per-
mitted on any study day where the protocol had led participants 
to be sleep deprived. All participants wore a wrist actigraphy 
monitor (30-sec epochs, Actiwatch Spectrum, Respironics, 
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Bend, OR) on their nondominant wrist throughout the 10-day 
study to ensure compliance to the study protocol.25

Laboratory Circadian Phase Assessments
When in the laboratory participants were continuously su-

pervised by research staff, and guided through the laboratory 
procedures. Participants were required to remained awake and 
seated in dim light (< 5 lux, at level of the eyes, in direction of 
gaze, measured every 2 h, Extech 403125 light meter, Nashua, 
NH) starting 6.5 h before their average bedtime (Figure 1). 
After 30 min in the dim light, participants were prompted by 
staff to give a saliva sample every 30 min using Salivettes 
(Sarstedt, Newton, NC). The participants tipped the cotton 
swab from the Salivette into their mouths, and rolled the cotton 
swab in their mouths for up to 5 min until saturated, before 
spitting it back into the Salivette. This procedure continued 
every 30 min until the last saliva sample, which occurred 2 
h after their average bedtime. Toothpaste or mouthwash was 
not allowed during the phase assessments. Small snacks and 
fluids were permitted, except in the 10 min before each sample, 

and participants were required to rinse and brush their teeth 
with water while remaining seated 10 min before each sample 
if they had consumed food or drink. Participants remained 
seated throughout the laboratory phase assessment except for 
bathroom trips, but these were not permitted in the 10 min be-
fore each sample. Participants were not permitted to consume 
any alcohol or caffeine at least 24 h before each phase assess-
ment and were breathalyzed on arrival at the laboratory.

Home Circadian Phase Assessments with Measures of 
Compliance

The home phase assessments were designed to be as similar 
as possible to the laboratory phase assessments, with the addi-
tion of objective markers of compliance to the requirement for 
dim light and correct sampling times. Participants met a staff 
member at the laboratory earlier in the day of each home phase 
assessment. During these appointments, participants received 
a “light medallion” (Actiwatch Spectrum, Respironics, Bend, 
OR, 30-sec epochs, with wrist band removed, strung onto a 
cord worn around the neck with an attached safety pin), were 

Figure 1—Sample protocols for a subject who typically slept from 23:00 to 07:00. Participants were randomized to Protocol A or Protocol B. Protocol A 
consisted of a home phase assessment, a laboratory phase assessment, a 5-day break, a laboratory phase assessment, and a home phase assessment. 
Protocol B consisted of a laboratory phase assessment, a home phase assessment, a 5-day break, a home phase assessment and a laboratory phase 
assessment. The gray rectangles represent the time required for dim light. The dot represents the time of the first saliva sample, with saliva sampling 
continuing every 30 min up until 2 h after average bedtime. The black rectangles represent scheduled sleep times. Square brackets indicate approximate 
arrival and departure times from the laboratory.
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instructed on the home procedures, witnessed a demonstration 
of how to collect a saliva sample, and received a home saliva 
collection kit. As for the laboratory phase assessments, par-
ticipants were not permitted to consume any alcohol or caf-
feine at least 24 h before each home phase assessment and were 
breathalyzed during their visit to the laboratory. Participants 
were advised of the need to prepare food ahead of time so they 
could snack in between the half hourly saliva samples at home. 
A return appointment was made for the next day, so that par-
ticipants could return the home kit. Participants were informed 
that their compliance to the home procedures was being moni-
tored and the data would be examined by staff in their presence 
during the return appointment. The time taken to explain the 
home kits and home procedure varied between 20 to 30 min, 
depending on questions from participants.

The home saliva collection kit consisted of the following: 
a timer (PalmOne Tungsten E Handheld, programmed with 
Palm Desktop 4.1.4 software, Hewlett Packard, Palo Alto, CA), 
a paper checklist, a foam test tube rack, a small insulated bag 
with removable ice pack, 17 Salivettes with the cotton swabs 
removed, a vial with a MEMS TrackCap lid (microchip time 
stamps each lid opening, MWV Healthcare, Richmond VA) 
with the 17 cotton swabs inside, a dispenser with prepared 
labels in chronological order, a soft toothbrush, eight Tylenol 
pills to replace any nonsteroidal anti-inflammatory drugs par-
ticipants may wish to take in case of headaches and an event 
log for participants to note any odd events during the home 
phase assessment. Participants were offered a night light to 
assist in dimming their home bathrooms and 24 participants 
(75%) reported using the night light. The kit also contained 
three spare Salivettes, each with a cotton swab inside in case 
of an error with a saliva sample. The home kit was packed into 
a black messenger bag for easy transport home.

