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A B S T R A C T   

Objectives: Circadian cues in children (sunlight, exercise, diet patterns) may be associated with health outcomes. 
The primary objective was to assess associations of daily cortisol fluctuations (morning, night) with cardiovas-
cular health outcomes. A secondary objective was to determine if 1-year longitudinal changes in circadian 
cortisol levels are associated with longitudinal changes in health outcomes. 
Study design: The Cardiovascular Health Intervention Program (CHIP) was a cross-sectional and longitudinal 
study of cardiovascular risk profiles in public elementary school children in Southern Maine. Participants were 
689 students in 4th grade (baseline; age = 9.20 ± 0.41 years), and 647 students in 5th grade (age = 10.53 ± 0.52 
years). Longitudinal data (4th and 5th grade) was available for 347 participants. Clinical outcomes were blood 
pressure, hip/waist ratios, body mass index, percent fat. Laboratory measures were fasting glucose, lipids, and 
salivary cortisol measures (morning and evening). 
Results: Lower first-in-morning diurnal cortisol levels were associated with increased blood pressure 
(β − 0.23 ± 0.05; p < 0.001), increased body fat (β − 0.22 ± 0.05; p < 0.001), and poor lipid profiles 
(β − 0.15 ± 0.07; p < 0.05). Inclusion of night cortisol in the model (stress-related) improved associations of the 
model with bodyfat composition (morning β − 0.27 ± 0.05; p < 0.001; night β +0.16 ± 0.06; p < 0.01). Ad-
justments for potential confounding variables improved associations of morning cortisol with lipids 
(β − 0.19 ± 0.07; p < 0.01). Longitudinal analysis showed that lower morning diurnal cortisol in 4th grade was 
associated with increases in blood pressure a year later (β − 0.18 ± 0.08; p = 0.017) after adjusting for con-
founding variables. 
Conclusion: Data presented suggest adding circadian misalignment (lower amplitude of first-in-morning cortisol) 
to existing models of metabolic syndrome in children. Further, circadian misalignment may be a factor 
contributing to high blood pressure.   

1. Introduction 

Increased prevalence of chronic inflammatory and allergic condi-
tions is associated with modern lifestyles (Haahtela et al., 2019). While 
prevalence for chronic inflammatory disease (allergy/asthma, 

inflammatory bowel disease, Type II diabetes) in both adults and chil-
dren has plateaued in more developed countries, it is rapidly increasing 
in less developed countries (NCD Risk Factor Collaboration NCD-RisC, 
2016; McAloon et al., 2016; Lundbäck et al., 2016; Ng et al., 2018; 
Benchimol et al., 2014; Serebrisky and Wiznia, 2019). The chronic 
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inflammatory state and immune dysregulation for each disease shows 
associations with obesity (Saltiel and Olefsky, 2017), and physical 
inactivity (Sallam and Laher, 2016). Both obesity and inactivity influ-
ence the gut microbiome as well (Ticinesi et al., 2019; Lee et al., 2020). 

We hypothesized that the removal of circadian cues leads to a form of 
circadian misalignment that may be detected by blunting of first-in- 
morning diurnal cortisol rhythms. This circadian misalignment may in 
turn lead to a pro-inflammatory state and increases in cardiovascular 
risks, as has been shown in mice (Inokawa et al., 2020). It is well-known 
that sunlight exposure, exercise, regular diet, and stress all serve to 
entrain the circadian clock (Tahara et al., 2017). A central aspect of the 
built environment is less sunlight and exercise, with the expected 
disruption of circadian entrainment cues. Indeed, there is increasing 
pre-clinical and clinical evidence of associations between improving 
circadian clocks and decreasing pro-inflammatory disease states, 
including asthma (Ehlers et al., 2018), cardiovascular risk factors 
(Morris et al., 2016; Alibhai et al., 2017), inflammatory bowel disease 
(Liu et al., 2017; Gombert et al., 2019), and diabetes (Jakubowicz et al., 
2019; Bosma-den Boer et al., 2012). 

Circadian rhythms are regulated by clock genes and encoded pro-
teins (CLOCK, BMAL1), and these in turn drive expression of cortisol as 
the primary hormone driving circadian rhythms, where it is the ligand 
for the glucocorticoid receptor expressed in all tissues and cells (Trott 
and Menet, 2018). Circadian rhythms are typically measured by serum 
cortisol levels, where levels peak pre-awakening, and trough by Noon. 
First-in-morning cortisol levels approach the maximum (peak) serum 
concentrations during daily circadian cycles. Cortisol, and its pharma-
cological derivatives (corticosteroid drugs; prednisone and others), 
show potent anti-inflammatory activities (Barnes, 2006), and it could be 
assumed that diurnal variations in cortisol have immunomodulatory 
roles. 

