Salivary cortisol, cortisone and serum cortisol concentrations are related to age in healthy children and young people
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Summary
Background: The introduction of liquid chromatography mass spectrometry (LC MS/MS) has significantly advanced the measurement of cortisol in saliva. However, there are very few data describing these measurements in healthy children since these new analytical methods were introduced.   
Design: Early morning serum cortisol, salivary cortisol and cortisone were measured on fasting samples, and salivary hormones were measured in samples collected every 2 hours during waking hours, and 30 minutes after waking the following morning.
[bookmark: _GoBack]Participants: 43 healthy paediatric volunteers (19 female), median age 11.5 years, range 6.3 – 18.7, participated.
Results:  Early morning serum cortisol (265nmol/L, 156 – 516) correlated strongly with salivary cortisol (4.7nmol/L, 1.1-14.6) and cortisone (28.8nmol/L, 11.7-56.6), p<0.0001 for both. Serum cortisol, salivary cortisol, salivary cortisone and cortisone correlated directly with age (p<0.0001, p=0.002 and p=0.015 respectively), and salivary cortisone / cortisol ratio correlated indirectly with age (p=0.007). Between 08.00 and 21.00, area under the curve for salivary cortisol (mean ± 1 SD) was 41.8 ± 19.1 and for cortisone, 213.0 ± 61.2. Salivary cortisol was undetectable in 25 samples (13%) while cortisone was always detectable.  
Discussion: Salivary cortisol and cortisone concentrations are strongly related to serum cortisol concentrations, however cortisone may be a preferable measure as cortisol is often undetectable.  All measures of cortisol secretion correlated directly with age, suggesting age related reference ranges may reduce the risk of overdiagnosis of adrenal insufficiency in the young. The age-related fall in cortisone / cortisol ratio may contribute to the rise in blood pressure during childhood. 
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Background
The utility of saliva as a medium in which to measure hormones has been recognised for more than fifty years. More recently, developments in sample analysis have generated renewed interest in the use of saliva as a tool for the diagnosis of conditions of cortisol excess1 and deficiency,2 adequacy of hydrocortisone replacement therapy3 and as a tool in psychology and sport research. 
Cortisol activity is regulated at a tissue level by two isoforms of the enzyme 11β hydroxysteroid dehydrogenase (11βHSD). Cortisol is inactivated by conversion to cortisone by 11βHSD type 2 (11βHSD2), and generated from cortisone by 11βHSD type 1 (11βHSD1).  Cortisol and aldosterone show equal affinity for the mineralocorticoid receptor in vitro,4 and inactivation of cortisol to cortisone by 11βHSD2 in mineralocorticoid responsive tissues protects the receptor from cortisol mediated activation. Measurement of the ratio of cortisol / cortisone in serum has been identified as a potential tool for screening for abnormalities of 11βHSD2 activity.5 Age related changes in 11βHSD2 activity have also been implicated in the aetiology of age related hypertension. 6
Ninety to 95% of serum cortisol circulates bound to cortisol binding globulin and generic binding proteins and only 5-10% is unbound or ‘free’ and biologically active. Free, but not bound, cortisol can diffuse through the parotid where it is converted rapidly to cortisone, and into saliva. The ratio of cortisone / cortisol is approximately 0.25 in the serum of heathy young adults. In saliva, this ratio is reversed to approximately six. 7
The use of saliva as a medium to measure cortisol in children has a number of advantages over serum. Only free, biologically active hormone is measured. Samples can be collected at home, school and during normal daily activities, and artificial increases in cortisol due to stress induced by hospital visits and blood tests are avoided. Furthermore, disruption to the family is reduced with fewer lost days from school and work. There are also potential healthcare cost savings. 
To our knowledge, there are few data describing salivary cortisone concentrations, and how these relate to measurements of serum cortisol, in healthy children. An increase in the ratio of salivary cortisol/cortisone during the first year of life, followed by stability throughout childhood and in to young adult life has been described, while salivary cortisol concentrations have variably been associated with sex, pubertal development and body mass index. 8-15 
In this report we contribute to the literature on these salivary biomarkers in healthy children and young people  by describing early morning salivary and serum cortisol and salivary cortisone and how these values relate to age and gender, and profiles of salivary cortisol and cortisone measured during waking hours. 

