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Cardiovascular and cortisol reactions to acute psychological stress and adiposity: Cross-sectional and prospective associations in the Dutch Famine Birth Cohort Study

Anna C. Phillips, Tessa J. Roseboom, Douglas Carroll, Susanne R. de Rooij
Abstract

Objective: Recently, in analyses of data from a large community sample, negative cross-sectional and prospective associations between cardiac stress reactivity and obesity were observed. The present study re-examined the association between cardiovascular reactivity and adiposity in the Dutch Famine Birth Cohort, with the additional aim of examining the association between cortisol reactivity and adiposity. Methods: Blood pressure, heart rate, and salivary cortisol, were measured at rest and in response to standard laboratory stress tasks in 725 adults. At the same session, height, weight, waist and hip circumference, and skin fold thickness were measured; body mass index and waist-hip ratio were computed. Four to seven years later 460 participants reported current height and weight. Obesity was defined as a body mass index > 30kg/m2. Results: Cross-sectional analyses revealed negative associations between all measures of adiposity and heart rate reactivity; those with a greater body mass index, waist-hip ratio, and skin fold thickness, or categorized as obese displayed smaller cardiac reactions to acute stress. With the exception of waist-hip ratio, the same negative associations emerged for cortisol reactivity. In prospective analyses, low cardiac reactivity was associated with an increased likelihood of becoming or remaining obese in the subsequent 4-7 years. All associations withstood adjustment for a range of possible confounders. Conclusions: The present analyses provide additional support for the hypothesis that it is low not high cardiac and cortisol stress reactivity that is related to adiposity. 
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BMI = body mass index, BP = blood pressure, DBP = diastolic blood pressure, HR = heart rate, SES = socioeconomic status, SBP = systolic blood pressure. 
INTRODUCTION

Longitudinal cohort studies in the United States 
 ADDIN EN.CITE 

(1, 2)
 and elsewhere 
 ADDIN EN.CITE 

(3, 4)
 testify to a striking rise in adiposity, such that obesity has reached epidemic proportions in many Western countries (5). The health consequences are predicted to be dire. Obesity, defined in terms of body mass index ≥ 30 kg/m2, has been consistently linked to mortality in general and cardiovascular disease mortality in particular 
 ADDIN EN.CITE 

(6-9)
. Adiposity, a general term for fat deposition, is also associated with a range of cardiovascular and metabolic disease outcomes, such as type 2 diabetes 
 ADDIN EN.CITE 

(10, 11)
 and hypertension 
 ADDIN EN.CITE 

(12, 13)
, as well as overall cardiovascular disease morbidity 
 ADDIN EN.CITE 

(14, 15)
. It has been argued that the location of fat deposition is particularly important for health, specifically abdominal adiposity, measured as waist circumference or waist-hip ratio (16). There is evidence that abdominal fat can predict cardiovascular and metabolic disease outcomes independently of general obesity, as well as providing additional risk information to that afforded by body mass index 
 ADDIN EN.CITE 

(12, 17-20)
.

Adiposity, and particularly abdominal adiposity, has also been linked to psychological stress and it has been argued that an increased vulnerability to stress in the abdominally obese may be manifest as physiological hyper-reactivity (21). Through their impact on the neuroendocrine system, stress exposures have been postulated to promote abdominal fat deposition (22). As a corollary, it has been hypothesized that obesity, and especially central adiposity, will be associated with exaggerated cardiovascular reactions to stress 
 ADDIN EN.CITE 

(23, 24)
. Exaggerated cardiovascular reactions to acute psychological stress have long been considered a risk factor for cardiovascular pathology (25) and a number of prospective studies have shown that high reactivity confers a modest additional risk for a range of cardiovascular outcomes, including high blood pressure, carotid atherosclerosis, carotid intima thickness, and increased left ventricular mass 
 ADDIN EN.CITE 

(26-32)
. The question then arises as to whether adiposity and exaggerated cardiovascular reactivity are positively related.   

