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RUNNING TITLE: REFERENCE RANGES FOR DIURNAL SALIVARY CORTISOL
Abstract:

Diurnal salivary cortisol profiles are valuable indicators of adrenocortical functioning in epidemiological
research and clinical practice. However, normative reference values derived from a large number of
participants and across a wide age range are still missing.

To fill this gap, data were compiled from 15 independently conducted field studies with a total of 104,623
salivary cortisol samples obtained from 18,698 unselected individuals (mean age: 48.3 years, age range: 0.5
to 98.5 years, 39% females). Besides providing a descriptive analysis of the complete dataset, we also
performed mixed-effects growth curve modeling of diurnal salivary cortisol (i.e., 1 to 16 hours after
awakening). Cortisol decreased significantly across the day and was influenced by both, age and sex.
Intriguingly, we also found a pronounced impact of sampling season with elevated diurnal cortisol in spring
and decreased levels in autumn. However, the majority of variance was accounted for by between-participant
and between-study variance components. Based on these analyses, reference ranges (LC/MS-MS calibrated)
for cortisol concentrations in saliva were derived for different times across the day, with more specific
reference ranges generated for males and females in different age categories. This integrative summary
provides important reference values on salivary cortisol to aid basic scientists and clinicians in interpreting

deviations from the normal diurnal cycle.
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1. Introduction

Characterizing diurnal cortisol profiles is a hallmark of research into the regulation of the pituitary-adrenal
axis and both, deviations in absolute hormone levels and in their circadian rhythm have been associated with
many physiological diseases and psychiatric disorders (e.g. Carrion et al., 2002; Sephton et al., 2000).
Accordingly, cortisol secretion has been viewed as an important mediator of downstream biological
dysfunction and adverse health outcomes in the long term (see Chrousos, 2009, for review) that is responsive
to a large variety of sociodemographic or lifestyle (i.e. environmental exposure) factors.

One approach to investigate the responsiveness to such factors is to compare the data of selected
participants cohorts (e.g. high stress occupations) with reference values that have been derived from
demographically similar but unselected participant samples (cf. Grimes and Schulz, 2002). The foundations
for the successful applicability of such epidemiological designs have been laid during the past decades by
(A) the ability to measure steroid hormones in saliva, providing a non-invasive and easy means to determine
the biological active cortisol fraction while participants engaged in their normal daily activities (Riad-Fahmy
et al., 1982, Hellnammer et al., 2009), and by (B) the accomplishment of many small- and large-scale
studies, which sampled diurnal salivary cortisol from hundreds up to several thousands of participants (e.g.
Whitehall 11, Badrick et al., 2007; MIDUS, Love et al., 2010; TRIALS, Oldehinkel et al., 2015; see also
Adam and Kumari, 2009). Despite the ensuing availability of reference values for diurnal salivary cortisol
(Aardal and Holm, 1995; Hansen et al., 2003, Térnhage, 2002, Wust et al., 2000), many researchers are still
reluctant to inform their designs by these data.

One reason for this is that many of the biochemical assays routinely used to quantify cortisol levels in
saliva were originally developed for other biological matrices such as blood serum/plasma or urine. These
assays were often adopted for saliva analysis without any further adjustments, which entails large between-
assay variability and the overestimation of salivary cortisol at low concentrations as compared to unbiased
mass spectrometric methods (Miller et al., 2013; Bae et al., 2016). These measurement peculiarities become
particularly problematic for research designs that lack internal control groups and would therefore need to
rely on reference values that have been derived using incompatible assays. Accordingly, the salivary cortisol
reference values available to date (Aardal and Holm, 1995; Hansen et al., 2003, Térnhage, 2002, Wust et al.,
2000) were derived using different immunoassays and can therefore hardly serve as universally applicable

data sources for such purposes. Finally, these reference values are constrained to specific populations (e.g.,



RUNNING TITLE: REFERENCE RANGES FOR DIURNAL SALIVARY CORTISOL

children from 7 to 15 years of age; Tdrnhage, 2002) and sampling times (e.g., only the post-awakening
period; Wust et al., 2000), or suffer from a limited precision due to small sample sizes (e.g., 7 < N £ 37

participants per age/sex cohort; Aardal and Holm, 1995).