Subjects and Methods 
Subjects 
Information about the study was shared with parents of children attending outpatient clinics at Alder Hey Children’s Hospital, Liverpool. Parents were invited to discuss participation in the study with their healthy sons and daughters at home, supported by age appropriate written information. 
Children and young people were eligible to participate if they were between five and 18 years of age, were not receiving treatment for a medical condition, and if their parents considered them to be in good health. 
Patients with the following characteristics were excluded: history of conditions or treatment that may affect cortisol or proteins that bind cortisol; children with a family history of adrenal insufficiency due to an inherited condition, including congenital adrenal hyperplasia; oral conditions likely to result in blood contamination of saliva samples. 
Study protocol
Participants attended the Clinical Research Facility, Alder Hey Children’s Hospital at 08.00 in the fasted state, and before brushing their teeth.  Written informed consent and, where appropriate, assent was obtained for all study participants.
A blood sample was collected on arrival, or following the application of local anaesthetic if requested. Participants rinsed their mouth with tap water and collected a saliva sample using the Salivette sampling device (Sarstedt, Rommelsdorf, Germany). 
Patients were weighed on electronic scales and measured using a wall mounted stadiometer. Height and body mass index standard deviations were derived from normative data reported by the World Health Organisation Multicentre Growth Reference Study Group.16 Participants were then given breakfast and discharged from the Clinical Research Facility.
A subgroup of participants collected a saliva sample for every two hours for the rest of the day, until they went to bed at the normal time. Patients did not eat or brush their teeth in the hour before collecting a saliva sample.  A final saliva sample was collected in the fasting state 30 minutes after waking, and before participants had cleaned their teeth, to capture the early morning cortisol awakening response.    
Assays
Serum cortisol was measured in the clinical laboratory at Alder Hey Children’s Hospital by immunoassay using the Siemens Immulite 2000XPi immunoassay system (Siemens Diagnostics, Camberley, Surrey), an automated immunoassay analyser using reagents supplied by the manufacturer. This assay has an intra- and inter-assay coefficient of variation of <5% and <7% respectively .
LC-MS/MS analysis for salivary cortisone and cortisol  was performed using a Waters Xevo TQS micro mass spectrometer and a Waters Acquity iclass LC system with an electrospray source operated in positive ionization mode following sample preparation by protein precipitation. The LOQ for both analytes is 0.3 nmol/L, with intraassay CV of <=3.3 nmol/L for cortisol, <=3.2 nmol/L for cortisone and interassay CV of <=4.5% for cortisol and <=3% for cortisone at concentrations 5-150 nmol/L.
Statistical analysis
Simple associations between pairs of variables were assessed using Pearson’s correlation coefficient. Linear regression was used to assess the association between a response variable and two or more variables. Since the distribution of the response variables (salivary cortisol, salivary cortisone, serum cortisol) was positively skewed, regression was performed using log-transformed versions of the variables. 
Based on the regression analysis, pointwise 95% prediction intervals for serum cortisol, salivary cortisol and the salivary cortisone/cortisol ratio were constructed based on the critical values of the relevant t-distribution using the estimated residual standard deviation and back-transforming to the natural scale.
The longitudinal measurements of salivary cortisol and cortisone were analysed by using linear mixed models,17 again working with log-transformed variables, and assuming correlated random intercepts for log-cortisol and log-cortisone and assuming the residual errors at each measurement time are correlated. In case where the measurement fell below the detectable limits, a value equal to the limit of detection was imputed.
The models assumed separate log-linear trends in salivary cortisol and salivary cortisone over time, from which the trend in the cortisone/cortisol ratio was also inferred. The models were fitted using the nlme package within R. 18
Ethics
The study was approved by the London - City Road & Hampstead Research Ethics Committee, reference 15/LO/1840.
Results
Patient characteristics
Forty three participants took part in the study. Median age was 11.5 years (range 6.3 – 18.7) and 19 were female. Median height was 0.25 SD (-2.5 to 2.5), and BMI SDS 0.2 (-2.5 to 3.5). 
A subgroup of 31 participants, median age 12.2 years, (6.4 to 18.4), collected saliva samples throughout the day, of whom 26, median age 11.4 years (6.4 – 16.4), 11 females, also collected a sample 30 minutes after waking.
Early morning paired measurements of serum cortisol, salivary cortisol and salivary cortisone 
Early morning measurements of serum and salivary hormones and ratio of salivary cortisone / cortisol, presented for the whole population and by gender, are given in Table 1.
Salivary cortisol correlated strongly to serum cortisol (rho = 0.77, p<0.0001). The correlation between salivary cortisone and serum cortisol was weaker (rho = 0.69, p<0.0001). The correlation between serum cortisol and salivary biomarkers was not strengthened by using the sum of salivary cortisol + salivary cortisone (R2 0.603 vs 0.594, p=0.348). 
Serum cortisol was related to age, with an increase in serum cortisol of 17nmol/L per year of age (p<0.0001). Age accounted for approximately 32% of the between patient difference in serum cortisol (R2=  0.315). The relationship between serum cortisol and age is illustrated in Figure 1A. 
Salivary cortisol also correlated strongly with age, with an increase of 11% for each year of age (p=0.002). Age accounted for approximately 20% of the between individual variation in measurements (R2=0.201). The relationship between salivary cortisol and age is illustrated in Figure 1B. 
There was a weaker, though still statistically significant, association between salivary cortisone and age, with an increase of 5% for each year of age (p=0.015). Age accounted for approximately 14% of the between individual variation in measurements (R2=0.140).The ratio of cortisone / cortisol ratio showed an inverse relationship with age, decreasing by 5.3% for every year of age (p=0.007). Age accounted for 15% of the variability between individuals (R2= 0.146). The relationship between salivary cortisone / cortisol ratio and age is illustrated in Figure 1D.
There was no difference between males and females in serum cortisol, salivary cortisol, salivary cortisone or salivary cortisone / cortisol ratio. 
Cortisol Awakening Response
The median salivary cortisol concentration was 9.7nmol/L (3.9 – 19.9), salivary cortisone 38.2nmol/L (19.5 – 55.3), and ratio of cortisone / cortisol 4.0 (2.1 – 5.8). 
Saliva cortisol and cortisone profiles during waking hours
In total, 190 samples were contributed from 29 participants. 
For samples collected between 08.00 and 21.00, the mean ± 1 SD, (range) area under the curve for salivary cortisol was 41.8 ± 19.1 (20.9, 102.8) and for salivary cortisone: 213.0 ± 61.2, (142.1, 436.3).