To study circadian health and relationship to cardiovascular risk 
factors, we hypothesized that a population-based study of children 
might provide the best approach. Elementary school children within a 
single grade level within a school have relatively uniform diurnal sleep, 
diet, and activity patterns. We worked with two public elementary 
schools in Southern Maine to develop a research and education program 
with a focus on healthy dietary choices and physical activity. This 
included assessments of each child for anthropomorphic data (blood 
lipid and glucose measures) at a neighboring university, and working 
with parents to collect 9 salivary samples from each child (two upon 
wakening with 30 min apart, one before bed) over 3 consecutive days 
for measures of cortisol. The study performed a cross-sectional analysis 
to assess the data at 9 years old and a longitudinal analysis to assess the 
children’s data at both 9 and 10 years of age. Our preliminary cross- 
sectional study with 474 children provided initial evidence for the as-
sociation of morning cortisol levels and cardiovascular risk factors 
(lipids, blood pressure, body composition) (Yeung et al., 2016). Here, we 
report relationships between diurnal cortisol fluctuations in 1336 child 
assessments, with 587 children assessed at 9 years old and 347 children 
assessed at both 9 and 10 years of age. 

2. Materials and methods 

2.1. Participants 

The Cardiovascular Health Intervention Program (CHIP) is a study of 
circadian rhythms and cardiovascular risk factors in children in South-
ern Maine, and participants and procedures have been described pre-
viously (Yeung et al., 2016; White et al., 2017). Children studies were 
689 students at baseline (4th grade) (age: 9.20 ± 0.41 years; 53% fe-
male; 89% Caucasian) and 647 students at follow-up (5th grade) (age: 
10.53 ± 0.52 years; 55% female; 82% Caucasian). All students in the 
entire school in each grade were invited to participate, and participation 
rate was 78%. Parents provided informed consent for their children, and 
ethics review and approval was by the University of New England (UNE) 
Institutional Review Board. 

2.2. Procedures 

Procedures have been previously described, including participant 
recruitment and assessments of cardiovascular risk factors and are 
provided in an appendix (Methods A.1) (Yeung et al., 2016). Methods 
for salivary cortisol collection and analyses have been previously 
described in detail (Yeung et al., 2016). 

2.3. Data analytic strategy 

Full Information Maximum Likelihood (FIML) estimation in Mplus 
version 8.4 was used as previously described (Yeung et al., 2016). We 
used a 4-stage analytic strategy using structural equation modeling 
(SEM) framework: (1) estimates of cortisol latent state-trait models 
(LTC) defined by the baseline (4th grade) cortisol data; (2) confirmatory 
factor analysis (CFA) to define multi-factor structure reflective of car-
diovascular risk factors (baseline; 4th grade); (3) path analysis from 
steps 1 and 2 (hypothesis testing); (4) adjustments for potential con-
founding effects of sex, age, race, socioeconomic, and medication use. 
The four steps were applied to 4th grade data. 

For longitudinal analyses, path analysis tested whether the baseline 
LTC (from the 4th graders) predicted the cardiovascular risk factors at 
follow-up (from the 5th graders). In the longitudinal model, the baseline 
LTC from the latent state-trait model (using the best baseline model 
structure) and baseline Lipids (baseline Blood Pressure or baseline Body 
Composition, using the multi-factor model structure) were specified to 
predict the follow-up Lipids (follow-up Blood Pressure or follow-up 
Body Composition, using the multi-factor model structure). The longi-
tudinal model was adjusted for sex, age, race, socioeconomic, and 
medication use. 

Both baseline and longitudinal models were tested for fit using FIML 
using four global fit indices: 1. Chi-square test (p-value >0.05); 
Comparative Fit Index (CFI ≥0.95); 2. Standardized Root Mean Square 
Residual (SRMR; <0.05 [good], 0.05–0.08 [fair], >0.08 [poor]); 3. Root 
Mean Square Error of Approximation (RMSEA; < 0.05 [good], 
0.05–0.08 [fair], >0.08 [poor]) (Hu and Bentler, 1999). 

Table 1 
Participant demographics.   

4th Grade (n = 689) 5th Grade (n = 647) 

Age 9.20 ± 0.41 years  10.53 ± 0.52 years  
Female n (%) 365 (53%) 356 (55%) 
Male n (%) 324 (47%) 291 (45%) 
Caucasian n (%) 613 (89%) 530 (82%) 
Female Overweight n (%) (BMI) 77/362 (21%) (19.2–22.0 kg/m2) 70/356 (20%) (20.4–23.3 kg/m2) 
Female Obese n (%) (BMI) 83/362 (23%) (>22.0 kg/m2) 99/356 (28%) (>23.3 kg/m2) 
Male Overweight n (%) (BMI) 51/313 (16%) (18.8–21.0 kg/m2) 65/284 (23%) (19.8–22.6 kg/m2) 
Male Obese n (%) (BMI) 84/313 (27%) (>21.0 kg/m2) 62/284 (22%) (>22.6 kg/m2)  
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3. Results 

3.1. Participant demographics 

All children attending public middle school (4th and 5th grades) 
were invited to participate, with consent from parents, with some chil-
dren participating during both 4th and 5th grade. There was a 78% 
participation rate of all children, suggesting a population-based cohort 
for study. Mean age in 4th grade was 9.20 ± 0.41 years, and in 5th grade 
10.53 ± 0.52 years, with the majority of Caucasian race (89% 4th grade; 
82% 5th grade) (Table 1). Using CDC growth charts and cut-offs, about 
20% of participants were overweight (85th-95th percentile), and 25% 
obese (>95th percentile) (Table 1). 