Upon arrival at home, participants were instructed to follow 
the checklist whenever prompted by the preset alarms on the 
timer, and to check off tasks on the checklist when completed, 
to assist them in working through the tasks. The first alarm oc-
curred 30 min before the first saliva sample, at which time the 
checklist prompted participants to close all blinds and curtains 
in their home environment, to reduce exposure to any outdoor 
light, and to turn off or dim indoor lights (including bathroom 
lights) to the lowest level possible while still permitting the 
reading of the checklist. Participants were also instructed to 
dim the screens of electronic devices they anticipated using 
during the home phase assessment, including televisions, com-
puters, cell phones, and music-playing devices. The light from 
the timer and night light were dim (~1.5 lux and 3.5 lux re-
spectively, at level of eyes, in direction of gaze, measured ~42 
cm from eye, Extech 403125 light meter). The checklist also 
prompted participants to place the test tube rack and remov-
able ice pack in their freezer, and to use the attached safety 
pin to pin the light medallion to their outer most clothing. All 
other pieces of the home kit were to be placed on a nearby 
table for easy access. As in the laboratory phase assessments, 
small snacks and fluids were permitted, except in the 10 min 
before each sample, when participants were prompted by the 
alarm/checklist to brush their teeth with the toothbrush if they 
had eaten any food, to rinse with water if they had consumed 
anything apart from water, and to remain seated until after the 

next saliva sample. Compliance to this instruction was not as-
sessed. At each scheduled time for a saliva sample, the alarms/
checklist prompted participants to open the Track Cap lid 
(which recorded time of opening), remove a cotton swab from 
the vial, replace the Track Cap lid, roll the cotton swab in their 
mouths for up to 5 min until saturated, spit the cotton swab 
into an empty Salivette, attach a label from the label dispenser 
to the Salivette, and place the Salivette in the test tube rack in 
their freezer. As in the laboratory phase assessments, showers 
and exercise, toothpaste or mouthwash was not allowed during 
the home phase assessments. The checklist also contained the 
telephone number of a staff member to call if any questions 
came up during the home phase assessment, although only 
two participants called the number, with questions about the 
timer. After the last saliva sample was obtained, the check-
list prompted participants to remove the light medallion and 
place it face up on their bedside table, turn off all lights, and to 
go to bed to sleep. The following morning, at the participants’ 
average wake time, the checklist prompted participants to put 
the light medallion back on. When participants were ready to 
return to the laboratory, the checklist instructed them to place 
the ice pack and frozen Salivettes in the small insulated bag, 
and to pack all remaining equipment into the larger messenger 
bag.

Preliminary Data Analysis
When participants returned to the laboratory to drop off the 

home kit, the research staff checked that all contents of the kit 
were returned, and participants were asked how many people 
were home during the home phase assessment and their respec-
tive ages. The number of people home during the home phase 
assessment ranged from zero to six people, and at least one 
other person was present for the majority of the home phase 
assessments (64%). The age of the people present during the 
home phase assessments ranged from 6 to 84 y. The light me-
dallion was removed from the subject and downloaded, and 
the activity on the light medallion was checked to confirm par-
ticipants were wearing the light medallion as instructed. The 
light levels from the 30 min before the first saliva sample to 
the last saliva sample were also checked, with light levels < 50 
lux coded as compliant and light levels ≥ 50 lux coded as non-
compliant. This light threshold was chosen based on an illumi-
nance response curve generated in dark adapted participants, 
which indicates minimal melatonin suppression at light inten-
sities < 50 lux.26 The Track Cap was also downloaded (Power-
View version 3.4.1, MWV Healthcare, Richmond, VA), with 
any saliva samples ≤ 5 min from the scheduled time coded as 
compliant, and samples taken > 5 min from the scheduled time 
coded as noncompliant.

