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Abstract

Context—Prior studies have shown a cross-sectional association between body mass index (BMI) 

and salivary diurnal cortisol profile features (cortisol features); however, to our knowledge prior 

population-based studies have not examined the longitudinal association of body-mass index 

(BMI) with cortisol features.

Objective—To examine the association of (1) prior annual BMI percent change over 7 years with 

cortisol features, (2) baseline cortisol features with subsequent change in BMI over 6 years and (3) 

the association of change in cortisol features with change in BMI over 6 years.
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Design—Longitudinal study

Setting—Multi-Ethnic Study of Atherosclerosis (MESA) Stress I & II Studies (2004-2006 & 

2010-2012)

Participants—1,685 ethnically diverse men and women attended either MESA Stress exam 

(mean age 65 ± 10 years at MESA Stress I; mean age 69 ± 9 years at MESA Stress II).

Outcome Measures—Log-transformed cortisol features including wake-up cortisol, cortisol 

awakening response, early decline slope (30 minutes to 2 hours post-awakening), late decline 

slope (2 hours post-awakening to bedtime), bedtime, and total area under the curve (AUC) cortisol.

Results—Over 7 years, following multivariable adjustment, (1) a 1% higher prior annual BMI % 

increase was associated with a 2.9% (95% CI: −5.0%, −0.8%) and 3.0% (95% CI: −4.7%, −1.4%) 

lower current wake-up and total AUC cortisol, respectively; (2) there was no significant 

association between baseline cortisol features and subsequent change in BMI and (3) among 

participants with BMI ≥ 30 kg/m2, flattening of the late decline slope was associated with 

increases in BMI (every 1-unit increase late decline slope were associated with a 12.9% increase 

(95%CI: −1%, 26.8%) in BMI, respectively).

Conclusions—We found a significant association between prior annual BMI % change and 

cortisol features, but no significant association between baseline cortisol features and subsequent 

change in BMI. In participants with obesity increases in BMI were associated with less 

pronounced declined. Collectively, our results suggest that greater adiposity may lead to a blunted 

diurnal cortisol profile.
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adrenal axis

1. Introduction

The prevalence of obesity has been rising over the last twenty years and currently affects 

over 1 in 3 Americans [1]. Given the epidemic proportions of obesity and its involvement in 

many of the leading causes of death [2], it is essential to identify novel contributors to the 

underlying physiology of obesity. The role of dysregulated cortisol in obesity is one such 

novel mechanism. The HPA axis is a major component of the neuroendocrine system that 

controls the response to stress and contributes to the regulation of energy storage and 

expenditure. The terminal response of the HPA axis is production of cortisol from the 

adrenal gland with a classic circadian rhythm (diurnal cortisol profile): cortisol rapidly rising 

after awakening, reaching a peak after 30-45 minutes and then gradually declining over the 

course of the day [3,4].

Perturbations of the diurnal cortisol profile are cross-sectionally associated with obesity and 

conditions linked to obesity including insulin resistance, type 2 diabetes, metabolic 

syndrome and cardiovascular disease [5–7], as well as cardiovascular and all-cause mortality 

[8]. Cross-sectional associations of the diurnal cortisol profile with measures of obesity 

include: (1) higher BMI, WHR and WC are associated with lower wakeup and morning 
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cortisol [9–15]; (2) CAR is positively associated with WHR [16] and WC [17]; and (3) 

higher WHR is associated with lower diurnal cortisol variability [18,19], and lower total 

AUC cortisol [15]. In MESA Stress I, BMI and WC are negatively correlated with wake-up 

cortisol and CAR AUC and positively correlated with the early decline slope (indicating a 

flatter slope) [20]. Despite the extensive cross-sectional literature on the HPA axis and 

obesity, longitudinal associations of diurnal cortisol curve features (Figure 1) with obesity 

are lacking limiting understanding of the directionality and temporality of these associations 

[6]. Thus, we used data from MESA Exams 1-5 and both MESA Stress exams to assess the 

temporality of the association between cortisol features and BMI/WC. Specifically, we 

investigated 3 aims: (1) the association of prior annual BMI and WC percent change with 

cortisol features over 7 years; (2) the association of baseline cortisol feature at MESA Stress 

I with subsequent change in BMI and WC over 6 years; (3) the association of changes in 

cortisol features with simultaneous changes in BMI and WC over 6 years.

2. Methods

2.1 Study Population

MESA is a multi-center, longitudinal cohort study of the prevalence and correlates of 

subclinical cardiovascular disease and the factors influencing its progression [21]. Between 

July 2000 and August 2002, 6814 men and women, 45-84 years of age, without clinical 

cardiovascular disease who identified themselves as White, Black, Hispanic or Chinese, 

were recruited from six U.S. communities: Baltimore City and Baltimore County, Maryland; 

Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County, California; and St. 

