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Summary

The diurnal cortisol profile has been implicated in multiple physical and mental health conditions
in children and adolescents; however, current knowledge regarding the stability of the diurnal
cortisol profile is largely based on adults. Developmental changes throughout childhood and
adolescence warrant examination of the stability of the diurnal cortisol profile during this stage in
the lifecourse. The aim of the present study was to conduct a comprehensive evaluation of the
diurnal cortisol profile in children and adolescents. Participants (V= 233; M= 12.40, SD=1.83;
44.2% girls) in the Healthy Heart Project collected saliva samples, completed demographic
questionnaires, and recorded bed and waking time. Intra-class correlations were calculated to
evaluate the stability of aggregate and single sample measures of the diurnal cortisol profile. Total
cortisol concentration (AUCtg, AUCag) and maximum sample were the most stable cortisol
measures (ICCqyg = 0.54). Dynamic measures (AUC), slope; ICC,,q = 0.22) and other single
sample measures (awake, lunch, dinner, bedtime, morning random, day random; ICCyq = 0.28)
were less stable. Of the developmentally relevant covariates tested, sleep duration, adrenarche, and
time of awakening were most associated with cortisol values. Altogether, the diurnal cortisol
profile yielded moderate to high stability in children and adolescents. These findings can inform
methodological decisions regarding cortisol sampling protocols for children and adolescents.
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Cortisol, the end product of the hypothalamic pituitary adrenal (HPA) axis, is released in a
circadian fashion and in response to stress. The circadian rhythm of cortisol, or the diurnal
cortisol profile, has been implicated in multiple physical and mental health conditions in
children and adolescents, including asthma (Wolf et al., 2008; Dreger et al., 2010), bipolar
disorder (Ellenbogen et al., 2006), major depression (Van den Bergh and Van Calster, 2009;
Adam et al., 2010), and sleep disturbances (EI-Sheikh et al., 2008), among others. However,
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the measurement of cortisol varies widely, and few studies have considered the stability of
the diurnal cortisol profile in children and adolescents.

The diurnal cortisol profile is characterized by cortisol levels that peak roughly 30 min after
awakening (morning acrophase) and gradually decline throughout the day, reaching nadir at
bedtime (Fries et al., 2009). The diurnal cortisol profile is described using aggregate
measures such as: the awakening response, diurnal slope, and the total concentration of
cortisol over the day. The awakening response refers to the rise in cortisol by 50-75%
(approximately 4-15 nmol/L) during the first hour post-awakening (Clow et al., 2004). Two
awakening response measures are commonly derived: total amount of cortisol released
during the awakening response (AUC4¢; area under the awakening response relative to
ground or zero; see Table 1) and dynamic increase in the amount of cortisol secreted
following awakening (AUC; area under the curve relative to increase or awakening cortisol
value; Pruessner et al., 2003). Diurnal slope is characterized as the decline in cortisol over
the day and is calculated as the slope of the line from the awakening or maximum value to
the last measured point. Normal slopes are declining and characterized by negative values;
blunted slopes are flattened with values closer to zero. Diurnal slope can be determined by
standard linear regression or by rise over run (i.e., difference between first and last cortisol
values divided by the time between sampling; Adam and Kumari, 2009); the comparability
of these two formulas is unknown. Total cortisol concentration (AUCtg) represents the
overall secretory activity of the HPA axis throughout the day. AUC+g is estimated as the
area under the diurnal profile of all measured time points (excluding the awakening
response), relative to ground. Finally, single sample measures including morning (any single
sample during the morning; Lupien et al., 2001), awake, and bedtime (Backhaus et al., 2004;
Cohen et al., 2006), are also commonly reported in the adult and child literature.
Additionally, some researchers collect cortisol at unstandardized time points (e.g.,
inconsistent collection times due to participant scheduling; EI-Sheikh et al., 2008).