3.2. Cortisol measures at baseline (4th grade children) and follow-up (5th 
grade children) 

The study design for collection of salivary samples is shown in Fig. 1. 
Salivary cortisol data, including first awakened (waking), 30 min later 
(30-min post-waking), and at bedtime, for 3 consecutive days (9 samples 
per child), both during 4th and 5th grades, are summarized in Table 2. 
For both 4th grade and 5th grade students, mean morning levels of 
cortisol were substantially higher than evening levels (waking ~0.3 µg/ 
dL; bedtime ~0.09 µg/dL). The cortisol levels of 5th grade students 
increased by 10–11% compared to those of 4th grade students, and in-
creases were significant for both cross-sectional analyses and intra- 
subject longitudinal analyses (Table 2). Across sampling days, intra- 
subject correlations for repeated measures of the same time point 
ranged from 0.30 to 0.59 for each measure. The medium level cortisol 
correlations were expected as the cortisol levels can be affected by many 
factors, motivating us to use the latent state trait model to approximate 
the trait cortisol (with variance common across sampling days). 

3.3. Cardiovascular risk factor measures at baseline (4th grade children) 
and follow-up (5th grade children) 

Cardiovascular risk indices, including TG, HDL-C, BP (systolic; dia-
stolic), BMI, waist-to-hip ratio, and percent fat, both during 4th and 5th 
grades are summarized in Table 3. Cardiovascular risk factors increased 
from 4th grade to 5th grade for both cross-sectional and longitudinal 
(intra-subject) measures. HDL, BP, and BMI each increased about 6% 
over the year, whereas TG increased 11%. Changes in Waist-to-hip ratio 
and percent fat were not significant. 

The intercorrelations observed between cardiovascular risk factors 
(Table A.1) suggested that the cardiovascular indices may reflect the 
variations of some underlying latent (unobserved) factors, which could 
be constructed from confirmatory factor analysis. High correlation 
values were observed between TG and HDL-C (r = − 0.40), between 
systolic BP and diastolic BP (r = 0.69), between BMI, waist-to-hip ratio, 
and percent fat (r = 0.46, 0.58, and 0.75 respectively). 

3.4. Cortisol latent state-trait models 

Three Single-Trait Multistate (STMS) models were tested, and one 
single-trait model estimated (waking, 30 min post-waking and bedtime 
salivary cortisol levels), as previously described (Yeung et al., 2016). 
Model 1: Waking and 30 min post-waking samples from 3 sequential 
days (6 measures/child) were combined into a single subject LTC. Fit 
indices were χ2 (11) = 74.035 (p < 0.001); CFI = 0.950; SRMR = 0.049; 
RMSEA = 0.098 (90% CI: 0.078–0.120); SRMR and CFI (good fit). Model 
2: Night (bedtime) samples from the 3 sequential days (3 measures/-
child) were combined into single subject LTC. The fit indices for Model 2 
were χ2 (29) = 248.796 (p < 0.001); CFI = 0.770; SRMR = 0.094; 
RMSEA = 0.113 (90% CI: 0.100–0.126); CFI, SRMR and CFI (poor fit). 
Model 3: Each of the 3 times of day cortisol assessments were considered 

Table 2 
Salivary cortisol measures in 4th and 5th grade school children.   

PRE (4th grade) N = 689 
9.2±0.4 years  

POST (5th grade) N = 647 
10.5±0.5 years  

Longitudinal paired t-test N = 347 Cross-sectional change (p value)  

Mean μg/dl  SD Mean μg/dl  SD   

Day 1: Bedtime 0.07 0.12 0.09 0.13 0.038 + 0.02 (0.007) 
Day 1: Waking 0.28 0.18 0.31 0.19 ns + 0.03 (0.045) 
Day 1: 30-min post-waking 0.33 0.20 0.39 0.22 0.004 + 0.07 (0.00005) 
Day 2: Bedtime 0.07 0.11 0.10 0.15 0.015 + 0.03 (0.0005) 
Day 2: Waking 0.28 0.17 0.32 0.19 0.007 + 0.04 (0.002) 
Day 2: 30-min post-waking 0.33 0.20 0.37 0.21 0.003 + 0.04 (0.005) 
Day 3: Bedtime 0.09 0.16 0.09 0.14 0.018 0 (ns) 
Day 3: Waking 0.28 0.17 0.31 0.18 ns + 0.03 (0.015) 
Day 3: 30-min post-waking 0.33 0.19 0.37 0.21 0.018 + 0.04 (0.0021) 
Mean Days 1–3: Bedtime 0.08 0.10 0.09 0.11 0.007 + 0.01 (0.027) 
Mean Days 1–3: Waking 0.28 0.13 0.31 0.14 0.019 + 0.03 (0.0016) 
Mean Days 1–3: 30-min post-waking 0.33 0.15 0.38 0.16 0.0006 + 0.05 (0.0002)  