Evidence for a positive association between adiposity, and especially central adiposity, and exaggerated cardiovascular stress reactivity is mixed and largely based on small studies. In an early study of 20 healthy young men, vascular resistance levels during mental stress were found to be negatively correlated with body mass index but positively associated with waist-hip ratio; no significant associations emerged for blood pressure or cardiac activity during stress (33). In a study of 95 adolescents, the peak systolic blood pressure (SBP) reaction to mental stress was larger for participants in the upper tertile of waist-hip ratio; neither cardiac nor resistance reactions were associated with abdominal adiposity 
 ADDIN EN.CITE 

(34)
. Waist circumference has been reported to be positively associated with heart rate (HR) and diastolic blood pressure (DBP) reactivity in a sample of 22 older African American men, although the association with HR reactivity was no longer significant following adjustment for basal blood pressure and the association with DBP reactivity no longer significant following adjustment for basal blood pressure and insulin level (24). In a study of 24 women with body mass indices ≥ 28 kg/m2, those with abdominal obesity, i.e. high waist-hip ratios, had higher DBP and systemic resistance reactions, but lower HR reactions, to a speech task (23). Higher waist circumference has also been associated with higher SBP reactions to four stress tasks in a bi-racial sample of 211 adolescent boys and girls and with higher DBP reactions in the 104 boys; no associations emerged for HR (35). Body mass index was not significantly related to cardiovascular reactivity in 225 middle-aged public servants, although waist-hip ratio was positively associated with diastolic reactivity (36). In addition, the upward drift in body mass index and waist-hip ratio over a 3-year follow-up period was not associated with the earlier measures of cardiovascular reactivity. Finally, the change in cardiovascular reactivity following a successful 12-week weight loss intervention did not differ between the intervention and control groups (37). It is difficult to draw firm conclusions from the results of these studies. In most sample sizes were small and, for the most part, poorly representative of the general population. In addition, with one exception (36), the analyses adjusted for few or no possible confounding variables, including baseline cardiovascular levels. 
Only one study, to date, has examined this issue in a substantial population (38). In the West of Scotland Study, data on cardiovascular reactions to the paced auditory serial addition test and adiposity were available for a community sample 1647 men and women. The most robust and consistent results to emerge from cross-sectional analyses were negative associations between body mass index and waist-hip ratio and HR reactivity. Those with higher body mass indices and waist-hip ratios and those categorized as obese displayed smaller HR reactions to an acute psychological stress task.  In prospective analyses, low HR reactivity was associated with an increased likelihood of becoming obese in the following five years. These outcomes are persuasive given the magnitude of the study and the fact that the negative associations between reactivity and adiposity emerged after adjustment for a range of potential confounders, including socio-demographics and medication status. 
Although the direction of the observed relationships in the West of Scotland Study ran counter to some, albeit not all, of the findings of other small scale studies, they do fit in a growing body evidence showing that blunted cardiovascular and cortisol stress reactivity is associated with a range of negative health outcomes, including depression, poor self-reported health, compromised immunity and addictive behaviour (39, 40). It would appear that depending on the outcomes in question, both low and high stress reactivity can be bad for health conforming to an inverted U-shaped model (39, 41). 
The opportunity to re-examine the association between cardiovascular reactivity and adiposity was afforded by data collected as part of the Dutch Famine Birth Cohort Study 
 ADDIN EN.CITE 

(42)
. Reactivity and cross-sectional as well as prospective adiposity data were available for 725 late middle-aged men and women. The richness of the data set allowed adjustment for the same covariates that were controlled for in the West of Scotland analyses. Importantly, not only was cardiovascular stress reactivity measured in the Dutch study but so too was cortisol reactivity. Given that elevated levels of glucocorticoids have been associated with the deposition of abdominal fat 
 ADDIN EN.CITE 

(45-47)
, it is perhaps surprising that only a few previous studies have examined cortisol stress reactivity in the context of adiposity in general and abdominal adiposity in particular. In a study of 59 women with high and low waist-hip ratios, those with greater abdominal adiposity had higher cortisol levels during laboratory stress exposure 
 ADDIN EN.CITE 

(48)
. However, in a more recent study comparing the cortisol reactions of 79 abdominally obese and non-obese men and women (49) as well as in a recent study investigating cortisol reactions in 67 female students, there was no association between cortisol reactivity and obesity 
 ADDIN EN.CITE 