The Salivettes collected in the laboratory were immedi-
ately centrifuged to extract the saliva from the cotton swab 
and then frozen. The Salivettes collected at home were thawed, 
centrifuged, and then refrozen. The saliva samples were then 
shipped in dry ice to Solidphase Inc. (Portland, ME) which 
radioimmunoassayed the samples for melatonin using com-
mercially available kits (ALPCO, Inc, Salem, NH). Each in-
dividual’s saliva samples were assayed in the same batch. The 
first non-zero standard of this assay was 0.5 pg/mL. Intra-
assay coefficients of variation for low, medium, and high levels 
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of salivary melatonin are 20.1%, 4.1%, and 4.8%, respectively. 
The interassay coefficients of variation for low, medium, and 
high levels of salivary melatonin are 16.7%, 6.6%, and 8.4%, 
respectively. A DLMO was calculated for each phase assess-
ment and defined as the clock time (with linear interpolation) 
when the melatonin concentration exceeded the mean of three 
low consecutive daytime values plus twice the standard devia-
tion of these points.27 This low threshold more closely tracks 
the initial rise of melatonin.28

RESULTS

Compliance to the Scheduled Bed and Wake Times
The wrist activity revealed that all participants except two 

demonstrated good compliance to the study protocol, going to 
bed and getting out of bed at home within 15 min of the as-
signed times. The two noncompliant participants each slept up 
to 1.5 h after their assigned wake time after their first home 
phase assessment, but before the first laboratory phase assess-
ment in Protocol A.

Compliance to the Requirement for Dim Light
Each of the participants completed a home phase assess-

ment twice. Thirteen participants (41% of the sample) received 
at least one 30-sec epoch of light > 50 lux during both 8.5 h 
home phase assessments, eleven participants (34%) received 
such light during only one of the two home phase assessments, 
whereas eight participants (25%) were able to remain in dim 
light throughout both home phase assessments. Overall, the 
median frequency of 30-sec epochs > 50 lux was 2. The av-
erage difference in number of epochs > 50 lux between the two 
home phase assessments was 15.7 ± 34.7. Often the light > 50 
lux was received in the first 30 min of the home phase assess-
ment (58% of the time), as participants began to close their 
blinds and curtains and dimmed their inside lighting. When 
light > 50 lux did occur during the 8.5 h home phase assess-
ment, the duration lasted between 30 sec to 95 min, and on 
average lasted for 8.8 ± 16.3 min (or on average 1.7% of the 
home phase assessment). The average light intensity during 
home phase assessments was 4.5 lux, with a range of zero 
to 13,047 lux (the maximum occurring in the first 2 min of 
the home phase assessment as the subject closed her blinds). 
The average light intensity of the epochs with light > 50 lux 
was 158.5 lux. The most common activity during the home 
phase assessments was watching television (63%), followed by 
reading (19%), using a computer (9%), and housework (9%). 
There was no significant relationship between the occurrence 
of light > 50 lux during the home phase assessments and sub-
ject characteristics such as age, sex, race, education, employ-
ment status, student status, number of people home, youngest 
age of people home, oldest age of people home, and whether 
the first sample was before or after sunset (all P > 0.12). There 
was a trend for more participants in Protocol A (81%) than in 
Protocol B (50%) to receive light > 50 lux in the first home 
phase assessment (chi-square, P = 0.063), but not in the second 
home phase assessment (chi-square, P = 0.48). This is most 
likely because in the first home phase assessment participants 
in Protocol A had not yet experienced the dim light in a labo-
ratory phase assessment.