Paul, Minnesota. Details on the sampling frames and the cohort examination procedures 

have been published previously[21]. The MESA Stress I Study collected detailed measures 

of stress hormones, including salivary cortisol measures between 2004 and 2006 (during 

period of MESA Exam 3 and Exam 4) at the New York and Los Angeles MESA study sites. 

The MESA Stress II Study collected similar data, on a subsample of 1,082 participants at the 

New York, Los Angeles and Baltimore MESA study sites between 2010-2012 during MESA 

Exam 5 (Supplementary Fig. A.1). Informed consent was obtained from each participant and 

the institutional review boards of all the participating institutions approved the study and 

consent procedures.

2.2 Hormonal Measures

In MESA Stress I, salivary cortisol measures were collected over 3 days with 6 time points 

measured per day. The first sample was taken immediately after waking (and before getting 

out of bed), the second sample 30 min later, the third sample at around 10:00 AM, the fourth 

sample at around noon (or before lunch if lunch occurred before noon), the fifth sample at 

around 6 PM (or before dinner if dinner occurred before 6 PM), and the sixth sample right 

before bedtime. In MESA Stress II, salivary cortisol measures were collected over 2 days 

and sample collection times corresponded to those in MESA Stress I, with the following 

exception—two additional samples were collected at 1 hour after breakfast and 1800h (8 

time points) to better characterize the early and late decline slopes, respectively [22]. 

Participants were given similar instructions in MESA Stress I and II including not to eat or 

drink or brush their teeth 15 min before collecting the salivary samples. They were also 
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instructed to leave the cotton swab in their mouths for less than 2 min until soaked, moving 

it around inside their mouth. In MESA Stress I, participants recorded collection time on 

special cards; in addition, a time-tracking device (Track Caps) automatically registered the 

time at which cotton swabs were extracted to collect each sample. The participants were 

informed of this time-tracking device.

From our work in MESA Stress I [22], we learned that we could adequately characterize the 

diurnal cortisol curve with 2 days of sample collection. Thus in MESA Stress II the third day 

was eliminated to reduce participant burden. In MESA Stress II, participants were instructed 

to record the exact time of sample collection on a special card, which was facilitated by a 

provided alarm clock. Saliva samples were stored at −20° C until analysis. Before 

biochemical analysis, samples were thawed and centrifuged at 3000 rpm for 3 minutes to 

obtain clear saliva with low viscosity. Cortisol levels were determined using a commercially 

available chemiluminescence assay with a high sensitivity of 0.16 ng/mL (IBL, Hamburg, 

Germany). Intra- and inter-assay coefficients of variation were less than 8%. As previously 

published, participants were generally compliant with sample collection times 

(Supplementary Methods A.1)[23].

2.3 Cortisol Features

We investigated six features of the diurnal cortisol profile: Wake-up cortisol levels, CAR, 

standardized total AUC, early decline slope, late decline slope and bedtime cortisol (Figure 

1). Due to its skewed distribution, cortisol was log-transformed before the cortisol features 

were calculated [20,23,24]. Wake-up cortisol was defined as the salivary cortisol obtained at 

time 0. CAR was the cortisol rise from time 0 to 30 minutes post-awakening. Early decline 

in cortisol was defined as the decline in cortisol from 30 minutes post-awakening to 2 hours 

post-awakening. Late decline in cortisol was the decline in cortisol from 2 hours post-

awakening to bedtime.

2.4 Assessment of waist circumference and body mass index

WC was measured at the minimum abdominal girth. Weight and height were measured using 

a balanced beam scale and a vertical ruler, respectively, with participants wearing light 

clothing and no shoes. Height was recorded to the nearest 0.5 cm and weight to the nearest 

0.5 lb. BMI was calculated as weight (kg) divided by height squared (m2). For stratified 

analysis, BMI categories were defined by the World Health Organization classification as 

normal (<25 kg/m2), overweight (25-29.9 kg/m2) or obese (≥ 30 kg/m2) [25]. All 

anthropometric measures were taken in duplicate and averaged.