Saliva sampling protocols to capture the diurnal cortisol profile vary widely (Adam and
Kumari, 2009), ranging from two samples on 1 day to six samples over several days. The
MacArthur Network (2000) guidelines recommend 3-4 days of sampling to determine total
amount of cortisol released (AUCag, AUCTg), and at least 6 days to capture diurnal slope.
Yet the feasibility of these recommendations is often limited by financial resources and
participant burden. Thus, several studies have examined the stability of the diurnal cortisol
profile in adults to guide sampling protocol decisions. A single day of sampling yields
morning cortisol and awakening response values that have low stability (Coste et al., 1994;
Hellhammer et al., 2007). Among the awakening response measures, AUCag is more stable
and evidences moderate stability over 2 days of sampling (ICC = 0.69), while AUC,
necessitates 5 days of sampling to reach comparable reliability (ICC = 0.65; Hellhammer et
al., 2007). Diurnal slope also has moderate stability over 2 days (r=.45-.66; Kraemer et al.,
2006). Interestingly, anchoring the diurnal slope to the awake sample (+0 min) rather than
the +30 min post-awakening sample, has been found to be more stable in older adults (5= .
63 and .45, respectively; Kraemer et al., 2006). There are no findings regarding the stability
of AUC+¢ or other single sample measures.
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The stability of the diurnal cortisol profile in children and adolescents has been minimally
investigated. Awakening response is moderately stable across 2 days (AUCag 7= .40-.55;
AUC, r=.53; Pruessner et al., 1997; ter Wolbeek et al., 2007; Oskis et al., 2009). However,
the robustness of these findings remains unestablished given the methodological limitations
of these studies such as including girls only (ter Wolbeek et al., 2007; Oskis et al., 2009) and
small samples sizes (V< 50; Pruessner et al., 1997). There is no data regarding the stability
of AUC+¢ or diurnal slope. Single sample measures are moderately stable across 3
consecutive days: awake (a = .49), +30 min post-awakening (a = .77), afternoon (a = .58),
and bedtime (a =.75; O’Connor et al., 2005). Similar findings have been reported across 2
consecutive days (Brosnan et al., 2009; Shirtcliff et al., 2005). Thus, while these results
suggest some cortisol measures are moderately stable, a more rigorous examination of the
stability of the diurnal cortisol profile in children and adolescents is necessary.

Examining the stability of the diurnal cortisol profile in children and adolescents is
important because developmental changes in the timing and amount of cortisol released alter
the shape of the diurnal profile. The diurnal profile of infants (age 1-2 months) is
characterized by two daily cortisol peaks (Larson et al., 1998). At age 2-3 months, an
awakening response emerges (Kiess et al., 1995; O’Connor et al., 2005; Oskis et al., 2009).
Diurnal slope is not considered stable until age 4 years, which is likely attributable to
daytime napping (Gunnar and Donzella, 2002). Furthermore, sleep duration decreases across
childhood and adolescence (Wolfson and Carskadon, 1998). Total cortisol concentrations
increase steadily from childhood to adolescence (Lupien et al., 2001; Walker et al., 2001;
Tornhage, 2002; Gunnar et al., 2009). Pubertal maturation has been inconsistently associated
with cortisol with some studies finding an association with increased cortisol (Kiess et al.,
1995; Netherton et al., 2004; Oskis et al., 2009), steeper diurnal slope, and reduced
awakening response (Adam, 2006), and others reporting no relation (Rosmalen et al., 2005;
El-Sheikh et al., 2008). Some evidence suggests these inconsistencies are resolved when
pubertal phase (gonadarche or adrenarche) is considered. Thus, the stability of the diurnal
cortisol profile should be considered in light of these developmental changes.

Several other covariates alter the diurnal cortisol profile in children and adolescents,
including sex, waking time, and season of sampling. Sex differences have not been found for
the evening cortisol level; however, girls’ awakening response is greater (Rosmalen et al.,
2005). Earlier waking time yields greater morning cortisol levels (Kelly et al., 2008). Season
of sampling has inconsistent findings; higher morning cortisol values have been observed
both in the winter (short photoperiod; Walker et al., 1997), and spring/summer (long
photoperiod; Rosmalen et al., 2005; Matchock et al., 2007). Total cortisol concentration is
greater in long photoperiods (Matchock et al., 2007). While the current child and adolescent
literature has examined the influence of some covariates, it is based on a limited number of
studies and does not include developmentally relevant covariates (e.g., sleep duration,
sampling when school in-session).