Compliance to Scheduled Sample Times
Three participants (9% of the sample) collected at least one 

saliva sample more than 5 min from a scheduled sample time 
in both home phase assessments, 11 participants (34%) col-
lected at least one saliva sample more than 5 min from a sched-
uled sample time in only one home phase assessment, and 18 
participants (56%) had no problem collecting saliva samples 
within 5 min of the scheduled times in both home phase assess-
ments. Two subjects missed one sample during their first home 
phase assessment. The majority of sample errors resulted in 
samples collected within 11 min of the scheduled time (88% of 
the errors), and mostly occurred when participants mistakenly 
collected a saliva sample when the timer/checklist prompted 
them to brush their teeth and rinse with water in the 10 min 
before a scheduled sample. There was no significant relation-
ship between compliance to the scheduled sample times during 
the home phase assessments and subject characteristics such 
as age, sex, race, education, employment status, student status, 
number of people home, youngest age of people home, oldest 
age of people home, or whether the subject participated in Pro-
tocol A or B (all P ≥ 0.15).

Dim Light Melatonin Onsets
One subject who ran in Protocol A consistently secreted a 

low level of melatonin (< 5 pg/mL) and there was no discern-
ible onset in melatonin secretion in all home and laboratory 
phase assessments. Thus, there were no DLMOs from this sub-
ject. After all of the home DLMOs were calculated, they were 
cross checked against the light levels on the light medallion 
and sample times from the TrackCap. If a sampling error af-
fected one of the two melatonin data points below and above 
the threshold, which are used in the calculation of the DLMO, 
the home DLMO was considered invalid. This occurred on two 
occasions. Similarly, if light exposure was > 50 lux within 30 
min of the two melatonin data points used in the calculation 
of the DLMO, the home DLMO was considered likely sup-
pressed and invalid. This occurred on three occasions. This 
rule was derived from data showing melatonin rebounded in 

~30 min after a 12 min exposure to very bright light (~10,000 
lux, Figure 4 in Chang et al.29). Thus, of the 62 home DLMOs 
calculated, 57 (92%) were considered valid.

The home and laboratory DLMOs were highly correlated 
(r = 0.91, P < 0.001) (Figure 2). Individual examples of when 
the home DLMO occurred more than 30 min before, at approx-
imately the same time, or more than 30 min after the laboratory 
DLMOs are shown in Figure 3. Each valid home DLMO was 
subtracted from the laboratory DLMO that occurred immedi-
ately before or after that home DLMO. Thus a positive number 
indicated the home DLMO occurred before the laboratory 
DLMO, whereas a negative number indicated the home DLMO 
occurred after the laboratory DLMO. Overall the average dif-
ference between the home and laboratory DLMO in each pair 
of DLMOs was 0.16 ± 0.63 h, reflecting that on average the 
home DLMO occurred before the laboratory DLMO. How-
ever, there was no significant difference between the home and 
laboratory DLMOs (paired t test, P > 0.05). The distribution 
of the differences between each pair of home and laboratory 
DLMOs was normally distributed (skew = 0.07 ± 0.32, kur-
tosis = −0.01 ± 0.62, Figure 4). In 33 cases (58% of the data) the 
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home DLMO occurred within 30 min of the laboratory DLMO. 
In 16 cases (28% of the data) the home DLMO occurred more 
than 30 min earlier than the laboratory DLMO (maximum dif-
ference 1.65 h earlier). In eight cases (14% of the data), the 
home DLMO occurred more than 30 min after the laboratory 
DLMO (maximum difference 1.14 h later). In both protocols it 
was less common for the home DLMO to occur after the labo-
ratory DLMO (as might be expected if melatonin suppression 
was occurring during the home phase assessments). Similarly, 
the magnitude of the difference between the home and labora-
tory DLMOs was always less when the home DLMO occurred 
after the laboratory DLMO. Thus in sum, there was no evi-
dence that the home phase assessments systematically led to 
later DLMOs than those measured in the laboratory. In 58% of 
cases the home DLMO occurred within 30 min of the labora-
tory DLMO and in 88% of cases the home DLMO occurred 
within 1 h of the laboratory DLMO. The average difference be-
tween the two home DLMOs was 0.36 ± 0.68 h and the average 
difference between the two laboratory DLMOs was 0.48 ± 0.86 
h. The average difference between the two home DLMOs and 
the average difference in number of epochs > 50 lux between 
the two home phase assessments were not significantly corre-
lated (r = 0.19, P = 0.33).