In order to overcome these issues, we generated an exhaustive dataset from which we derived
unbiased, precise and detailed reference ranges. Salivary cortisol values were combined from 15 independent
field studies conducted in a number of different countries. The resulting dataset is referred to by the acronym
CIRCORT because it enables a holistic characterization of circadian cortisol changes in unselected
populations. This dataset is comprised of cortisol data from 18,698 individuals across a broad age range (0.5
to 98.5 years), including 104,623 saliva specimens across 26,134 days. Apart from a first descriptive
presentation of the CIRCORT dataset, the main aim of this article is to provide reference ranges for daytime
salivary cortisol for both sexes across the lifespan, as well as to investigate a potential role of circannual

changes.

2. Methods

2.1. Study populations

The CIRCORT database was a convenience sample comprised of (published and unpublished) population-
based and specific target group field studies conducted predominantly in North America and Europe (see
Table 1). One investigator (C.K.) contacted researchers involved in these field studies and obtained approval
to utilize the data on salivary cortisol secretion. Inclusion criteria were the availability of information on
awakening time, records of exact sampling times (i.e., via self-report or objective determination), and
demographic information on participant age and sex. Further inclusion criteria were the provision of
appropriate participant instructions to maximize protocol adherence (including avoidance of smoking, meals
or brushing of teeth prior to sampling) and saliva collection with purpose-designed collection vials (e.g.,
Salivette or IBL tubes). As most of the submitted cortisol data were determined by the DELFIA-assay
(Dressendorfer et al., 1992) at the University of Trier, or the IBL chemiluminescence assay (IBL
International, Hamburg, Germany) at the University of Dresden, the CIRCORT database was restricted to
studies using these two analytical methods. The schedule of collection across the day varied across studies
from a maximum of four samples during the first hour after awakening to studies that sampled every two

hours and then after stressful events. Table 1 provides more specific details on the sampling regimens for the
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included studies. About half of the samples in the database were obtained from 5 representative, population-
based studies (e.g., British Birth Cohort, Rotterdam Study, MIDUS or KORA; see Table 1 for more
information), while the remaining were either representative studies of specific professional settings (e.g.,
Whitehall 11) or were convenience samples of defined populations (e.g. school children). Thus, the dataset
included healthy participants as well as participants suffering from the various psychological disorders and
physiological diseases that are an essential feature of such populations. The vast majority of participants
were Europeans or Americans of European descent. All included studies were conducted in accordance with

the Declaration of Helsinki and obtained written informed consent from all participants.

--- insert Table 1 here ---

2.2. Data management

All study data were merged into a single large dataset (with long format; see Lopez-Duran et al., 2014). For
each participant, we calculated the time between the self-reported awakening time and the provided sampling
times as absolute hours in decimals (e.g., 20:45 = 20.75 h). Cortisol concentrations were converted to the
same scale corresponding approximately to values in nmol/l as calibrated by LC-MS/MS following our
previous recommendations (Miller et al., 2013). Notably, this conversion procedure was informed by assay
data from the same laboratories that conducted the biochemical saliva analyses for each of the contributing
studies.

The initial data of 107,955 samples were refined by excluding samples from study days with missing
information on the awakening time (n = 418), samples with missing collection times (n = 22), days when
awakening occurred later than 12.00 h (n = 170 samples), and days with collection times prior to awakening
(n = 2,709 samples). Thus, 3.07% of the samples were removed by data cleaning. Furthermore, we excluded
samples with implausibly high concentrations above 60 nmol/l (n = 13, 0.01%; see also Miller et al., 2013),
whereas cortisol concentrations below a lower limit of quantification LOQ = 0.15 nmol/l (n = 325, 0.30%)

were imputed by random samples from a uniform distribution U(0.05, 0.15).

2.3. Statistical analysis

Data preparation and analyses were carried out using the packages plyr (Wickham, 2011) and Ime4 (Bates et
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al., 2014) with R 3.2.2 statistical software (R Core Team, 2015). Two separate types of analyses were

performed: The descriptive analysis served to present the complete CIRCORT dataset, whereas the

regression analyses served to derive reference values for diurnal cortisol from a subset of these data.