The question remains whether the diurnal cortisol profile is stable in children and
adolescents. Developmental changes throughout childhood and adolescence warrant
comprehensive examination of the stability of the diurnal cortisol profile during this stage in
the lifecourse. Existing gaps of knowledge in the literature include restrictive samples (girls
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only), small samples sizes (V< 50), lack of stability data for common cortisol measures
(diurnal slope, AUC+g) and limited information about potentially important covariates
(sleep duration, school in-session). Thus, significant methodological issues challenge the
accuracy and generalizability of previous findings. The aim of the present study was to
examine the stability of the diurnal cortisol profile in children and adolescents. Specifically,
aggregate and single sample measures of cortisol commonly reported in the literature were
evaluated. As a secondary aim, developmentally relevant variables including sex, age,
adrenarche, gonadarche, season, school in-session, wake time, and sleep duration were
considered as covariates.

1.1. Participants

Youth aged 9-18 years were recruited to take part in the Healthy Heart Project, a
longitudinal study examining early cardiovascular risk factors, at Concordia University,
Montreal, QC. Flyers, postcards, and bookmarks were distributed throughout the community
and in primary and secondary schools approved by the Montreal English School Board.
Children with serious psychopathology or medication use known to interfere with
cardiovascular functioning were excluded. This study was approved by the Concordia
University Ethics Review Committee (UH2005-077-4).

1.2. Procedure

Youth and their parents were scheduled for two visits to the laboratory. During the first visit,
youth and their parents completed demographic and health questionnaires. Youth were
instructed how to use the Salivette sampling device and provided saliva collection Kits for
home and school. During the second visit, participants returned their saliva samples.
Informed consent and youth assent was obtained prior to the study. Participants received
monetary compensation for their time.

1.3. Measures

1.3.1. Cortisol—Two sampling protocols were used over the course of the study. For the
first protocol (7= 139), saliva samples were collected five times per day for 3 days at home
or school. Samples were collected at awakening (awakeg), +30 min post-awakening
(awakesp), +45 min post-awakening (awakeys), before lunch, and before dinner. For the
second protocol (7= 168), saliva samples were collected six times per day (bedtime sample
added) for only 2 days. Participants were instructed to collect saliva samples on at least 1
weekday. The duration of sampling, or the numbers of days that elapsed when collecting
samples, ranged from 2 to 64 days.

Saliva samples were collected using the Salivette sampling device (Salimetric, Inc.). Youth
were instructed to place the cotton swab under their tongue for at least 30 s. When saturated,
it was placed back in the Salivette tube and refrigerated until returned at the second visit.
Participants were instructed not to eat or brush their teeth 10 min before taking a sample,
consistent with the instructions by Hanrahan et al. (2006). Youth recorded the date and time
each sample was taken in a daily log, which was initialed by parents or teachers as a marker
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of compliance. Compliance was also verified for the awakening (awakep) sample using
accelerometry data (supine to sitting; Rotenberg and McGrath, 2011). Participants were
highly compliant with saliva sampling (97%). Upon receipt at the laboratory, saliva samples
were stored in a sub-zero freezer until they were packaged in dry ice and couriered to the
University of Trier, Germany for cortisol assaying. Cortisol levels are robust to
environmental conditions associated with the shipping process (Clements and Parker, 1998).
Cortisol levels were determined in duplicate using a competitive solid phase time-resolved
fluorescence immunoassay with fluorometric end point detection (DELFIA; Dressendorfer
et al., 1992). The intra-assay coefficients of variation were less than 11%.

1.3.2. Pubertal stage—Two phases of pubertal development, gonadarche (genital/breast
development) and adrenarche (pubic hair growth), were assessed using sex-specific
illustrations corresponding to Tanner stages -V (Growing and Changing Questionnaire;
Golding et al., 2001). While visual examination performed by physicians to assess sexual
maturation status is the gold standard, it is often not conducted due to concerns about
privacy and the sensitivity of the physical examination. Pubertal illustrations have
demonstrated good reliability and validity (r=.77-.91; Morris and Udry, 1980; Dorn et al.,
1990; Netherton et al., 2004). Pubertal stage was only assessed during the second saliva
sampling protocol.

1.3.3. Timing—Season of sampling was based on the timing of the solstice and equinox
occurrence (Matchock et al., 2007). Fall/Winter was September 21st to March 20th, and
Spring/Summer was March 21st to September 20th. School in-session was defined as
September 1st to June 15th; summer break was defined as June 16th to August 31st.