DISCUSSION
This study is the first test of a novel kit designed to facilitate 

home saliva sampling for later determination of the DLMO. 
The home procedure included objective measures of compli-
ance to the requirement for dim light and scheduled times for 
saliva samples, and a system to reduce labeling errors. Overall 
participants were reasonably compliant to the requirement for 
dim light. Although 75% of the participants received at least 
one 30-sec epoch of light > 50 lux during their home phase as-
sessments, the average duration of light > 50 lux in these par-
ticipants was less than 9 min of the required 8.5 h of dim light. 

Participants were also reasonably compliant to the requirement 
for saliva samples every half hour, with more than half of the 
participants collecting all their home saliva samples within 5 
min of the scheduled times. Thus overall, compliance to the 
home procedures was good and the light data from the photo-
sensor and sample timing data from the medication monitoring 
device indicated 92% of the home DLMOs were valid with 
these relatively strict criteria.

The home DLMOs correlated highly with the laboratory 
based DLMOs (r = 0.91). This correlation is considerably higher 
than the correlation between home and laboratory DLMOs pre-
viously observed in a study with no measures of light exposure 
or sample timing (r = 0.68).12 Importantly, the previous study 

Figure 3—Individual melatonin profiles collected in a home phase 
assessment either the day before or day after a laboratory phase 
assessment. Top panel: An example of when the home dim light 
melatonin onset (DLMO) occurred before the laboratory DLMO. Middle 
panel: An example of when the home DLMO occurred at the same time 
as the laboratory DLMO. Bottom panel: An example of when the home 
DLMO occurred after the laboratory DLMO.
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Figure 2—The clock time of dim light melatonin onsets (DLMOs) collected 
in laboratory phase assessments versus home phase assessments. The 
two measures were highly correlated (r = 0.91, P < 0.001). The line is the 
line of unity.
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and the current study used the same low threshold to calculate 
the DLMOs,11,27 and so the DLMOs are directly comparable. 
In this earlier study, 20% of home DLMOs occurred 1 h or 
more after the corresponding laboratory DLMOs (suggesting 
light-induced melatonin suppression at home),12 whereas only 
4% of home DLMOs in the current sample occurred 1 h or 
more after the corresponding laboratory DLMO. Furthermore, 
the average difference between home and laboratory DLMOs 
was less than 10 min in the current study versus the previ-
ously observed 54 min,12 and less than the 30-min sampling 
rate. Indeed, the maximum difference between the home and 
laboratory DLMOs occurred when a home DLMO occurred 
1.65 h earlier in time than the corresponding laboratory DLMO. 
This difference falls within the 95% confidence intervals sur-
rounding the mean difference between two laboratory DLMOs 
assessed about 3 w apart in healthy participants sleeping on 
a fixed sleep schedule (± 30 min).30 In that study, the upper 
limit of the 95% confidence interval was a difference of 2.4 h 
between the two laboratory DLMOs.30 Similarly, the weekly 
difference falls within the difference observed between two 
laboratory DLMOs assessed at least 5 days apart in healthy 
participants sleeping on an ad lib schedule31 (Figure 2). The ob-
served variability in the difference between the home and labo-
ratory DLMOs in the current study is most likely due to the 
typical variations in the sleep times of the participants before 
each back-to-back phase assessment.32,33 By contrast, the 2 h 
of dim light after habitual bedtime26 and the 2 h afternoon nap 
before the second phase assessment34 are unlikely to have sig-
nificantly shifted the DLMO. Overall, the good agreement be-
tween the home and laboratory DLMOs in this study suggests 
that including objective measures of light exposure and sample 
timing during home saliva sampling, and also informing par-
ticipants that their compliance is being monitored, can lead to 
more accurate home DLMOs.