Fig. 1. Study design. Shown is a schematic of the overall study design. Participating children (4th and 5th grades; 9–10 years) were sent home with an informed 
consent and 9 saliva collection kits with instructions for sublingual saliva collection at bedtime, at first awakening (Waking), and 30 min post awakening (3′ post 
waking) on 3 consecutive days (9 samples total). Samples were stored in the home freezer until Day 4. On Day 4, children were instructed to fast (skip breakfast) and 
once arriving at school, bused to the University of New England where phenotyping for cardiovascular risk factors were carried out. Saliva samples were collected at 
that time and stored at − 80 ◦C until analysis. Cortisol measures were carried out on all samples. 
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separate traits (awakening, 30-minute post-awakening, bedtime) (9 
measures/child). The 3 latent state factors were then loaded onto a 
single latent trait factor. Model 3 did not converge. Model 4: Six morning 
samples collected across days were loaded onto one morning latent trait 
factor. The fit indices resulting from Model 4 were χ2 (9) = 75.682 
(p < 0.001); CFI = 0.910 (poor); SRMR = 0.047 (good); RMSEA 
= 0.112 (90% CI: 0.089–0.136) (poor). Similar to our preliminary study 
(Yeung et al., 2016), Model 1 was shown as the best fit and therefore was 
retained to calculate LTC values at both Baseline (4th grade) and Follow 
up (5th grade) (Fig. A.1). The LTC accounted for 33.5–52.2% of the 
variance in six morning cortisol values. On average, the LTC explained 
the 43.3% of variance in cortisol measures both within a single day, and 
across 3 sequential days. 

3.6. Salivary biomarkers at baseline and cardiovascular risk factors at 
baseline 

STMS model LTC at Baseline (4th grade) was defined using SEM to 
test latent factors for Lipids, Blood Pressure, and Body Composition 
(Fig. 2). This analysis showed fit indices of: χ2(61) = 167.684 
(p < 0.001); CFI = 0.950 (good); SRMR = 0.041 (good); and RMSEA 
= 0.055 (90% CI: 0.045–0.065) (fair). LTC showed significant associa-
tion with cardiovascular traits, including Blood Pressure (LTC explained 
4.9%), Body Composition (LTC 4.9%), and Lipids (LTC 2.2%), with 
lower LTC associated with poorer cardiovascular risk factors. 

In the above SEM model, only morning cortisol values were involved 

in the calculation of LTC. As a separate interest, we explored the effect of 
night cortisol on cardiovascular risk factors. Night LTC factor was 
formed from night samples across the three sampling days. The LTC 
calculated using the morning cortisol values is referred to as morning 
LTC (to be in contrast with night LTC). We investigated the effects of (1) 
night LTC alone and (2) both morning LTC and night LTC, on cardio-
vascular risk factors. For the night LTC alone model, the night LTC at 
baseline was tested to predict the Lipids, Blood Pressure, and Body 
Composition latent factors at Baseline (4th grade). The fit indices were: 
χ2(30) = 62.212 (p < 0.001); CFI = 0.979 (good); SRMR = 0.035 
(good); and RMSEA = 0.043 (90% CI: 0.028–0.058) (good). However, 
night LTC alone was not significantly associated with Lipids, Blood 
Pressure, and Body Composition (Model 1; Table A.2). The parameter 
estimates for the association of morning LTC were also listed here for 
comparison purpose (Model 2; Table A.2). Strong standardized param-
eter estimates were seen for Blood Pressure, and Body composition, and 
less for Lipids. When both morning LTC and night LTC were tested as a 
single LTC, and then modeled with Lipids, Blood Pressure, and Body 
Composition latent factors at Baseline (4th grade), fit indices were: 
χ2(95) = 216.591 (p < 0.001); CFI = 0.950 (good); SRMR = 0.040 
(good); and RMSEA = 0.047 (90% CI: 0.038–0.055) (good). When 
morning LTC and night LTC were analyzed collectively, the parameter 
estimations of both LTCs are increased with cardiovascular risk factors, 
but in opposite directions (Model 3; Table A.2). Lower morning LTC was 
associated with higher levels of Lipids, Blood Pressure, and Body 
Composition, whereas higher night LTC was associated with higher 

Fig. 2. Model fitting for 4th grade students 
(n = 587 subjects; age 9 years). Parameter es-
timations (standard errors) are shown between 
latent factors (cortisol and cardiovascular risk 
factors). CFI and SRMR suggest a good fit of the 
data, while RMSEA suggested a fair fit (χ2[61] 
= 167.684 [p < 0.001]; CFI = 0.950; SRMR =
0.041; and RMSEA = 0.055 [90% CI: 
0.045–0.065]). *p < 0.05, **p < 0.01, and 
***p < 0.001. Black = before adjusting for 
covariates. Blue = after adjusting for covariates. 
(For interpretation of the references to color in 
this figure legend, the reader is referred to the 
web version of this article.)   

Table 3 
Cardiovascular risk factors in children 4th and 5th grade children.   