1.3.4. Sleep duration—The quantity of sleep on the night preceding saliva sampling was
recorded in the child’s daily logs. Sleep duration was calculated as the time elapsed between
bedtime and the time of the awakey sample. Wake time was set to equal the time of the
awakeg sample. Sleep duration was only assessed with the second saliva sampling protocol.

1.4. Sample exclusion criteria

Of the initial 303 participants who were included in the study, participants who did not
return any saliva samples (7= 16), took more than 2 weeks to collect saliva samples (7= 7),
or did not collect samples on 2 similar days (weekday or weekend; /7= 16) were excluded
from the sample. Of the remaining participants (n7 = 264), the majority (97%) collected their
saliva samples within 14 days (excluded participants took an average of 24 days to collect
samples). Most participants collected their saliva samples on weekdays (/7= 233); a subset
collected saliva samples only on the weekend (7= 31). Over 50% of the cortisol values
differed significantly based on day of data collection (weekday vs. weekend). This is
consistent with previous research (Scholtz et al., 2004). Due to the small sample size of
participants with weekend only data, stability statistics were limited to weekday data.

1.5. Statistical analyses

Raw cortisol values were square root transformed to address non-normality and skewness.
Aggregate measures (AUCag, AUC,, AUC+g) were calculated for each day of sampling
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using equations previously reported (cf. Pruessner et al., 2003; Kraemer et al., 2006; see
Table 1). Diurnal slope was estimated using two formulas (linear regression, rise over run),
each with two different anchoring points (awakeg, peak morning sample). To mimic
methodological design choices observed in the literature (e.g., morning sample taken when
child arrives at school; during classroom visit scheduled at convenient time), two random
samples were chosen purposely. Morning random sample was randomly selected from
awakeg, awakesq, or awakeys; day random sample was randomly selected from any sample
each day. Maximum sample was the highest cortisol value identified each day.

Of the total number of saliva samples (7= 4506), missing data were due to single saliva
samples that were either not returned (7= 190, 4.22%) or did not contain enough saliva for
assaying (n= 24, 0.53%). Awakening response (AUCag, AUC)) was defined as missing if
the awakey sample was missing or if the time difference between the collection of the awake
and awakes sample exceeded 1 h. AUCtg and diurnal slope were defined as missing if the
awakeg sample, maximum sample and/or at least two other samples were missing. The
percentage of missing data for all aggregate measures (AUCag, AUC|, AUCtg, diurnal
slope), ranged from 3% to 25%. Little’s tests showed that the missing aggregate measures
were not missing completely at random (;(2 [875, N=234] = 1242.62, p< .05), but were
likely missing at random. This suggests that the missing aggregate measures do not depend
on the data itself. Multiple imputation procedures were performed for the aggregate
measures. Missing values were imputed 20 times with re-sampling techniques in Amelia Il
(version 1.2-14). Missing single sample measures were excluded using case-wise deletion
(data imputation is not possible).

Classical measurement theory was used to examine the stability of the diurnal cortisol
profile. The stability of aggregate and single sample measures was examined using
multilevel modeling. Day-to-day sources of cortisol variability (e.g., time of awakening,
sleep duration) were nested within individuals. Intra-class correlational analyses were used
to evaluate the stability of 14 cortisol measures: AUCag, AUC|, slopeawake regressions
slopemax regressions SI0P€awake to last: SIOPEmax to last: AUCTG, awakening sample, before lunch
sample, before dinner sample, bedtime sample, morning random sample, day random
sample, and maximum sample. The intraclass correlation coefficient (ICC) was calculated
using the statistical method described by Shrout and Fleiss (1979). The ICC represents the

ratio of between-subject variability ( aés) to total variability (between-subject variability

plus error variability; o, ); ICC=02, /(07 +02,.). An ICC ranges from 0 to 1; values
greater than 0.8 are considered to be stable. The projected number of days of measurement
(m) needed to obtain a stable average cortisol measure (ICCqr = 0.8) was calculated by
rearranging the Spearman-Brown formula: m=ICCggr(1 — ICC)/ICC(1 — ICCqR). Classical
measurement theory was tested using HLM®6 (Scientific Software International) statistical

software.