2.5 Assessment of Covariates

We adjusted for variables considered as potential confounders in the obesity-cortisol 

association. According to the different aims, the covariates were assessed at different time 

points. Aim 1 and Aim 2 the covariates were assessed at the corresponding MESA Stress 

Exam where cortisol features were ascertained; Aim 3: baseline covariates were measured at 

MESA Stress I and time-varying covariates were measured at MESA exams 3-5. Covariates 

such as age, sex, race/ethnicity and cigarette smoking, were self-reported using protocols as 

previously published [20,21]. Socioeconomic status was assessed by total gross family 
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annual income ($) in the past 12 months prior to MESA Stress exam. Participants were 

categorized as current or not current smokers, as it has been shown that current smokers 

have higher cortisol levels than not current smokers, where there are no differences in 

cortisol values among ex-smokers or never smokers [26]. Over the counter and prescription 

medication history including use of beta blockers, hormone replacement therapy, aspirin and 

steroids was collected in each office visit [20,21]. Physical activity was obtained from an 

interviewer-administered questionnaire adapted from the Cross-Cultural Activity 

Participation Study [27,28] and measured as moderate-to-vigorous physical activity in 

metabolic equivalent minutes per week [29]. Depressive symptoms were assessed using the 

Center for Epidemiological Studies Depression (CES-D) scale as previously described [30]. 

Diabetes status was defined according to the 2003 American Diabetes Association criteria as 

fasting glucose ≥ 7.0 nmol/l (126 mg/dl) or use of hypoglycemic medication (oral agents 

and/or insulin), as previous described [23,31].

2.6 Statistical Analysis

2.6.1 Aim 1: Association of prior annual BMI and WC percent change in the 
prior 7 years with cortisol features—Aim 1 analyses included participants who 

attended either MESA Stress Exam (Supplementary Fig. A.1). 1002 participants were 

enrolled in MESA Stress I and 1082 participants enrolled in MESA Stress II. We first 

excluded samples with missing or invalid cortisol features (i.e., unreliable cortisol values of 

0 or >100 nmol/L or missing sample collection time; N=119 at Stress I and N=72 at Stress 

II). We then excluded individuals missing BMI and WC at either visit (N=19 from Stress I 

and N=45 from Stress II) and missing data on important covariates including gross family 

annual income, beta blocker use, steroid use, hormone replacement therapy, CES-D, aspirin 

use, physical activity, current smoking status and diabetes status (N=35 from Stress I and 

N=37 from Stress II). We also excluded individuals using steroids (N=29 from Stress I and 

N=43 from Stress II). The final analytic dataset (N=1,685) included data from 800 and 885 

participants from MESA Stress I and II, respectively, followed for an average of 6.8 years 

(SD 2.9), with 443 participants having data from both stress exams.

We calculated BMI and WC average annual change prior to each exam at which cortisol was 

assessed for each subject using the formula (BMI as example):

N = number of visits prior to Exam when cortisol was collected

rBMI = average annual % change

We used linear mixed effects models including an individual level random intercept to 

account for the within-person correlation in the samples from people who attended both 

MESA Stress exams. Separately for each cortisol feature, the model included the cortisol 

feature as outcome variable and the BMI average annual % change (calculated using the 

formula above) as exposure adjusting for an exam indicator for MESA Stress Exam (I or II) 
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at which cortisol samples were collected, and sociodemographic and health-related factors. 

In addition, we adjusted for BMI at MESA Exam 1 as baseline BMI is a potential 

confounding variable [32,33]. Robust standard errors were reported.

We fit a sequence of multivariate adjustment models to examine the association of prior BMI 

rate of annual change (as exposure variable) with the current cortisol features (as outcome 

variable) as follows: Model 0 only includes exam indicator in the model unadjusted for any 

demographic or individual medical conditions; Model 1 further adjusted for BMI at MESA 

Exam 1; Model 2 further adjusted for demographic variables including age at MESA Stress 

exam, sex and race/ethnicity; Model 3 additionally adjusted for individual health conditions 

at the time which cortisol was assessed including CES-D, diabetes status, smoking status, 

physical activity and use of medications including beta-blockers and hormone replacement 

therapy.

2.6.2 Aim 2: Association of baseline cortisol feature at MESA Stress I with 
subsequent change in BMI and WC over 6 years—Aim 2 included participants who 

attended both MESA Stress I and either MESA Stress II or MESA Exam 5 and who had 

valid cortisol curve features at baseline, BMI/WC at baseline (MESA Exam 1) and MESA 

Exam 5 or MESA Stress II, and data on other demographic and health-related factors at 

baseline (MESA Exam 1) (Supplementary Fig. A.2). Of the 1002 participants enrolled in 

MESA Stress I, 810 of them also attended either MESA Stress II Exam or MESA Exam 5. 

We excluded participants with missing BMI and WC measures at baseline or MESA Stress 

II/MESA Exam 5 (N=1). We also excluded participants who did not have valid baseline 

diurnal cortisol features (N=84) or were missing data on important covariates (N=41), as 

described above in section 2.6.1; and were using steroids at baseline (N=21). After applying 

these exclusions, the final analytic dataset included 663 participants.