PRE (4th grader) N = 689 
9.2±0.4 years  

POST (5th grader) N = 647 
10.5±0.5 years  

Longitudinal paired t-test N = 347 Cross-sectional change (%) (p value)  

Mean SD Mean SD   

Triglycerides (mg/dl) 67.25 42.93 75.64 38.95 0.0002 + 8.39 (+11%) (0.0008) 
High-density lipoprotein (mg/dl) 51.35 12.64 54.52 14.24 < 0.0001 

(2.36× 10− 8)  
+ 3.17 (+6%) (0.0001) 

Systolic blood pressure (mmHg) 105.94 11.12 112.11 9.72 < 0.0001 
(2.59× 10− 25)  

+ 6.17 (5.5%) (<0.0001) 
(9.79× 10− 26)  

Diastolic blood pressure (mmHg) 68.41 9.47 72.59 8.74 < 0.0001 
(3.37× 10− 14)  

+ 4.18 (5.7%) (<0.0001) 
(1.95× 10− 16)  

Body mass index (kg/m2) 19.35 4.03 20.59 4.50 < 0.0001 
(4.75× 10− 58)  

+ 1.24 (6%) (<0.0001) 
(1.95× 10− 7)  

Waist-to-hip ratio 0.87 0.06 0.86 0.07 ns − 0.01 (ns) 
Percent fat (%) 28.49 10.28 29.52 9.70 0.004 + 1.03 (ns)  
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weight (Body Composition). This finding is consistent with higher 
morning diurnal cortisol (diurnal health) and lower evening stress 
related cortisol associated with improvements in cardiovascular risk 
factors. 

3.7. Baseline (4th grade) LTC and Blood Pressure together predict follow- 
up (5th grade) Blood Pressure 

Longitudinal analyses with a SEM model was carried out, with the 
LTC from the STMS model at Baseline (4th grade) and the Lipids, Blood 
Pressure, and Body Composition latent factors at Baseline (4th grade) 
modeled to predict the same latent factors at Follow-up (5th grade) 
(Fig. 3). The fit indices were: χ2(284) = 607.334 (p = 0.0000), CFI 
= 0.905 (fair), SRMR = 0.064 (fair), RMSEA = 0.057 (90% CI = [0.051 
0.064]) (fair). Lower Lipids, Blood Pressure, and Body Composition 
latent factors in 4th grade were associated with the same latent factors in 
5th grade. More interestingly, lower LTC at baseline was associated with 
higher level of Blood Pressure at follow-up (β = − 0.15 ± 0.07, 
p = 0.030) (Fig. 3). LTC at baseline and blood pressure at baseline 
explained 9.9% of the variation in blood pressure at follow-up. Adjust-
ment for covariates (sex, age, race, socioeconomic, and medication use) 
did not weaken the effects of Baseline (4th grade) LTC on Follow-up (5th 
grade) blood pressure (β = − 0.18 ± 0.08, p = 0.017). 

We also investigated the feasibility of using both morning LTC and 
night LTC to predict cardiovascular risk latent factors at Follow-up (5th 
grade). Night LTC factor was formed from 3 consecutive sampling days. 
The fit indices for the prediction model were: χ2(433) = 786.389 
(p < 0.001); CFI = 0.907; SRMR = 0.062; and RMSEA = 0.048 (90% CI: 
0.043–0.054); all suggesting a fair fit. Lower morning LTC at Baseline 
(4th grade) was associated with higher Blood Pressure at Follow-up (5th 
grade) (β = − 0.19 ± 0.08, p = 0.017), while night LTC was not asso-
ciated with any cardiovascular risk factors (p > 0.05). 

4. Discussion 

We explored relationships of circadian health (diurnal fluctuations in 
cortisol) and cardiovascular risk factors in a population-based study of 
young children (9–10 years; n = 1336 assessments; 689 in 4th grade; 
647 in 5th grade). Key advances in this study compared to previous 
reports are the population-based longitudinal design, the study of chil-
dren during school days where sleep and activity patterns may be most 
uniform, and the testing of 9 cortisol measures per child per assessment 
(6 morning, 3 evening). A previous study of cortisol in school children 
collected samples during school hours, but this would not be expected to 
have captured circadian cortisol at first awakening (measured stress- 
related cortisol and not diurnal cortisol) (Dimolareva et al., 2018). In 
a study of hourly blood cortisol measures in children 6–12 years, peak 
cortisol was between 5 a.m. and 9 a.m., with nadir between 7 p.m. and 
3 a.m. (Feder et al., 2004), emphasizing the importance of 
first-in-morning cortisol measures, as done in this current report. While 

there are numerous studies of cortisol levels in children and adults that 
accumulate in hair, nail clippings, or 24-h urine, these are all felt to be 
reflective of stress-related cortisol elevations (persistent over days or 
months), and not diurnal cortisol, as morning cortisol fluctuations are 
relatively short-lived (~4 h). 

The LTC values in the study were modeled from multiple saliva 
cortisol samples (9 per child) collected within (morning, night) and 
across three sequential days. Consistent with our preliminary work 
(Yeung et al., 2016) and other prior work (Doane et al., 2015; Stroud 
et al., 2016), the waking and 30 min post-waking samples contributed to 
a LTC factor. Our data provide evidence that the same LTC factor 
structure can be extended from early and late adolescence (Doane et al., 
2015; Stroud et al., 2016) to middle childhood. Our finding that LTC 
explained 43% of the variance in cortisol levels in 9–10 year old children 
is similar to findings of the cortisol awaking response in adults using a 
similar state trait model (46% on average; Hellhammer et al., 2007), and 
also consistent with a study of 39 children (47% on average; Fries et al., 
2008). 