Finally, covariates developmentally relevant to childhood and adolescence (i.e., sex, age,
adrenarche, gonadarche, season, school in-session, wake time, sleep duration, sampling
duration) were each considered a priori. Covariates were tested using univariate linear

Psychoneuroendocrinology. Author manuscript; available in PMC 2018 January 09.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Rotenberg et al. Page 7

regression to examine the extent of their association with the cortisol measures. Analyses
were conducted using IBM SPSS Statistics software (Version 20).

2. Results

Participants (/= 233) included children and adolescents aged 9-18 years (M = 12.40 years,
SD = 1.82). About half of the sample was female (7= 103; 44.2%) and the majority of
participants were of normal body weight (<85th BMI percentile: 7= 152; 65%). The
majority of parents had a university education (M = 15.88 years, SD = 3.45) and a yearly
household income of $73,552 CAN (SD = $51,780). The mean wake time was 7:33 am (SD
= 1.4 h) and participants slept on average for 9 h (SD= 1.5 h). The majority of samples were
collected within 2 days (70%) while school was in-session (79%). Untransformed cortisol
values stratified by age and sex are presented in Table 2.

2.1. Stability and number of days of measurement needed

The ICCs and the projected number of days of measurement (/77) needed to reach optimal
stability (ICC = 0.8) are presented in Fig. 1. The stability of the aggregate measures ranged
from 0.16 to 0.58; the stability of the single sample measures ranged from 0.12 to 0.54.
Aggregate measures representing the total amount of cortisol released (AUCag, AUCTg)
were more stable than the measures describing the dynamic response of the HPA axis
(AUC,, diurnal slope). Diurnal slope was more stable when anchored to the maximum
sample as compared to the awake sample (mean ICC = 0.27 vs. 0.15, respectively). There
was no difference between linear regression and rise over run formulas (both mean ICC =
0.21); thus, the mean is presented. Among the single sample measures, cortisol was most
stable for the maximum sample, followed by the awake and dinner samples.

The relation between number of days of sampling and stability of cortisol is further depicted
in Fig. 1. Maximum cortisol value and aggregate measures of total amount of cortisol
(AUCpG, AUCtg) measured over 3—4 days demonstrate optimal stability (ICC = 0.8).
Awake, lunch, and dinner samples necessitated measurement for 1 week to attain optimal
stability. Finally, over 2 weeks of measurement were necessary for the dynamic cortisol
measures (AUC|, slopemax, Slopeawake) and other single sample measures (morning random,
day random, bedtime).

2.2. Influence of covariates

Among the covariates, sleep duration accounted for the greatest amount of variance in
cortisol (M= 5.5%). Longer sleep duration was significantly associated with steeper diurnal
slopeawake, lower AUC,, and AUC+g, as well as a trend (o = .07) towards reduced awake and
greater bedtime cortisol levels (see Table 3). Accounting for 5.0% of the variance, duration
of sampling period was negatively associated with cortisol, such that a longer timelapse
between sampling days resulted in significantly lower values for AUCag and AUC+g, and
trended towards significantly lower values for AUC,. Pubertal stage based on adrenarche
accounted for 3.7% of the variance in cortisol. Participants who were at later stages of pubic
hair development had significantly flatter diurnal slopes (slopeayake and slopemax). Pubertal
stage based on gonadarche (0% of variance) was not significantly associated with any
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cortisol values. Later time of awakening (3.0% of variance) was significantly associated with
lower AUCtg. When school was in-session (2.7% of variance), AUC, was higher, dinner
was lower, and slopenax Was steeper than compared when on summer break. For season of
sampling (2.5% of variance), during the spring/summer, diurnal slopemax Was flatter. With
respect to age (2.5% of variance), older adolescents had greater AUC, values and flatter
slopeawake; NO other age related differences were found. Females (2.1% of variance) had
significantly higher AUC;, maximum, lunch, and bedtime measures than males, and a trend
towards greater AUC g and morning random cortisol measures.