Fixed effects models [34] were used to estimate the association of time and time invariant 

predictors with within person changes in outcome (BMI/WC) over 6 years. Fixed effects 

models estimates the associations of within person changes in predictors with within person 

changes in outcomes, tightly controlling for all known and unknown individual-level time 

invariant confounders, which means the estimation on the within person outcome change 

(BMI/WC) over time is fully adjusted for individual characteristics at baseline. Main effects 

of time invariant predictors cannot be estimated. However, by including an interaction term 

between a time invariant exposure (e.g. baseline cortisol) with time (where the value is zero 

at MESA Stress I and years between the two studies at MESA Stress II) the fixed effects 

model allows estimation of the association of a time invariant exposure with within-person 

annual change in the outcome (i.e. whether the rate of change per year in BMI/WC differs 

by levels of the cortisol feature at baseline). To control for potential confounding of the 

temporal trends on the outcome (BMI/WC) due to individual characteristics at baseline, we 

included interactions of baseline covariates including demographics (age, sex, race/ethnicity, 

wealth index), medication use (beta-blocker, HRT, aspirin), health behavior (smoking, 

physical activity) and depressive symptoms score (CES-D) with the time (since baseline 

MESA Stress I). Log-transformed BMI/WC were used as outcome variables in the analysis 

in order to obtain estimates of the associations of cortisol with percent change in BMI/WC 

rather than the absolute change in BMI/WC. Sequential multivariable adjustment modeling 
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was performed: Model 1 (unadjusted model) used BMI/WC at MESA Stress exam as 

outcome variables and included time (years since MESA Stress I) and the interaction term of 

baseline cortisol feature with time. Model 2 included Model 1 adjustments and the 

interaction terms of baseline demographic variables (age, race, sex, self-reported gross 

family annual income) with time. Model 3 included Model 2 adjustments and the interaction 

terms of baseline diabetes status, depression symptoms (CES-D), medications (beta-blocker, 

HRT, aspirin), and health behavior (current smoking status and physical activity) with time.

2.6.3 Aim 3: Association of change in cortisol feature with change in BMI and 
WC over 6 years—After applying the exclusion criteria outlined for Aim 2 (n=663), we 

also excluded participants who did not attend MESA Stress II or had invalid cortisol features 

at MESA Stress II (N=193), were missing data on key adjustment covariates (N=13), and 

were using steroids at MESA Stress II (N=12) (Supplementary Fig. A.2). The final sample 

for this analysis included 445 participants.

Fixed effects model [34] were also used in this aim to estimate the association of within-

person change in outcome (BMI/WC) with within-person change in exposure (cortisol curve 

feature) over time. The model is similar to the one used in Aim 2 except that it includes a 

time-varying exposure (cortisol curve feature) instead of the baseline cortisol feature. Since 

the change in outcome by the change in exposure can be confounded by other time-varying 

factors, we adjusted for time (where the value is zero at MESA Stress I and years between 

the two studies at MESA Stress II) and its interaction with demographic variables (age, race, 

sex) (to account for BMI/WC change due to aging), as well as time varying CES-D, 

diabetes, smoking status, beta-blocker use, hormone replacement therapy (HRT) use, aspirin 

use, and physical activity at each MESA Stress exam. Log-transformed BMI/WC were also 

used as the outcome variables in the analysis to obtain the estimates of associations of 

changes in cortisol with percent changes in in BMI/WC.

Sequential multivariable adjustment modeling was performed: Model 1 (unadjusted) used 

BMI/WC (log-transformed) at MESA Stress Exam as outcome variables and included time 

(years since MESA Stress I) and the time varying cortisol curve feature. Model 2 included 

Model 1 adjustments and the interaction terms for baseline demographic variables (age, race, 

sex) with time and the time-varying measures of self-reported annual gross family income. 

Model 3 included Model 2 adjustments plus adjustments for time-varying diabetes status, 

depression symptoms (CES-D), medication use (beta-blocker, HRT, aspirin), and health 

behaviors (current smoking status and physical activity). We performed sensitivity analysis 

stratifying the results by baseline WHO BMI classifications (BMI < 25 (normal), 25-29.9 

(overweight) and ≥ 30 kg/m2 (obese)) to test for effect modification by baseline BMI status 

[14]. Analyses were performed using SAS version 9.3 software.