The home saliva sampling procedure tested here is the next 
step toward developing a standardized approach to measure 
valid DLMOs at home. Home DLMOs offer several advantages 
over laboratory or clinic based DLMOs, including reduced 
cost, and potentially greater accessibility to patient groups that 
are reluctant to stay overnight in a facility (e.g., postpartum 
women). The home procedures used in this study required par-
ticipants to give half-hourly saliva samples, which is signifi-
cant considering other protocols for home saliva sampling have 
relied on only hourly sampling.12,14 Half-hourly sampling at 
home was required as this higher sampling frequency is often 
used in the laboratory or clinic, and thus provided the optimal 
comparison to laboratory DLMOs.28 Nonetheless, hourly sam-
pling may be more practical for clinical practice.28 The saliva 
collection window was tailored to each subject, starting 6 h 
before each subject’s average bedtime and continuing up to 2 
h after each subject’s average bedtime. A similar 8-h sampling 
window was used previously, although it was shifted 1 h earlier, 
with saliva sampling starting 7 h before and ending 1 h after 
habitual bedtime.12 Other home saliva sampling protocols have 
used only a 5-h sampling window.14 In the current study the 
earliest DLMO relative to sampling time occurred 2 h after the 
first saliva sample and the latest DLMO occurred 1 h before 
the last sample, suggesting the full 8-h window may be needed 
to best capture the DLMO, at least in healthy people.

Although the kit and procedures worked quite well, there 
are several areas for potential improvement in future studies. 
One possibility is the addition of “blue blocker” glasses, 
which can minimize any melatonin suppression due to indoor 
lighting.35,36 Such glasses were not included in the kit tested 
here, because of the difficulty in measuring subject compli-
ance in wearing them. Nonetheless, participants could be en-
couraged to wear them during home phase assessments, as in 
a previous study participants reported wearing them about 
70% of the requested time.37 Another change could be to use a 
small personal electronic device such as a smart phone, as the 
timer in the kit instead of a personal data assistant (PDA), as 
the PDA was somewhat burdensome to staff, requiring careful 
programming of the alarms with specialized desktop software. 
Additionally, the staff time taken to explain the kit to each and 
every subject could conceivably be replaced with a short video 
explaining the procedure, followed by a short question and an-
swer session with staff. Participants were also less likely to 
receive light > 50 lux during the home phase assessments, after 
they had experienced the laboratory phase assessment (< 5 lux). 
Thus, people may be more successful at ensuring dim light 
at home if they are first shown a room with appropriate dim 
lighting, as verified by a staff member with a light meter. Fi-
nally, participants may experience less sampling errors if they 
are informed that the foremost sampling error was to generate 
a saliva sample about 10 min early, when instead they should 
have been brushing their teeth to remove food particles.

Figure 4—The distribution of the difference between the laboratory 
dim light melatonin onsets (DLMOs) and home DLMOs, calculated by 
subtracting each home DLMO from its corresponding laboratory DLMO. 
The zero line represents no difference between the DLMOs, a positive 
difference reflects the home DLMO occurring earlier in time than the 
corresponding laboratory DLMO, while a negative difference reflects the 
home DLMO occurring after the corresponding laboratory DLMO. The 
solid lines represent the mean differences in each protocol. The dashed 
lines represent a 30-min difference and a 1-h difference between the 
home and laboratory DLMOs.
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The home saliva sampling procedure in this study was tested 
in healthy participants whose age ranged between 21–62 y. In-
terestingly, subject compliance to the requirement for dim light 
and sample times were not significantly associated with any 
characteristics of the participants such as their age, race, edu-
cation, employment status or student status. Similarly, there 
were no significant relationships between characteristics of the 
participants’ home environment and their compliance, such as 
the number of people home during the home phase assessment 
and their respective ages. One subject successfully completed 
both home phase assessments with six other family members 
present and the difference between his home and laboratory 
DLMOs was less than 5 min on both occasions. Nonetheless, 
the sample was highly educated, with 94% of subjects having 
started some college education, indicating further validation of 
the procedure may be required in a more representative sample 
of the general population. Nonetheless, all the participants 
were healthy, and the home saliva sampling kit and procedure 
remains to be tested in patient populations, including those 
with extremes of chronotype. Given the greater variability in 
the sleep-wake schedules of patients with various circadian 
rhythm sleep disorders, including delayed sleep-wake phase 
disorder, there is likely to be larger variability between home- 
and laboratory-based phase assessments. The home kit and 
procedures will also need validation for use in children and 
older adults with neurodegenerative conditions, as both will 
require assistance with the home procedures. As a next step we 
are testing the home saliva sampling procedure in patients with 
delayed sleep-wake phase disorder because the DLMO can be 
quite useful in the differential diagnosis of this disorder.38
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