(50)
. However, the sample sizes in these studies were invariably small and further study in a larger cohort would seem merited. 
On the basis of increasing evidence showing that blunted cardiovascular and cortisol stress reactivity is associated with a range of negative health outcomes, as well as the West of Scotland Study results showing negative associations between adiposity and cardiac stress reactivity, we hypothesized that cardiovascular and cortisol stress reactivity would be negatively associated with adiposity both cross-sectionally and prospectively in the Dutch Famine Birth Cohort Study. 
METHOD

Participants

Participants were selected from the Dutch Famine Birth Cohort, which consists of 2414 men and women who were born in Amsterdam, the Netherlands, between November 1943 and February 1947. The selection procedures and subsequent loss to follow up have been described in detail elsewhere 
 ADDIN EN.CITE 

(51, 52)
. Eligibility for participation was based on whether or not cohort members were living in the Netherlands and their address was known to the investigators. In 2002-2004, a study was performed which included an extensive psychological stress protocol. For this study, 1423 eligible cohort members were invited of which 740 visited the clinic. In 2008-2009, a questionnaire was sent to the remaining 1372 eligible cohort members. A total of 460 participants from the 2002-2004 study completed the questionnaire. The studies were approved by the local Medical Ethics Committee and carried out in accordance with the Declaration of Helsinki and the adequate understanding and written consent of the participants. 

The Dutch Famine Birth Cohort Study has been designed to investigate the potential consequences of prenatal exposure to famine on health in later life. One can therefore suggest that population characteristics may hamper generalization of the present study results. However, this is very unlikely as health differences have mainly been found in the group of people exposed to famine in early gestation which only comprises 8% of the total study sample. Furthermore, in the present study sample, exposed groups did not differ in adiposity measures compared to unexposed groups.
General Study Parameters

In 2002-2004, a research nurse administered a standardized interview in which information was obtained about socio-economic status (SES), lifestyle, and use of medication. Participants were considered to consume alcohol if they drank at least one alcoholic beverage per week and SES was defined according to the ISEI (International Socio-Economic Index)-92, which is based on the participant’s or their partner’s occupation, whichever has the higher status (53). Values in the ISEI-92 scale ranged from 16 (low status, for example a cleaning person) to 87 (high status, for example a lawyer). 
Obesity and Adiposity

In 2002-2004, height was measured two times in a row for reliability using a fixed or portable stadiometer and weight twice using Seca and portable Tefal scales. Body Mass Index (BMI) was computed from the averages of the two height and weight measurements. Normal weight was defined as BMI < 25, overweight as BMI ≥ 25, but < 30, and obesity as ≥ 30 kg/m2. Waist and hip circumference was measured directly on the body with a flexible tape measure. Waist was measured midway between the costal margin and the iliac crest and hip at the widest point over the buttocks to compute the waist-hip ratio. Skin fold thickness was measured three times on two different locations with a skin fold calliper. The first location was above the triceps muscle of the non-dominant arm and the second location was on the same body side directly below the lower angle of the scapula. For both locations, the mean of the three measurements was adopted. In the 2008-2009 questionnaire, participants self-reported current height and weight, and BMI was computed from these self-reported measures.  

Psychological Stress Protocol

The stress protocol started in the afternoon with a baseline period after which three psychological stress tasks were performed, Stroop, mirror tracing task and a speech. The baseline consisted of a 20-min period during which the participant sat in a quiet room. Each stress task lasted 5 minutes with 6 minutes in between and 30 minutes of recovery following the final stress task. The recovery period also consisted of sitting in a quiet room. The Stroop task consisted of a single-trial computerized version of the classical Stroop colour-word conflict challenge (54). After a short introduction, participants were allowed to practise until they fully understood the requirements of the task. Errors and exceeding the response time limit of 5 seconds triggered a short auditory beep. For the mirror-tracing task, a star had to be traced that could only be seen in mirror image (Lafayette Instruments Corp, Lafayette, IN, USA). Every divergence from the line triggered an auditory stimulus. The participants were allowed to practice one circuit of tracing. Participants were instructed to prioritize accuracy over speed and were told that most people could perform 5 circuits of the star without divergence from the line within the given 5 minutes. Prior to the speech task, participants listened to an audio taped instruction in which they were told to imagine a situation in which they were falsely accused of pick pocketing (55). They were then given 2 minutes to prepare a 3-minute speech in which they had to respond to the accusation. The speech was videotaped and participants were told that the number of repetitions, eloquence, and persuasiveness of their performance would be marked by a team of communication experts and psychologists.