In mice, circadian misalignment leads to blunted diurnal cortisol, 
and poor health (increased inflammation and early death) (Inokawa 
et al., 2020). We hypothesized that blunted first-in-morning cortisol 
might reflect circadian misalignment in children, and likewise be asso-
ciated with poor health outcomes. Specifically, the hypothesis tested 
was that high morning (diurnal) cortisol would be associated with 
improved cardiovascular risk factors (improved circadian and cardio-
vascular health) at baseline (with 4th grader only). The application of 
structural equation modeling (SEM) framework supported our hypoth-
esis of improved circadian health measured by increased morning 
diurnal cortisol showing strong associations with cardiovascular risk 
factors in a population-based study of children (9–10 years). The base-
line analysis with a larger cohort (587 subjects) confirmed our pre-
liminary report (474 subjects) (Yeung et al., 2016), showing that lower 
morning LTC was associated with higher levels of lipids, higher blood 
pressure, and higher body fat composition, explaining 2.2%, 5.4%, and 
4.9% of the variation of each (Fig. 2). Our longitudinal analysis 
demonstrated that the baseline (4th grade) latent trait cortisol was 
predictive of 5th grade blood pressure, where lower morning LTC at 4th 
grade predicted higher blood pressure in 5th grade, consistent with the 
circadian health (circadian misalignment) model. 

Although the variance explained by the morning LTC were relatively 
small, their associations were significant. Our findings may underesti-
mate the associations of morning LTC associations due to limitations of 
our study design, including the home collection of salivary samples, 
inconsistency in following the saliva collection and storage protocol by 
children and their families, and likely challenges in protocol adherence 
regarding fasting instructions for lipids collection. 

In contrast to the present results, prior studies have linked higher 
cortisol with higher diastolic or systolic blood pressure (Walker et al., 
2000; Filipovský et al., 1996; Ward et al., 2003; Reynolds et al., 2003; 
Soriano-Rodriguez et al., 2010; Rice et al. 2018). This discrepancy may 

Fig. 3. Predictability of baseline (4th grade) 
salivary latent trait cortisol to follow-up (5th 
grade) cardiovascular risk factors from 347 
subjects. Parameter estimations (standard er-
rors) are shown between latent factors (cortisol 
and cardiovascular risk factors). SRMR and 
RMSEA suggested a fair fit of data to the model 
(χ2[284] = 607.334 [p = 0.0000], CFI = 0.905, 
SRMR = 0.064, RMSEA = 0.057 [90% CI =
0.051 0.064]). *p < 0.05, **p < 0.01, and 
***p < 0.001. Black = before adjusting for 
covariates. Blue = after adjusting for covariates. 
(For interpretation of the references to color in 
this figure legend, the reader is referred to the 
web version of this article.)   
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be because these prior studies typically measure stress-related cortisol, 
and not first-in-morning diurnal cortisol, and thus have not studied 
circadian alignment. For example, in a children cortisol study, higher 
morning serum cortisol was associated with increased systolic blood 
pressure in 6.8 years old school children (n = 223), but samples were 
collected at a clinic between 8 and 9 a.m. presumably after the children 
had been awake for some hours (Soriano-Rodríguez et al., 2010). 
Another pilot children study of associations of morning (9–10 a.m.) and 
afternoon (1–2 p.m.) cortisol measures with blood pressure showed little 
difference in cortisol levels between these two time points, and some 
positive association of increased afternoon cortisol levels with increased 
blood pressure; this study more likely measured stress-related cortisol 
and not circadian alignment (n = 56; 3–5 year old children) (Rice et al., 
2018). In addition, exposure to chronic stress can lead to adrenal sup-
pression and reduced cortisol levels, such as reported with early 
adversity, family conflicts in adolescents, maternal depression, and so-
cial deprivation in 9–14 years old (Stroud et al., 2016; Apter-Levi et al., 
2016; Hostinar et al., 2015; Kushner et al., 2016; Zhang et al., 2016). 
Two of the studies used first-in-morning home-based cortisol measures, 
and both found increased stress to be associated with reduced 
first-in-morning cortisol, possibly consistent with stress leading to 
circadian misalignment and reduced diurnal cycling (Stroud et al., 2016; 
Zhang et al., 2016). A study of 450 obese children (age 4–18 years) 
showed that higher cortisol and ACTH serum levels were associated with 
increased cardiovascular risk factors (blood pressure, triglycerides, in-
sulin resistance) (Prodam et al., 2013). A similar study of 205 over-
weight Latino youth (age 8–13 years) also showed higher cortisol 
associated with increased metabolic syndrome feature, with the highest 
correlation with increased systolic blood pressure (r = 0.34; P < 0.001) 
(Weigensberg et al., 2008). Both of these studies showed higher cortisol 
associated with higher blood pressure, while in our current study we 
found lower cortisol associated with higher blood pressure. However, 
there are marked differences in the populations studied (obese or 
overweight vs. our population-based cohort), the ages studied (4–18 
years vs. our 9–10 years cohort), the type of sample tested for cortisol 
(blood vs. our salivary samples), and the time of day of cortisol sampling 
(travel to clinics with sampling at 8 a.m., vs. our first-in-morning 
home-based sampling). 