3. Results

The 1685 participants in Aim 1 were racially/ethnically diverse: African American (Stress 1 

[S1]: 26.9%; Stress 2 [S2]: 32.2%), Hispanic (S1: 53.4%; S2: 40.6%), and non-Hispanic 

white (S1: 19.8%; S2: 27.2%); they were approximately evenly distributed across sexes (S1: 

52.0% women and 48.0% men; S2: 54.7% women and 45.3% men). The average age in 
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Stress 1 was: 65.2 ± 9.8 years and in Stress 2 was 69.4 ± 8.9 years (Table 1). We further 

compared the baseline (Stress 1) characteristics of samples included and excluded in Aim 1 

analyses. In general, the excluded sample was older with more African Americans and 

participants with lower income and in worse health (Supplementary Table A.1). The 

descriptive data for the 663 and 445 participants included in Aims 2 and 3, respectively, are 

found in Supplementary Table A.2.

3.1 Association of 7 years of prior annual BMI and WC percent change with cortisol 
features

The estimated difference in cortisol features associated with prior annual change in BMI is 

shown in Table 2. Significant associations of BMI prior annual change were found with total 

AUC cortisol and wakeup cortisol in all adjusted models. The fully adjusted model (Model 

3) revealed a 3.0% lower total AUC cortisol (95% CI: −0.047, −0.014) and 2.9% lower 

wakeup cortisol (95% CI: −0.05, −0.008) per 1-percent higher prior BMI annual % change. 

Bedtime cortisol was significantly associated with prior BMI annual % change in models 

adjusted for baseline BMI at MESA exam 1, but was non-significant after adjustment for 

demographic or health factors. Similar results were seen for WC (−2.4%, 95% CI: (−0.039, 

−0.009) for total AUC cortisol and −2.0%, 95% CI: (−0.037, −0.003) for wakeup cortisol), 

except that bedtime cortisol remained significant in fully adjusted models with a 2.8% lower 

bedtime cortisol (95% CI: −0.052, −0.003) per 1-percent increase in prior WC annual % 

change (Figure 2).

3.2 Association of baseline cortisol feature at MESA Stress I with subsequent change in 
BMI and WC over 6 years

We found no association of baseline cortisol features with subsequent change in BMI or WC 

over 6 years (Table 3; Figure 3). Stratifying the results by baseline BMI classifications (BMI 

< 25, 25-29.9 and ≥ 30 kg/m2) did not alter the findings.

3.3 Association of change in cortisol feature with change in BMI and WC over 6 years

We did not find significant associations of change in any cortisol features with the change in 

BMI in analyses including participants throughout the full spectrum of BMI (Table 4). 

Stratification by WHO BMI classifications (BMI < 25, 25-29.9 and ≥ 30 kg/m2) revealed a 

positive association of a 1-unit increase in late decline slope with an increase in BMI over 6 

years, whereas among participants with BMI 25-29.9 and < 25 kg/m2, every 1-unit increase 

in late decline slope was associated with a decrease in BMI with significant differences 

between the BMI categories (p<0.05) (Table 5; Figure 4A).

We found a significant association of change in late decline slope with change in WC in the 

fully adjusted model. A one-unit increase in the late decline slope was associated with a 

7.3% lower WC (95% CI: −14.1%, −0.5%) (Table 4). Stratifying the results by WHO BMI 

classifications (BMI < 25, 25-29.9 and ≥ 30 kg/m2) revealed that findings were driven 

primarily by participants with a BMI < 25 kg/m2 (Table 5; Figure 4B).
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4. Discussion

The MESA stress study is one of few population-based cohort studies with well-

characterized, rigorously collected longitudinal data on diurnal cortisol curve characteristics 

and BMI/WC . This enabled us to examine longitudinal associations of various cortisol 

features with BMI/WC, revealing a novel association of prior annual BMI and WC percent 

change with cortisol curve features.

4.1 Association of 7 years of prior annual BMI and WC percent change with cortisol curve 
features

In this first report of the relation of prior annual BMI and WC percent change with the full 

diurnal cortisol curve in a multi-ethnic cohort, we found an inverse association between 

wake-up cortisol, bedtime cortisol and total cortisol AUC with prior annual BMI and WC 

percent change.

The inverse association between wake-up cortisol and prior annual BMI and WC percent 

change is consistent with prior cross-sectional studies showing an inverse association of 

WHR, WC and BMI with wake-up and morning cortisol levels [9,10,12–14,20]. The inverse 

association of bedtime salivary cortisol with prior annual BMI and WC percent change is 

consistent with cross-sectional cohort studies suggesting lower bedtime cortisol with obesity 

[20,35], but inconsistent with the hypothesis that the diurnal rhythm of plasma cortisol is lost 

in obesity such that plasma cortisol is higher than in lean subjects during the evening 

[9,18,36].