Continuous blood pressure (BP) and heart rate (HR) recordings were made using a Finometer or a Portapres Model-2 (Finapres Medical Systems, Amsterdam, the Netherlands). Six periods of 5 minutes were designated as the key measurement periods: resting baseline (15 minutes into the baseline period), Stroop, mirror-tracing, speech task (including preparation time), recovery 1 (5 minutes after completing the speech task) and recovery 2 (25 minutes after completing the speech task). A total of seven saliva samples were collected using Salivettes (Sarstedt, Rommelsdorf, Germany): at 5 and 20 minutes of the baseline period, at 6 minutes following completion of the Stroop task and the mirror tracing task, and at 10, 20 and 30 minutes after completion of the speech task. Salivary cortisol concentrations were measured using a time-resolved immunofluorescent assay (DELFIA) (56). The assay had a lower detection limit of 0.4 nmol/l and an inter-assay variance of 9-11% and an intra-assay variance of less than 10%. 

Perceived stress questionnaires were completed immediately after each of the three stress tasks. The questionnaires consisted of six questions (How relaxed did you feel during performance of the task?; How stressed did you feel during performance of the task?; How difficult did you find the task?; Did you feel committed to the task?; How well did you perform?; How much did you feel in control?). The answers were given on a 7-point scale with scores ranging from 1 (not at all) to 7 (very much).

Statistical Analyses

Resting cortisol was calculated as the mean of the first and the second cortisol concentration measures during the baseline period. Mean systolic blood pressure (SBP), diastolic blood pressure (DBP) and HR was calculated for each measuring period by averaging over all blood pressure and heart beat wave forms measured during the 5 minutes of the measuring period. The highest average SBP, DBP, and HR values of the 5 minute measuring periods and the highest of the seven cortisol values were designated as the peak response during the stress protocol. Stress reactivity was defined as the increase from average baseline to these peak values. In addition, we calculated stress reactivity for each stress task (Stroop, mirror, speech) separately by subtracting the baseline value from the average value during each task. A total perceived stress score was derived by adding the scores on the questionnaires performed after each stress task. 

Correlations between resting physiological activity and peak stress reactivity were tested with Pearson (SBP, DBP and HR) and Spearman (cortisol) correlations. To test whether the stress protocol significantly induced stress responses, we examined the differences between resting physiological activity and peak stress reactivity with T-tests. Associations between peak stress reactivity and potential confounding variables were tested with linear regression. T-tests were applied to test differences between adiposity measures in 2002-2004 and 2008-2009 and logistic and linear regression analyses were applied to test associations between adiposity measures and potential confounding variables. Linear and logistic regression models were applied to analyze the associations between obesity and adiposity measures and resting physiological activity, peak stress reactivity and perceived stress measures. Associations between obesity and adiposity measures and resting activity and perceived stress were adjusted for sex, SES, age, alcohol consumption, smoking, and use of anti-hypertensive, anti-depressant and anxiolytic medication. The stress reactivity models were first run without adjustment, then with adjustment for sex, SES, and age and secondly and finally with additional adjustment for alcohol consumption, smoking, use of anti-hypertensive, anti-depressant and anxiolytic medication, and resting physiological activity.  
Sensitivity analyses were performed by analysing stress reactivity on each of the three stress tasks separately with regression models. Sensitivity analyses were further performed by analysing the differences in peak stress reactivity between three BMI groups (normal weight, overweight, obese) with regression models, which were first run without adjustment and then with full adjustment for the above indicated variables. Prospective associations between adiposity measures and peak stress reactivity were tested with linear regression models in case of BMI change and with logistic regression models in case of obesity change. Models were first run without adjustment and then with full adjustment. Differences in Tables 1 and 2 were tested with T-tests and Mann-Whitney test (for cortisol measures). The variable SES had eight missing values; we imputed these values using the SPSS linear trend at point method. Resting and peak cortisol variables had a skewed distribution and are described with geometric means and standard deviations. These variables were also log-transformed to normality for the regression analyses and the resulting effect sizes are given as percentage differences. Differences were considered to be statistically significant if p-values were ≤ .05 (all two-sided). SPSS 16.0 (SPSS Inc, Chicago, IL) was used to perform the statistical analyses. 