In embarking on this study, our hypothetical model was that the 
intra-subject difference between first-in-morning cortisol and late eve-
ning cortisol would define the “amplitude” of circadian cortisol rhythms. 
However, models testing first-in-morning cortisol alone vs. the differ-
ence between first-in-morning and late evening cortisol showed that 
first-in-morning cortisol alone leads to better fitting of models (addition 
of evening cortisol weakened data fit). In further consideration of our 
models, we believe that evening cortisol does not reflect the ‘nadir’ of 
circadian cortisol amplitude, but instead reflects stress-related cortisol. 
Thus, using evening cortisol as a nadir may mix ‘apples and oranges’, 
where first-in-morning cortisol reflects the peak amplitude of circadian 
cortisol rhythms, but evening cortisol (stress-related) may not be an 
accurate indicator of the circadian nadir. Future studies will need to 
clearly delineate measures of circadian alignment (first-in-morning 
upon awakening cortisol) vs. stress-related cortisol. 

Our longitudinal data extend our cross-sectional results, indicating 
that morning trait cortisol is a causal factor for the elevated blood 
pressure a year later in middle childhood. Therefore, morning trait 
cortisol could be a vascular risk factor in children. It is well-documented 
that childhood cardiovascular risk factors predict adult cardiovascular 
disease (Berenson, 2002). If this longitudinal result can be replicated in a 
larger study in children or adult population, strategies targeting at lower 
cortisol action should be evaluated for their effects on cardiovascular 

diseases. 
When evening stress-related cortisol levels were tested for associa-

tion with cardiovascular risk factors alone, we found no significant as-
sociation with cardiovascular risk factors. However, when both morning 
and evening cortisol levels were included in the model, significant but 
inverted associations of cortisol with body composition were observed; 
lower morning cortisol and elevated evening cortisol were both associ-
ated with increased body fat (Table A.2). This data suggests that in-
creases in evening stress-related cortisol is associated with poorer 
cardiovascular outcomes in children, as has been observed by many 
other authors (Veldhorst et al., 2014; Papafotiou et al., 2017; Ricotti 
et al., 2020). Our data also suggests that the effect of increased 
stress-related cortisol on poor cardiovascular health is much weaker 
than the effect of decreased diurnal cortisol (poor circadian health). 
However, we did not find the predictability of the stress-related cortisol 
at 4th grade on any cardiovascular risk. 

To our knowledge, this is the first longitudinal study of first-in- 
morning cortisol in young children during typical school days. We 
found support for a circadian health model, where strong diurnal cycling 
reflected by increased morning cortisol was associated with improve-
ments in cardiovascular risk factors. We suggest that the built environ-
ment has removed circadian cues, and in turn blunted the diurnal 
cycling of morning cortisol. This may increase cardiovascular risk fac-
tors through poor cyclical regulation of inflammation and other physi-
ological processes driven by cortisol. A prediction of this model is that 
efforts to improve circadian health (increased exercise, increased sun-
light, altered diet patterns) may increase diurnal morning cortisol and 
decrease risk of poor cardiovascular risk factors. A limitation to our 
study is that the STMS and LTC modeling utilized in our study do not 
define thresholds of first-in-morning cortisol levels that could be used to 
define ‘at-risk’ children. Also, the methods utilized to collect blood 
pressure in this population-based study were suboptimal, and additional 
time points for cortisol measures throughout the day would better define 
true circadian cortisol cycling. Finally, our data may be consistent with 
our hypothetical model of circadian misalignment as a factor contrib-
uting to poor child health, but our study does not identify or study 
specific risk factors contributing to circadian misalignment. Future 
studies could refine methods and improve on the models presented here. 
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Appendix A 

Methods A.1 
Procedures: 
Procedures and testing protocols for the pediatric Cardiovascular Health Intervention Program (CHIP) have been described in detail (Yeung et al., 

2016; White et al., 2017; Downing et al., 2021). Briefly, all assessments were carried out by faculty, staff and students of the University of New 
England. Participants were recruited from two elementary schools, with the entire 4th and 5th grade classes participating. Clinical assessments were 
done on site at University of New England, where participants had measures of blood lipids and glucose, resting blood pressure (BP), and anthro-
pometric assessments. For cortisol measures, participants were provided 9 saliva collection kits to bring home, with instructions for the paren-
ts/guardians and child to collect sublingual samples at awakening, 30 min later, and at bedtime, on 3 consecutive days. Samples were stored in the 
home freezer, then brought by the participants to school and collected by study staff (Table A.1, Table A.2, Fig. A.1 and Fig. A.2). 

Laboratory analyses included a skin prick blood sample tested on a lipids/glucose panel (Cholestech LDX), and measured total cholesterol, tri-
glycerides, high density lipoprotein-cholesterol, and blood glucose. For the reported longitudinal data analyses, the missing data rate for all three 

Fig. A.1. Confirmatory factor analysis of 4th grade children (684 subjects). All loadings were p-value < 0.001 (standard errors).  

Table A.1 
Correlations among cardiovascular risk indices.  