3. Discussion

Cortisol is used extensively as a marker of HPA-axis activity in children and adolescents
within psychoneuroendocrinology research. Despite its frequent use, the stability of the
diurnal cortisol profile has not been established in children and adolescents. In the current
investigation, the stability of cortisol and the influence of covariates was tested. Specific
cortisol values included aggregate (AUCag, AUC|, slopeawake regressions SIOP€awake to last:
slopemax regressions SI0PEmax to last, AUCTG) and single sample measures (awake, morning,
maximum, random, lunch, dinner, bedtime). Overall, the total concentration of cortisol
(AUCtg, AUCaG) and maximum sample were the most stable cortisol values, reaching
moderate stability with only 2 days of measurement. To reach comparable stability, dynamic
measures that capture the responsivity of the HPA-axis (AUC,, diurnal slope) required three
to 7 days of measurement. The stability of diurnal slope was greater when slope was
anchored to the maximum sample, rather than awake; this was consistent regardless of the
formula used to calculate slope (regression, rise over run). Single sample measures (awake,
lunch, dinner) were moderately stable with 3 days of measurement, but the bedtime and the
morning random sample required 4 days of measurement. As expected, the day random
sample chosen to reflect common practice in the field whereby a convenience sample is
taken (e.g., single sample during lab visit), was the least stable and required over 1 week of
daily samples to reach moderate stability.

The stability results were largely consistent with those previously reported in a limited
number of studies. The observed moderate to high stability of AUCag over 2 days was
consistent with previously reported child (Oskis et al., 2009) and adult findings (Pruessner et
al., 1997; Edwards et al., 2001a,b; Hellhammer et al., 2007). In contrast, the low stability of
AUC, was inconsistent with Oskis’ finding with child participants of moderate stability
(Oskis et al., 2009); however, they were consistent with other adult findings (Edwards et al.,
2001a; Hellhammer et al., 2007). Finally, moderate to high stability of single sample
measures (awake, dinner) was largely consistent with another study reporting 3 days of
sampling with youth (O’Connor et al., 2005).

To examine the influence of covariates on diurnal cortisol profile, several key covariates
were purposely selected based on recommendations of the MacArthur Network (2000), their
extensive use in the adult literature, and their developmental relevance. Although there is no
consistent consideration of covariates in the child literature, sex, age, pubertal stage, time of
awakening, and season of sampling have been previously used. In the current study, the
influence of other developmentally relevant covariates (sleep duration, school in-session)
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was also considered. Overall, the covariates accounted for only a small amount of the
variance of the cortisol values (less than 10%). Sleep duration, sampling duration,
adrenarche, and time of awakening accounted for the greatest variability in the cortisol
values. As well, many cortisol values differed depending on whether samples were collected
while school was in-session or during the summer break. Notably, each cortisol value had
different covariates emerge as relevant; thus, researchers should pay particular attention to
carefully select covariates upon choosing their cortisol measure of interest.

Few studies have reported data on the stability of the cortisol diurnal profile in children and
adolescents. Sex, age, pubertal stage, time of awakening, and photoperiod have been
included as covariates, yet they are inconsistently associated with different cortisol measures
in youth. For example, puberty has been found to be a significant covariate for morning
random sample (Tornhage, 2002; Oskis et al., 2009) and AUC, (Adam, 2006) while others
report it is not a significant covariate for any cortisol measure (Rosmalen et al., 2005).
Varying methods in the measurement of puberty may account for these inconsistencies.
Some researchers measure puberty based on an individual’s score on either genital/breast
development (gonadarche) orpubic hair growth (adrenarche; Knutsson et al., 1997;
Matchock et al., 2007); others use an aggregate measure (Adam, 2006; Gunnar et al., 2009).
When puberty is separated by gonadarche and adrenarche, its relation to cortisol becomes
more apparent. Adrenarche has been associated with AUCtg and morning cortisol
(Matchock et al., 2007), although there is limited evidence of an association with
gonadarche (Knutsson et al., 1997; Matchock et al., 2007). The current finding that
adrenarche, rather than gonadarche, was associated with cortisol is consistent with previous
research (Matchock et al., 2007). Inconsistent findings for covariates are also reported in
studies of cortisol in adults (cf. Pruessner et al., 1997; Edwards et al., 2001b). These
inconsistencies may be attributable to measurement issues of cortisol or the covariates, the
cortisol measure considered, or inherent variability in the relation between these covariates
and cortisol. However, in the current investigation fewer than 30% of the covariates
accounted for more than 1% of the variance in the cortisol measure of interest.