During waking hours, salivary cortisol concentrations fell by 17% per hour and salivary cortisone by 13%, resulting in a decreasing trend in cortisone / cortisol ratio. 26% of the variability in log-cortisol measurements and 10% of the variability in log-cortisone measurements was explainable through inter-person variability.
Cortisol was below detectable limits in 25 samples, of which one was collected at 13.00, two were collected at 15.00, four were collected at 17.00, four were collected at 19.00 and 14 were collected at 21.00. Salivary cortisone was detectable in all samples. 

Discussion
To our knowledge this is the first study to describe salivary cortisone profiles, the relationship between salivary cortisone and serum cortisol, and salivary cortisone / cortisol ratios in healthy children and young people. In samples collected in the early morning, salivary cortisol correlated more strongly with serum cortisol than salivary cortisone, and combining measurements of salivary cortisone and salivary cortisol did not strengthen the relationship between salivary biomarkers and serum cortisol. However, measurement of salivary cortisone is likely to be required in samples collected later in the day, as salivary cortisol was below detectable limits in 13% of saliva samples, including 56% of samples collected at 21.00. In contrast, salivary cortisone was detectable in all samples. 
Our observations contrast to studies in healthy young adult male volunteers, in whom salivary cortisone was a superior marker of serum cortisol than salivary cortisol. 3 The discrepancy in these paediatric and adult data may reflect the wider range of serum cortisol concentrations over which this association was studied in the adult cohort. Salivary cortisol was below the level of detection in these adult studies when serum cortisol fell below 74± 29nmol/L, while salivary cortisone remained detectable. 
The ratio of salivary cortisol / cortisone demonstrated marked inter-individual variability, and was related to age but not gender. For the cohort as a whole however, the ratio measured in the early morning sample was similar to that reported in healthy adults [paediatric population 5.9 (2.2 – 14.4), adult population 6.4nmol/L (2.4-14.6)].7 A circadian rhythm in the ratio of salivary cortisone / cortisol has been reported in adult volunteers,7 and was observed in our cohort too. If this ratio is to be used to screen populations for abnormalities in the activity of 11βHSD, it may be important to standardise the time of day at which samples are collected. 
The ratio of cortisone / cortisol has been implicated in the regulation of blood pressure in adult life. It may be that age-related changes in cortisol concentrations and cortisone / cortisol ratios contribute to the physiological rise in blood pressure observed during childhood. Lower cortisol concentrations and more rapid cortisol conversion to cortisone in the younger children would protect the mineralocorticoid receptor from cortisol mediated activation.
In our population we could account for 15% of the variability in cortisone / cortisol ratio by age, with no effect of gender. These data suggest considerable genetic heterogeneity in the activity of the two enzymes that regulate this ratio. Such genetic variability in the regulation of cortisol and cortisone may contribute to the risk of developing hypertension, and may influence the pharmacokinetics of hydrocortisone and clinical outcomes for patients with adrenal insufficiency treated with this medication.  