2.3.1. Descriptive analysis

The cortisol concentrations scaled in nmol/l (LC/MS-MS) of the complete CIRCORT dataset served as the
primary outcome variable. The descriptive analyses of diurnal cortisol profiles are based on the cortisol
distribution characteristics (i.e. the median, the quartiles, and the 10" and 90" percentiles) during the
following time periods: Post-awakening time periods were 0 to 15 min, 15 to 30 min, 30 to 45 min, and 45
min to 1 hour after awakening. Thereafter, diurnal time periods were calculated as hourly periods from 1

until 12 hours post-awakening and as two-hourly periods until 20 hours after awakening.

2.3.2. Regression analysis and derivation of reference values

In order to tabulate the reference ranges for diurnal cortisol that accounted for the asymmetry regarding
different covariates, we adopted and extended a mixed-effects growth curve model of diurnal cortisol from
Hruschka et al. (2005). The concentration-dependency of measurement error was accounted for by using log-
transformed cortisol as dependent variable (Miller and Plessow, 2013). The reference model is manifested by
formulae 1-3, where the cortisol concentration at the i" measurement occasion, on the d™ day, from the p™
participant, of the s study is regressed on time since awakening (Time and Time?, scaled in 6 hours) and

awakening time (Timeaw, centered at 07.00 h of day).

1) log(Cortisoligys) = Boaps + Pip X Time + B X Time? + B3 X Timeay + €;aps
2) Boaps = Bo + $os + Sop + €oa

3) Bip = B1 +¢1p

Mathematically, this model specification implies a multiplicative impact of the predictors. Thus, the back-
transformed intercept exp(Bo) reflects an estimate of participants’ median post-awakening cortisol level
scaled in nmol/l, whereas the slope term exp(B: + B2) represents the scaling factor for exp(o) to estimate the

median amount of cortisol after a time period of 6 hours has elapsed. To account for random variation in Bo
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and 1, variance components being attributable to between-study (&os), between-participant (§op and &1p),
and between-day (oq) differences were also estimated. Notably, we refrained from modeling the cortisol
awakening response (CAR) because an accurate assessment of this distinct aspect of diurnal cortisol
secretion requires additional means of data control not undertaken in most of the included studies (i.e.,
objective verification of awakening and sampling times; Stalder et al., 2016). Hence, we excluded all
samples and cortisol values obtained within 30 minutes after awakening (see Hruschka et al., 2005) from the
regression analyses.

Proceeding from this baseline model, we evaluated if the potential predictors — sex (0 = female, 1 =
male) and age — incrementally explained variance by using likelihood ratio tests. Age was stratified and
reverse Helmert coded (i.e. each age stratum is contrasted to the average to the preceding strata). The first
two strata included all participants younger than 5 years, and those aged 5-10 years, respectively. Thereafter,
age was stratified by 10-year intervals until 80 years. A final stratum included all participants who were older
than 80 years (up to 98 years). Moreover, the effect of sampling at different times of year, season (spring =
March - May, summer = June - August, autumn = September - November, winter = December - February),
was also investigated for all studies that provided the required information (ID: 4, 7, 9-11,13). Proceeding
from these models, we tabulated reference ranges for the diurnal time periods (listed in section 2.3.1.) in
males and females across all age strata. This method for constructing reference ranges essentially
corresponds to a discretized, multilevel version of the polynomial regression approach proposed by

Royston (1991).

3. Results

3.1. Descriptive analyses of post-awakening and diurnal cortisol profiles

The complete CIRCORT dataset was comprised of 104,638 samples obtained from 18,698 individuals during
26,134 days. Study sizes varied between 830 samples in a two-day study on 96 children and 24,454 samples

from 4,148 participants in the Whitehall 11 study. On average, participants provided 4.0 (% 1.66) samples per

observation day. Cortisol data across multiple days (range 2 — 4) were obtained from 3,403 participants (two
days: 1,127; three days: 519; four days: 1,757). 39.0% of all samples were collected from female
participants. The mean age of participants was 48.27 years (£19.22), ranging from 0.5 to 98.5 years.
Awakening time varied considerably around a median of 06.92 h of day (IQR: 06.08 h — 07.50 h), with 90%
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of awakenings occurring between 05.00 h and 09.00 h. Notably, the German participants reported the earliest
mean awakening time at 06.12 h of day, whereas the Dutch participants reported a comparably late
awakening at 07.23 h. Awakening times of the other countries was reported to be in between these two
extremes (USA — 06.78 h, United Kingdom — 06.93 h, Switzerland — 07.02 h). Table 1 lists these sample
characteristics for each of the 15 studies.