The inverse association of total AUC cortisol with prior annual BMI and WC is consistent 

with the cross-sectional inverse associations between CAR AUC and BMI/WC in MESA 

Stress I [20] and inverse associations between BMI 12 years prior and WHR at time of 

collection with total cortisol levels in the 1958 British birth cohort follow-up study [15]. 

Previous cross-sectional analyses of cardiometabolic processes linked to obesity have also 

shown an inverse association with total AUC cortisol including insulin resistance [23], 

metabolic syndrome [37] and men with diabetes [38].

4.2 Association of change in cortisol feature with change in BMI and WC over 6 years

The novel analysis of the longitudinal association of change in diurnal cortisol features with 

change in BMI and WC over 6 years, was divergent by WHO BMI classifications. 

Participants with normal BMI had decreases in BMI/WC with flattening (more positive) of 

the late decline slope, whereas participants with an obese BMI had increases in BMI with 

flattening of the late decline slope.

The increasing late decline slope (flattening) association with increasing BMI over 6 years 

among obese participants is consistent with prior cross-sectional large cohort studies 

showing a flattening of the diurnal cortisol profile with obesity [14,20]. The decrease in WC 

with increasing late decline slope among participants with normal BMI has two potential 

explanations. First, a study by Rosmond and Bjorntorp [39] found that the flattest (i.e. most 

adverse) salivary cortisol slopes were significantly associated with BMI extremes (>31 and 

<21) and second, given that we are assessing middle-aged individuals it could be that those 
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with BMI < 25 kg/m2 had a normal BMI at study entry due to other pre-existing conditions 

including anorexia, cancer, etc., which would be associated with a flatter slope [6].

4.3 Mechanisms of the Association of Generalized and Abdominal Obesity with the Diurnal 
Cortisol Profile

Our data suggests that generalized obesity (BMI) and abdominal obesity (WC) may drive 

changes in diurnal cortisol curve features. We showed that prior change in BMI/WC was 

significantly associated with multiple cortisol curve features, but did not find any 

associations between baseline cortisol curve features and subsequent change in BMI or WC. 

Given the association of change in cortisol features with change in BMI/WC over time in 

those with obesity at baseline, we suspect that generalized obesity may perpetuate HPA axis 

dysfunction over time with an overall flattening of the diurnal cortisol profile as suggested 

by the flatter late decline slope in this study. There is one prior study of the longitudinal 

association of morning serum cortisol (two serum cortisol measures collected 30-minutes 

apart within 4 hours of waking, and pooled in equal aliquots to smooth episodic secretion) 

and measures of obesity among older non-Hispanic white (96%) men [11]. They noted 

inverse cross-sectional associations of serum cortisol with BMI and an inverse association of 

change in cortisol with BMI over 7 years and no association of baseline cortisol with change 

in BMI over 7 years [11]. These results are strikingly similar to our results and further 

suggest that the temporality favors obesity and adiposity leading to HPA axis dysfunction.

The underlying mechanisms potentially explaining the association of increasing BMI and 

WC with lower wakeup, bedtime and total AUC cortisol, may be related to differences 

between whole-body HPA axis cortisol metabolism and adipocyte cortisol metabolism. 

Incollingo Rodriguez et al [6] noted that hypocortisolism in whole-body cortisol metabolism 

in obesity may result from simultaneous hyperactivity in the adipocyte metabolic system and 

might identify dysregulation at the level of the adipocyte. Adipocytes synthesize cortisol 

from conversion of cortisone to cortisol via 11β-HSD1 and this is important for intracellular 

pre-receptor metabolism. Studies in rodent models of obesity have confirmed increased 11β-

HSD1 activity and mRNA levels in adipocytes and decreased 11β-HSD1 activity in the liver 

[6]. In studies of overexpression of 11β-HSD1 in rodent adipose tissue, non-stressed serum 

corticosterone was lower with overexpression of 11β-HSD1 but adipocyte levels of 

corticosterone were elevated in the 11β-HSD1 overexpression mice vs. wild type [40]. In 

humans, 11β-HSD1 is increased in abdominal obesity and generalized obesity ranging from 

2-13 fold higher and increases with higher BMI [6]. These studies suggest that adipose 

tissue 11β-HSD1 may be a significant contributor to the relationship between abdominal 

obesity, general cortisol activity and adipocyte cortisol metabolism and this may explain the 

association of lower morning, total cortisol AUC and bedtime salivary cortisol with greater 

prior increases in BMI and WC in our study.