The present investigation is not without limitations. First, two different protocols were used
to collect saliva samples and covariate information. Thus, sleep duration and pubertal stage
were only available for the second collection protocol (59% of participants). Despite this
potential power limitation, sleep duration was a robust covariate and accounted for the
greatest amount of variance in cortisol values. Second, participants were permitted to choose
their saliva collection days over the course of 1 week; however, they were instructed to
sample from at least 1 weekday. Most participants collected all samples during weekdays
(88.3%); thus, stability could not be evaluated for weekends due to insufficient data. The
stability of the diurnal cortisol profile on weekends is unknown. Third, sampling compliance
was based on youth-reported time of saliva collection combined with parent- or teacher-
initialed times on the daily log sheet. Accelerometry data indicated youth were able to
precisely collect saliva at waking and report accurate time of waking (Rotenberg and
McGrath, 2011). Sampling noncompliance typically results in skipping the first sample upon
awakening (awakeg) or sampling later than awakening which would lessen the cortisol
awakening response. Finally, the stability of the diurnal cortisol profile is dependent on both
the number of days of measurement and the number of samples per day. For example, in a
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study with adults, AUCt¢ based on 3 samples collected on 1 day was comparable to AUCtg
based on 5 samples per day collected over 3 days (r=.69; Harville et al., 2007). The current
study only projected the optimal number of days of measurement. Future research should
consider how many samples on a given day of measurement are needed to derive stable
estimates of the diurnal cortisol profile in children and adolescents.

Altogether, the diurnal cortisol profile yielded moderate to high stability in children and
adolescents, which has potential implications for future studies. The results of the present
study contribute to the existing literature by providing empirical data to guide
methodological decisions regarding cortisol sampling protocols for children and adolescents.
Researchers are often faced with the challenge of ensuring optimal cortisol measurement
balanced against limited financial resources and participant burden. Stable estimates of
AUC G, AUC+g, and maximum cortisol can be derived using five or six samples collected
on 1 day. Studies that are restricted to 1 day of measurement should consider using these
cortisol measures. Multiple days of sampling are necessary for other cortisol measures and
recommended when feasible. The cortisol awakening response (AUC)) requires at least 3
weekdays of sampling to yield a stable estimate. Diurnal slope requires three to 7 weekdays
of sampling, depending on whether the calculation is anchored to the maximum or awakeg
sample, respectively. Single sample measures may also be used when necessary; however,
the stability of the measure depends on the specific sample. At least 2 days of sampling is
needed for a stable awake sample, and bedtime sample requires at least 5 days of sampling.
Additionally, methodological decisions should be made regarding developmentally
important covariates to either consider for the sampling protocol or to control for
statistically. For example, researchers may wish to only sample data on weekdays or while
school is in-session. When these covariates cannot be factored into the methodological
design, researchers should account for them statistically. Examination of sleep duration,
duration of sampling, adrenarche, and time of awakening should be tested as covariates. In
conclusion, these results suggest the diurnal cortisol profile is stable in children and
adolescents.
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Figure 1.
The stability of aggregate and single sample cortisol measures over 1 week based on intra-

class correlations (ICC). AUCag, area under the curve relative to ground for the awakening
response; AUC,, area under the curve relative to increase; AUCtg, area under the curve
relative to ground for the diurnal profile; Morning, randomly selected sample from three
morning samples; Random, randomly selected sample from all samples collected. Note:
Line at .8 signifies optimal stability, and changes in line style used to ease interpretation of
the figure.
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Table 1
Mathematical formulae for cortisol measures.
Formulas Symbol Equation
Total cortisol level during awakening AUCpg -1
response? (sisim1)% (bs1—t5)
Z 1) (it
=0
Dynamic increase of awakening response? AUC, I-1
AUC, ;—s0 X > _(tiy1—t:)
=0
Total cortisol level during the day? AUCrq K—1
Z (Sptskp1) Xy —tg)
2
k=1

Diurnal slope anchored to awake using
regression

Diurnal slope anchored to awake using rise
over run

Diurnal slope anchored to maximum using
regression

Diurnal slope anchored to maximum using
rise over run

slopeawake regression

SIOPeawake to last

SI0P€max regression

Slopemax to last

(—tavg)(s0—save)+ D n ((t,—t0)—tavg) (s, —save)