Figure 1 shows the median cortisol, quartiles and 90™ percentile up to 20 hours after awakening. The
CIRCORT dataset documented a clear diurnal rhythm, with a pronounced cortisol increase in the first 0.5 h
of the post-awakening period (see Figure 1). Subsequently, the cortisol concentrations decreased throughout
the day, but tended to rise again as the circadian phase (24 hours) was completed. The concentration nadir
was approximately found at approximately 16.00 h of day. When all data were combined, there was an
indication of a transient increase at 10-12 hours after awakening. However, more in-depth analyses revealed
that this inflection was driven by a single study (ID: 8), and is therefore unlikely to be a general feature of

diurnal cortisol profiles.
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Figure 1. Cortisol levels from the complete CIRCORT dataset, showing the median and the 10, 25%, 75" and 90t
percentiles. Dashed lines show an atypical increment at 11 hours after awakening, which was due to a single study (#8) and

not representative. Vertically oriented numbers below the x-axis denote the amount of samples informing each time stratum.

3.2. Circa- and infradian variability of diurnal cortisol profiles
After exclusion of all cortisol data which were obtained during the first 30 min after awakening, the
dataset was comprised of N = 83,306 samples. Table 2 lists the results of the mixed-effects growth
curve models analyzing the diurnal cortisol profiles with respect to the potential impact of age and
seX, while accounting for study-, participant- and daytime-specific variance. Proceeding from a
median post-awakening concentration of 8.1 nmol/l (LC/MS-MS), salivary cortisol decreased
throughout the day to ~24.4% after 6 hours had elapsed since awakening, and to ~9.6% after 12
hours had elapsed since awakening. As indicated by the quadratic effect of time (x?(1)= 4026.3, p
< .001), salivary cortisol decreased slower in the late circadian phase, and tended to increase
again thereafter. Later awakening times were consistently associated with lower cortisol levels
(9.3% + 0.3% decrease per hour of later awakening; x?(1)= 912.2, p < .001). Moreover, higher
cortisol was associated with a more accentuated cortisol decrease across the day (r = -0.39). In all
models, the majority of variance was attributed to between-study variability, which is not surprising
as each study recruited participants with different demographic characteristics. The conclusions
were not affected by the in- or exclusion of study 8 (cf. Figure 1), which resulted in a reduction of
the study-specific variance component by 63.5%! when omitted. In sum, the fixed and random
effects of the baseline model explained R = 62.7% of the total cortisol variance.
--- insert Table 2 here ---

Participant age accounted for a significant amount of the variation in diurnal cortisol levels

(x?(9) = 86.8, p < .001). Saliva cortisol concentrations in infants were significantly lower as

compared to adults (i.e., ~71% of the lifespan average cortisol levels)?. After the transition to

! Further sensitivity analyses with country as additional predictor confirmed this result by showing
no systematic differences for the Dutch, German, English, and U.S. American (-0.13 < 3 = 0.02, all
p’s = .5), but for the Swiss samples (B = 1.24, z = 4.67, p < .001).

2 This effect was mostly informed by two American studies with limited sample sizes. In an attempt

to validate this finding, we reanalyzed the salivary cortisol data from German infants reported by
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adolescence, cortisol levels remained relatively stable until late adulthood, but significantly
increased thereafter during retirement age (approximately 2% per decade, resulting in ~18%
higher cortisol in 70-80 year olds as compared to the lifespan average). In addition, males were
found to display about 103% (+1%) of the diurnal salivary cortisol in women (x?(1) = 12.3, p <
.001). Although this isolated effect of sex was relatively small, a consideration of the interactions
between sex and the age strata revealed some interesting differential changes across the life span
(x3(11) = 72.4, p < .001). Specifically, 5-20 year old males had slightly lower diurnal salivary cortisol
than females of the same age. Moreover, we discovered a significant dissociation between males
and females during late adulthood (i.e., >50 years) with females showing the above reported
cortisol increase due to ageing with a delay of 10 years as compared to males (see Table 2 and
Figure 2A).