4.4 Translational Implications

Our study reveals that increasing BMI over time was generally associated with a more 

blunted diurnal cortisol profile. Our observational findings suggest that prevention of weight 

gain and/or weight loss might restore the normal diurnal cortisol profile. Data from 3 prior 

weight loss studies, using surgical and non-surgical methods, resulted in changes to the 
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diurnal cortisol profile shifting it toward more normal dynamics (e.g. higher awakening and 

30 minute cortisol) and decreased overall HPA axis drive [41–43]. Given that the blunted 

cortisol diurnal profile has been associated with other metabolic (e.g. diabetes) and 

depressive disorders [7], preventing weight gain-associated alternations in the HPA axis may 

minimize the impact of the diurnal cortisol profile on the development of metabolic and 

depressive disorders.

4.5 Future Directions

Obesity has been classically defined as a state of psuedo-cushing’s or subclinical 

hypercortisolism, consisting of the clinical features of Cushing’s syndrome combined with 

laboratory evidence of hypercortisolism, caused by an underlying primary condition not 

related to the HPA axis including stress both from illness or emotional disturbances, 

depression, intense aerobic exercise, or caloric restriction [44–47]. This has been recently 

challenged by Abraham et al [48], who found no association of urinary free cortisol or 

dexamethasone suppression testing among overweight or obese versus normal BMI 

participants in a clinical study nor in a literature review. Our current understanding of the 

role of cortisol in obesity physiology is limited by the lack of simultaneous measurement of 

diurnal cortisol profiles together with serum, urine, and hair cortisol, glucocorticoid receptor 

status, and 11-beta hydroxylase activity. Including these measures together in observational 

studies and randomized clinical trials, would allow for a comprehensive assessment, 

interpretation and understanding of the HPA axis activity and its association with obesity.

4.6 Strengths/Weaknesses

Our study has several strengths. First, MESA is a large population-based multi-ethnic 

cohort. Second, we used standardized measurements of weight, height and WC and did not 

rely on self-report. Third, salivary cortisol collection occurred over multiple days in MESA 

Stress I and II, allowing a more accurate determination of each participant’s diurnal cortisol 

pattern. Fourth, we were able to adjust for potential confounders including, smoking, 

diabetes, medications and depressive symptoms.

Our study should be considered with some limitations. First, the participants were middle to 

older age at baseline and the relationship between cortisol curve characteristics and 

BMI/WC may differ in younger individuals. Second, we did not have data to more 

objectively assess visceral fat via abdominal imaging. Third, we were unable to assess 

adipocyte cortisol metabolism, which may have a significant effect on generalized and 

abdominal obesity not reflected by saliva levels. Fourth, the statistical associations were 

interpreted without correction for multiple comparisons. Typical multiple comparison 

corrections assume tests are independent, and are too conservative for correlated hypotheses 

as we have here. Hence, some caution is warranted in the interpretation of our study results.

5. Conclusion

In summary, this study provides insight into the temporal relations between diurnal cortisol 

curve features and BMI/WC suggesting that increases in BMI/WC may drive the 

associations with the diurnal cortisol profile. Given the global obesity epidemic, further 
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longitudinal exploration of the role of abdominal and generalized obesity with the HPA axis 

and adipocyte cortisol metabolism remains a significant area for further research to 

understand the physiology of obesity and develop future pharmacological interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Diurnal Cortisol Profile: Summary of diurnal cortisol features.

Key:

A. Wake-up cortisol (Time 0)

B. Cortisol awakening response (0 minutes to 30 minutes)

C. Early decline slope cortisol (30 minutes to 2 hours)

D. Late decline slope cortisol (2 hours to bedtime)

E. Bedtime cortisol

F. Total area under the curve (0 minutes to bedtime) cortisol
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Figure 2. 
Associations of 7 years of prior percent change in waist circumference with cortisol features

Key:

A. Wake-up cortisol (Time 0)

B. Cortisol awakening response (0 minutes to 30 minutes)

C. Early decline slope cortisol (30 minutes to 2 hours)

D. Late decline slope cortisol (2 hours to bedtime)

E. Bedtime cortisol

F. Total area under the curve (0 minutes to bedtime) cortisol

Red Line - Reference Diurnal Cortisol Profile

Yellow Line – Change in diurnal cortisol profile per 1% higher prior annual waist 

circumference change (significant features denoted by yellow dashed arrow)

Fully adjusted for cortisol feature at stress exam as outcome variables and include waist 

circumference prior annual percent change and MESA Stress study indicator as covariates, 

waist circumference at MESA Exam 1, demographic variables (Age, Race, Sex) and 

Socioeconomic Status (gross family annual income) at stress exam when cortisol feature was 

measured, diabetes, depression symptoms (Center for Epidemiologic Studies Depression), 

medications (beta-blocker, hormone replacement therapy, aspirin), and health behaviors 

(current smoking status, physical activity) at stress exam when cortisol feature was 

measured.
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Figure 3. 
Associations of baseline cortisol features with subsequent changes in waist circumference 

over 6 years.