K
t?xvg +Zk:l ((tg _t(J)_tavg)2

S1—%0
t—tg

K
(—tavg. m)(Smax —savg. m)+2k:l((tk*fimax)*f/&wg. m)(sg—savg. m)

K
t‘?wg. m+zk:l ((tk _timax)_tavg, m )2

S —Smax
t;—tmax

Note: i denotes cortisol samples within 1 h post-awakening; sdenotes cortisol sample; sp denotes awake cortisol sample; #denotes time sample

K
taken in hours; & denotes all samples taken (excluding cortisol samples within 1 h post-awakening); tan:(Zk:() (tk*t()))/K; Savg
denotes average cortisol of Sk, where the first sample is Sp; /denotes the last sample taken; smax denotes maximum cortisol sample within 1 h

K
post-awakening; tan m:(zkzo (tk =1 maX))/K; Savg.m denotes average cortisol of Sk, where the first sample is smax.

aFormuIas based on Pruessner et al. (2003).
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Table 2

Un transformed cortisol levels (nmol/L) by age and sex.

Children (9-12 years), M (SD)  Adolescents (13-18 years), M (SD)

Boys (n=71) Girls (n=54) Boys (n =59) Girls (n = 49)

AUCag
AUC,
AU CTG

Slopeawake

Slopemax

Awake
Morning
Maximum
Random
Lunch

Dinner

Bedtime

Aggregate measures

61.54 (32.61) 64.52(32.81)  65.97 (44.82) 72.91 (41.41)

Single sample measures

-156(1.83)  -1.18(3.05) - 55 (.92) -.96 (.84)

-1.16 (.48) -1.10 (:42) -1.14 (.92) -1.20 (1.03)
9.97(6.01)  10.08 (6.29) 9.14 (4.84) 9.56 (4.78)
1156 (5.92)  13.54 (7.06) 11.17 (5.19) 12.39 (6.17)
16.29 (7.84)  17.71(9.13) 15.12 (6.23) 18.67 (9.78)
7.53 (6.95) 9.55 (7.16) 6.54 (4.74) 9.20 (6.61)
3.92 (3.31) 4.39 (3.34) 3.89 (2.27) 5.00 (3.15)
2.27 (4.33) 3.42 (7.07) 2.34 (1.66) 2.40 (1.47)
1.09 (1.13) 1.89 (3.38) 1.00 (0.52) 1.98 (2.40)

1040 (4.63)  11.88 (7.43) 11.20 (8.24) 12.22 (5.81)
1.80 (3.54) 2.18 (7.57) 1.68 (3.96) 2,50 (5.38)

Page 16

Note. AUCAG, area under curve relative to ground for awakening response; AUC|, area under curve relative to increase; AUCTG, area under
curve relative to ground for diurnal profile; Morning, randomly selected sample from three morning samples; Random, randomly selected sample
from all samples collected.
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Table 3

Standardized beta coefficients for cortisol measures and developmentally relevant covariates.

Demographic Pubertal Methodological
Female Age Gonadarche Adrenarche Summer School Sampling Waketime Sleep
Aggregate measures
AUCxG 12 .06 .05 .03 -.08 -.12 —22* -.06 -.09
AUC, 13* 16* 12 12 -.08 13% -13 -.07 _30%
AUCre .11 07 .03 .09 -.08 -.09 _og* _18* _30%
Slopeayake 10 127 13 18% 04 04 .06 -.04 _o3*
Slopema .06 -.03 .06 4% 16% -15% .08 -.04 -.02
Single sample measures
Awake .03 -.07 12 .01 .04 .09 -.05 .06 -.16
Morning 13 -.01 .01 A1 .02 -.02 -.09 .01 -.07
Maximum 3% .05 A1 15 -.01 -.09 -11 -.01 -.07
Random  o9*  -.02 07 .02 .07 -.06 -.06 .02 -.03
Lunch 15% 10 -.09 02 04 .05 -.10 .08 .03
Dinner 09 02 04 12 08 _16*  -10 28* 13
Bedtime 18% .08 -.13 -.09 .04 .01 -.05 13 17

Page 17

Note. AUCAG, area under curve relative to ground for awakening response; AUC|, area under curve relative to increase; AUCTG, area under
curve relative to ground for diurnal profile. Morning, randomly selected sample from three morning samples; Random, randomly selected sample

from all samples collected.

*
p<.05.
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