The CIRCORT dataset also permitted an analysis of the possible influence of time of year. To
investigate seasonal changes in cortisol, we fitted the mixed-effects model without sex by age interactions to
a data subset comprising all 6 studies that provided information on the collection dates (N = 28,667; see
methods section). Intriguingly, we found evidence of significant seasonal changes (x(3) = 23.3, p < .001)

with cortisol decreasing from spring to autumn by 10.5% (=% 2.2%) and then increasing again. Moreover, a

trend for a sex by season interaction indicated ~10% higher diurnal salivary cortisol in males (as compared to
females) during summer time (see Figure 2B). However, the corresponding likelihood ratio test failed to

reach the statistical significance threshold (x?(3) = 5.6, p = .13).

Stalder et al. (2013). After conversion to LC/MS-MS scale, these data were comparable to the

concentrations reported in this article.
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Figure 2. Effect plots based on mixed-effects modeling of the CIRCORT dataset, which show the predicted median cortisol
levels (£10%) at 1 hour after awakening. The point size represents the relative amount of data in the respective factor level.
(A) Median salivary cortisol 1 hour after awakening (nmol/l, LC-MS/MS) for males and females across age groups. (B) Sex-
dependent impact of season on median salivary cortisol 1 hour after awakening as predicted in 30-40 year olds.

3.3. Age- and sex-specific reference values for diurnal cortisol
To generate reference values for unselected males and females across the life span, we
determined the 5", 50™ (i.e., the median), and 95" percentiles for saliva cortisol concentrations at
different times of day. They are based on the fully parameterized model (including the age, sex,
and their interactions as covariates) with awakening time fixed at 07.00 h. The median and
concentration ranges for diurnal cortisol are shown in Table 3.

--- insert Table 3 here ---
4. Discussion
The CIRCORT dataset was constructed to generate reference ranges for diurnal salivary cortisol levels in
humans and to determine the impact of various demographic variables on these data. Combining data from
15 large-scale studies from Europe and the United States of America, we here report saliva cortisol
concentrations (LC/MS-MS calibrated) for both sexes across the whole lifespan.

To the best of our knowledge, this is the largest such dataset from unselected populations. Our

11



RUNNING TITLE: REFERENCE RANGES FOR DIURNAL SALIVARY CORTISOL

analyses confirmed the expected daytime changes of salivary cortisol levels with an immediate increase after
wake-up (see also Stalder et al., 2016) and a subsequent decline in mean levels throughout the day, leading to
a concentration nadir around bedtime (~16 hours after awakening). Further, we provide support for the
conclusion that sex and age are important predictors of adrenocortical activity. Specifically, age was
associated with a gradual increase of diurnal cortisol levels during adolescence and beyond the age of 50
years, which is consistent with previous studies (e.g. Ross et al., 2014, Van Cauter et al., 1996, Wang et al.,
2014). In addition to this general finding, our analyses further provide evidence that females show an earlier
increase of diurnal cortisol levels than males during adolescence (cf. Platjes et al., 2013, Shirtcliff et al.,
2012). Notably, Térnhage (2002) also reported such an increase during adolescence, which was clearly
attributable to the onset of puberty. In old age by contrast, males showed an earlier increase of diurnal
cortisol levels than females.

Intriguingly, we also found evidence for an annual rhythm in adrenocortical activity, with the seasonal
influence superimposed upon the daily cortisol rhythm. Specifically, saliva cortisol levels peaked in spring
and winter (i.e. the acrophase), whereas sampling during summer and autumn seemed to result in lowered
cortisol levels. Although the presence of a circannual rhythm in cortisol levels concurs with other behavioral
data (e.g., birth rates or incidence rates of psychosomatic pathologies) and ecological concepts of
homeostatic change driven by environmental parameters (Foster and Roenneberg, 2008, Romero et al.,
2009), many previous studies on seasonal cortisol changes documented substantial variability, with
acrophases during winter (Agrimonti et al., 1982 [blood], Del Ponte et al., 1984 [blood], Hansen et al., 2001
[urine], Reinberg et al., 1978 [blood]), spring (Persson et al., 2008 [saliva]), and early summer (Hadlow et
al., 2014 [blood], Matchok et al., 2007 [blood]). While part of this variability may be attributable to a sex-by-
season interaction (which was nominally present, but did not reach the threshold for claiming statistical
significance; see Figure 2B) and/or different characteristics of the collected specimens, a recently published
Australian study (Hadlow et al., 2014) argued that the time of sunrise may be the most crucial moderator (or
in this context zeitgeber) of systematic shifts in the cortisol acrophase. In this study, a one-hour-increase in
the time of sunrise was accompanied by an increase of median cortisol by approximately 5% resulting in a
difference between cortisol peak and nadir of 8.6% at 30°S (which is indeed slightly below the ~10% we
report for a latitude of 50°N). Based on those findings, we hypothesize that the absolute latitude of the