Key:

A. Wake-up cortisol (Time 0)

B. Cortisol awakening response (0 minutes to 30 minutes)

C. Early decline slope cortisol (30 minutes to 2 hours)

D. Late decline slope cortisol (2 hours to bedtime)

E. Bedtime cortisol

F. Total AUC (0 minutes to bedtime) cortisol

Red Line – Reference Diurnal Cortisol Profile

Yellow Line – Change in diurnal cortisol profile per 1% higher prior annual waist 

circumference change (significant features denoted by yellow dashed arrow)

Adjusted for waist circumference at stress exam as outcome variables and includes time 

(years since MESA Stress I) and the interaction term of baseline cortisol feature with time, 

the interaction terms of baseline demographic variables (Age, Race, Sex, Socioeconomic 

Status (gross family annual income)) with time and the interaction terms of baseline 

diabetes, depression symptom (Center for Epidemiologic Studies Depression), medications 

(beta-blocker, hormone replacement therapy, aspirin), and health behavior (current smoking 

status and physical activity) with time.
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Figure 4A. 
Associations of within person percent changes in body mass index with a 1-unit within 

person increase in the late decline slope over 6 years stratified by baseline World Health 

Organization body mass index category.

Fully Adjusted for body mass index (log-transformed) at MESA Stress Exam as outcome 

variables and included time (years since MESA Stress I) and the time varying cortisol curve 

feature, the interaction terms for baseline demographic variables (age, race, sex) with time 

and the time-varying measures of self-reported annual gross family income, time-varying 

diabetes status, depression symptoms (Center for Epidemiologic Studies Depression), 

medication use (beta-blocker, hormone replacement therapy, aspirin), and health behaviors 

(current smoking status and physical activity).

# p=0.05
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Figure 4B. 
Associations of within person percent changes in waist circumference with a 1-unit within 

person increase in the late decline slope over 6 years stratified by baseline World Health 

Organization body mass index category

Fully Adjusted for waist circumference (log-transformed) at MESA Stress Exam as outcome 

variables and included time (years since MESA Stress I) and the time varying cortisol curve 

feature, the interaction terms for baseline demographic variables (age, race, sex) with time 

and the time-varying measures of self-reported annual gross family income, time-varying 

diabetes status, depression symptoms (Center for Epidemiologic Studies Depression), 

medication use (beta-blocker, hormone replacement therapy, aspirin), and health behaviors 

(current smoking status and physical activity).
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Table 1

Characteristics of participants at MESA Stress I (2004-2006) and MESA Stress II (2010-2012)

MESA Stress I
Included = 800 / 1002

MESA Stress II
Included = 885 / 1082

Continuous Mean STD Mean STD

Age (years) 65.2 9.8 69.4 8.9

CES-D scorea 8.56 8.62 8.50 7.85

Gross family annual income (US Dollars) 41363 31188 49019 33713

Physical Activity (MET min/week) 4918 4395 5320 6907

Body-mass index (kg/m2) 29.0 5.6 29.4 5.4

Waist Circumference (cm) 100.1 14.6 100.9 13.9

Categorical N % N %

Age (years) 45-54 141 17.6 7 0.8

55-64 247 30.9 288 32.5

65-74 266 33.3 317 35.8

75-84 129 16.1 227 25.6

≥85 17 2.1 46 5.2

Cancer – n (%) No 720 90.0 762 86.1

Yes 80 10.0 123 13.9

Hormone replacement
therapy – n (%) No 767 95.9 862 97.4

Yes 33 4.1 23 2.6

Aspirin therapy – n (%) No 546 68.3 485 54.8

Yes 254 31.8 400 45.2

Beta-blocker – n (%) No 677 84.6 714 80.7

Yes 123 15.4 171 19.3

Diabetes – n (%) No 669 83.6 709 80.1

Yes 131 16.4 176 19.9

Sex – n (%) Female 416 52.0 484 54.7

Male 384 48.0 401 45.3

Race/Ethnicity a
non-

Hispanic
white

158 19.8 241 27.2

African-
American 215 26.9 285 32.2

Hispanic
American 427 53.4 359 40.6

Current Smoking – n (%) No 731 91.4 832 94.0

Yes 69 8.6 53 6.0

Steroid use – n (%) No 800 100.0 885 100.0

a
Center for Epidemiologic Studies Depression Scale

b
Race/ethnicity was self-reported.
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