Beyond the first year of life, age is not generally considered to be an important factor in the interpretation of tests of adrenal reserve. In our previous work, studying adrenal reserve in children with asthma treated with inhaled corticosteroids, early morning serum cortisol increased by 11nmol/L per year of age,19 slightly less than the increase of 17nmol/L per year of age that we observed in this cohort of healthy children and young people. Although the increment in serum cortisol is modest per year, our data suggest cortisol concentrations increase significantly from early childhood to young adult life and consideration should be given to age when interpreting cortisol measurements to avoid over diagnosis of adrenal insufficiency in the youngest children.  
Previous studies of serum cortisol in much larger cohorts of healthy children, reported up to fivefold differences in mean cortisol measured over 24 hours, with no effect of age or gender.20 The area under the curve of salivary cortisol concentrations measured during waking hours in our cohort also showed approximately a fivefold difference between those with the lowest and those with the highest cortisol concentrations. The wide range of measurements in the baseline, early morning saliva sample is likely to be influenced by individual stress responses to attendance at hospital and a blood test. Variability of cortisol and cortisone concentrations in saliva samples collected at other times is also likely to be influenced by environmental factors, and illustrates the difficulty of defining ‘normal’ and ‘abnormal’ cortisol concentrations within populations. It is also likely that genetic variability in a spectrum of genes that regulate cortisol metabolism, transport and sensitivity influence serum and salivary hormone concentrations, and that environmental and genetic factors interact in a complex manner. 21
In contrast to previous authors,9 in this study and in our previous work in children with asthma, we found no relationship between gender and early morning serum cortisol concentrations. An association between stage of puberty and salivary cortisol13 has also been reported. It may be that our study population was too small to identify gender related differences.
In conclusion, in this cohort of healthy children and young people serum cortisol concentration, salivary cortisol and cortisone concentrations, and the ratio of salivary cortisone / cortisol are related to age, but not gender. Circadian changes in the salivary cortisone / cortisol ratio observed previously in adults were also observed in this cohort.  Inter-individual variability in all measures was considerable. Our data suggest that interpretation of cortisol concentrations should consider age and clinical profile to avoid over diagnosis of adrenal insufficiency in the youngest children. Individual variability in the cortisone / cortisol ratio is likely to reflect differences in the activity of 11βHSD1 and 2 and the significance of these observations for the regulation of blood pressure and hydrocortisone metabolism deserve further investigation.
The data reported in this study reveals interesting trends in salivary biomarkers with age. We now intend to extend the dataset to prepare robust reference data for salivary cortisol and cortisone in healthy children and young people for use in clinical practice.
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Table 1: Early morning serum cortisol, salivary cortisol and salivary cortisone in healthy children and young people
	
	Males (N=22)
	Females (N=20)
	Entire cohort

	Serum cortisol (nmol/L)
	250 (164-516)
	302 (156 – 419)
	265 (156 – 516)

	Salivary cortisol (nmol/L)
	4.1 (1.72-14.4)
	5.6 (1.1 - 14.6)
	4.7 (1.1 – 14.6)

	Salivary cortisone (nmol/L)
	27.2 (11.7 – 45.4)
	29.7 (56.6 – 14.7)
	28.8 (11.7 – 56.6)

	Ratio of salivary cortisone / cortisol
	5.9 (2.2 -9.8)
	5.8 (3.6 - 14.4)
	5.9 (2.2 – 14.4)





















Figure 1: Serum cortisol (A), salivary cortisol (B), salivary cortisone (C) and salivary cortisone / cortisol ratio (D) with pointwise 95% prediction intervals in relation to age in healthy children and young people. Serum and saliva concentrations are shown as nmol/L. 
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