Metabolic Index Triglycerides HDL Systolic BP Diastolic BP BMI Waist-to-hip ratio % fat 

Triglycerides 1       
HDL -0.40 1      
Systolic blood pressure .20 -0.12 1     
Diastolic blood pressure .20 -0.08 .69 1    
BMI .32 -0.32 .41 .31 1   
Waist-to-hip ratio .35 -0.27 .22 .16 .58 1  
% fat .32 -0.28 .40 .32 .75 .46 1  

Table A.2 
The effects of morning latent trait cortisol (LTC) and night LTC on cardiovascular risk factors at baseline (4th grade).  

Model Latent Factors Lipids Blood Pressure Body Composition  

1 Night LTC .07±.09  -0.07±.11  .14±.11   
2 Morning LTC -0.15±.07*  -0.23±.05***  -0.22±.05***   
3 Morning LTC -0.18±.07*  -0.25±.06***  -0.27±.05***  

Night LTC .11±.08  .04±.06  .16±.06**  

Standardized parameter estimations ± standard errors are shown. 
* p < 0.05. 
** p < 0.01 
*** p < 0.001. 
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biomarkers extracted from blood samples was 17.4% at Baseline (4th grade) and 18.0% at Follow-up (5th grade). Two blood pressure measurements 
from the right arm of each participant were taken two minutes apart and averaged. The missing data rate for blood pressure was 0.2% at Baseline and 
0.5% at Follow-up. In addition to height and weight, FitnessGram software calculated percent fat, integrating participant’s right tricep, calf and sex in 
determinations (Meredith and Welk, 2010). The missing data rates were BMI (4th grade 2.0%; 5th grade 0.9%), waist-to-hip ratio (4th grade 1.0%; 5th 
grade 1.9%), and percent fat (4th grade 0.3%; 5th grade 1.4%). 

Each saliva sample was assayed for cortisol immunoassay in duplicate (Salimetrics, State College, PA). The immunoassay used 25 μl saliva, with 
standard curve from 0.01 to 3 μg/dl. At baseline (4th grade), missingness in the cortisol data was from 97 children who did not provide any samples on 
any day, and 5 children that provided cortisol samples but did not have cardiovascular phenotyping assessments. In terms of laboratory (cortisol) data, 
missingness was defined as insufficient volume for assay, cortisol values below the lower limit of sensitivity, cortisol values that were biologically 
implausible (>4.0 μg/dl), or greater than 4 standard deviations above the sample mean; 13.72% had missing cortisol data by these definitions. 

At follow-up (5th grade), missingness in the cortisol data was from 194 children that did not provide samples, and 2 children that did not 
participate in phenotyping. These 196 participants were not significantly different from the 451 children who provided at least one cortisol sample, 
and had lipids, blood pressure, body composition and confounding factors measures. Missingness of cortisol measures was 9.01%. 

347 participants were used the longitudinal analysis. 240 participants at baseline (out of 587 participants) did not have the follow-up data (with at 
least one cortisol sample, and data on lipids, blood pressure, body composition and confounding factors). 104 participants at follow-up (out of 451 
participants) did not have the baseline data. For the 347 participants, there was totally 11.73% missing cortisol data (10.63% missing samples, 0.90% 
outliers) at baseline and 8.71% missing cortisol data (7.01% missing samples, 1.70% outliers) at follow-up. 

Socioeconomic status was assessed using the child’s free lunch status (0 = low income [free or subsidized lunch], or 1 = medium/high income [no 
free or subsidized lunch]). The low income percentage was 49.63% at Baseline (4th grade) and 31.26% at Follow-up (5th grade). The Medication use 
percentage is 25.40% in 4th grade and 17.62% in 5th grade. The missing data rates for socioeconomic status were 0.58% at Baseline and 3.09% at 
Follow-up. Missing data rates for Medication use were 0% at Baseline and at Follow-up. 

No transformation was applied to any variable even if their skewness (e.g., cortisol, Triglycerides, and BMI) is greater than 1 (either at baseline or 
follow-up) because Mplus version 8.4 is robust to non-normality of the input data. 

References for Supplemental Methods: 
Downing R 2nd, Michael T, Place R, Hoffman E, Visich P, The Influence of Metabolic Syndrome Risk Factors on Carotid Intima Media Thickness in 

Children. Glob. Pediatr. Health 2021 Jan 11;8:2333794X20987453. doi: 10.1177/2333794X20987453. PMID: 33490309; PMCID: PMC7804354. 
White D, Place R, Michael T, Hoffman E, Gordon PM, Visich P. The Relationship between Coronary Artery Disease Risk Factors and Carotid Intima- 

Media Thickness in Children. J. Pediatr. 2017 Nov;190:38–42. doi: 10.1016/j.jpeds.2017.07.034. Epub 2017 Sep 11. PMID: 28912051. 
Yeung EW, Place R, Gordish-Dressman H, Visich P, Hoffman E, Walker SO, Granger DA. Salivary latent trait cortisol (LTC): Relation to lipids, blood 

pressure, and body composition in middle childhood. Psychoneuroendocrinology. 2016 Sep;71:110–8. doi: 10.1016/j.psyneuen.2016.05.013. Epub 
2016 May 18. PMID: 27262343. 
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