conducting study and the amplitude of annual cortisol changes should be highly correlated and countries
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proximate to the equator would find a much weaker rhythm. However, the CIRCORT dataset did not permit
further investigation of this hypothesis because only Dutch, German and British studies provided information
on the month of sampling. Given the likely impact of such environmental variability on adrenocortical
functioning, other non-monitored variables such as the altitude of the major habitat should also be considered
as potential moderators in future studies.

Regarding the combined impact of all analyzed covariates, predominately age and season were able to
account for substantial between-study variance. Nonetheless, a large portion of residual variance in the
CIRCORT dataset also highlights the importance of considering the complex ultradian dynamics of
adrenocortical activity that are characterized by continuous cortisol elimination and intermittent phases of
cortisol secretion (Spiga et al., 2014), and limit the stability (and therefore predictive value) of salivary
cortisol measures derived from studies with only a limited number of samples (see also Doane et al., 2015).

Despite the large sample size of the CIRCORT dataset, the similarity of sample collection strategies
among all included studies, and that all samples were analyzed in the same two laboratories (i.e. Trier or
Dresden, Germany) there are still some limits on the generalizability of these findings. First, we decided to
refrain from modeling cortisol during the first 30 minutes after awakening, as the majority of studies did not
verify the exact time of awakening and it is known that even small sampling shifts can result in biased
estimates of the CAR (Stalder et al., 2016). Accordingly, the present investigation did not provide any
information on the extent of cortisol secretion in response to awakening (but see Wust et al., 2000). In order
to achieve this aim, future studies should rigorously verify the self-reported awakening times (e.g., by
actigraphy) and sampling times using electronic monitoring devices (e.g., MEMS® caps). Second, we
converted salivary cortisol concentrations to adjust for measurement bias due to antibody cross-reactivity
and steric effects of further saliva matrix components (Miller et al., 2013; Bae et al., 2016). Therefore, the
provided reference ranges only apply to salivary cortisol as measured by a compatible LC/MS-MS protocol
and would need to be adjusted whenever cortisol data from other assays are compared with our values and
ranges. Finally, the individual studies addressed very different participant populations with limited overlap.
Thus the relative variance portions bound by the between-study and between-participant components,
respectively, should be interpreted with caution. To our mind, the best interpretation is to view the between-
study component as a combined variance that predominantly arises from between-participant differences. In

consequence, the between-participant component should probably be regarded as an estimate of the variance
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within a population of similar demographic and social characteristics.

In sum, the present article introduced the CIRCORT database from which we derived detailed sex-specific
reference values for diurnal salivary cortisol across the whole lifespan. While the dataset can be used in
future studies to further investigate cortisol aggregate measures and the specific properties of cortisol
distributions in phases of varying adrenocortical activity, the provided references values are particularly
valuable for epidemiological studies that seek to investigate cortisol differences in special populations.
Moreover, these values may become useful for diagnostic screening procedures in clinical settings (e.g., for
Cushing’s or Addison’s disease; Putignano et al., 2003, Restituto et al., 2008), whenever mass spectrometric
assays are used to determine cortisol concentration (see also Taylor et al., 2015). Finally our data highlight
that circannual changes may be considered as covariate to increase the statistical power of study designs and

to minimize the chance of effect confounds.
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Role of the funding source

The studies contributing to the CIRCORT dataset were funded by grant awards to the individual researchers.
The analyses were supported by an unrestricted grant of the Medical Faculty of Mannheim, Heidelberg
University, by the Support-the-best grant awarded to CK. TRAILS has been financially supported
by various grants from the Netherlands Organization for Scientific Research, and by the
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