RESULTS

Study Population
Of the 740 cohort members who participated in the 2002-2004 study, 725 completed the psychological stress protocol. Fifteen persons were unable to participate in or finish the stress protocol due to logistical problems (n = 5) or because they were feeling unwell (n = 10). Due to technical problems, BP and HR recordings failed on four individuals. A total of 270 participants had one or more missing cortisol value as results of insufficient saliva.  These participants were excluded from the peak reactivity analyses. They did not differ from the group with complete samples with respect to any of the obesity/adiposity measures with the exception of the skinfold measurements (0.29 cm thicker triceps skinfold, p < 0,001 and 0.17 cm thicker subscapular skinfold, p = 0.03). Forty-seven percent (n = 343) of the study population was male; the mean age was 58.3 ± 0.9 years and the mean SES level was 49.7 ± 14.1. A total of 67.6% consumed at least one alcoholic beverage every week; 23.9% were smokers; 23.4% were using anti-hypertensive medication and 12.0% were using anti-depressant or anxiolytic medication. Of the 460 participants who completed the questionnaire in 2008-2009, 47.8% were men; the mean age was 63.8 ± 0.9 years and the mean SES (measured in 2002-2004) was 50.6 ± 13.9.
Stress Reactivity

The psychological stress protocol significantly perturbed cardiovascular activity and cortisol (all p < .001).  Mean peak SBP reactivity was 47.6 ± 20.7 mmHg (mean SBP reactivity during Stroop 19.6 ± 15.7 mmHg, during mirror 30.2 ± 18.0 mmHg, during speech 46.6 ± 21.7 mmHg), DBP reactivity 21.4 ± 9.1 mmHg (9.2 ± 6.3 mmHg Stroop, 15.8 ± 8.9 mmHg mirror, 20.4 ± 9.7 mmHg speech), HR reactivity 11.8 ± 9.5 bpm (3.9 ± 5.3 bpm Stroop, 4.5 ± 6.2 bpm mirror, 11.3 ± 9.9 bpm speech) and the geometric mean for peak cortisol reactivity was 1.7 ± 3.8 nmol/l (1.0 ± 3.0 nmol/l Stroop, 1.5 ± 4.0 nmol/l mirror, 1.8 ± 4.3 nmol/l speech). Correlations between resting physiological activity and stress reactivity were -0.04 (p = 0.30) for SBP, -0.09 (p = 0.02) for DBP, -0.01 (p = 0.86) for HR and 0.11 (p  = 0.02) for cortisol. Men and women did not differ in resting HR or in SBP, DBP and HR stress reactivity, but women had lower resting SBP (-6.8 mmHg, p < .001), resting DBP (-3.4 mmHg, p < 0.001), as well as lower resting cortisol (-24%, p < .001) and cortisol reactivity (-45%, p < .001) compared to men (Table 1). SES (measured continuously) was significantly associated with SBP, HR and cortisol reactivity. Per unit increase in SES, SBP reactivity increased by 0.2 mmHg (p = .01), HR increased by 0.1 bpm (p < 0.001) and cortisol increased by 1% (p = 0.02). Alcohol consumption was negatively associated with HR (-2.2 bpm, p = .004) and cortisol (-27%, p = .02) reactivity; smoking was negatively associated with SBP (-9.7 mmHg, p < .001), DBP (-2.0 mmHg, p = .01), HR (-4.3 bpm, p < .001) and cortisol (-36%, p = .003) reactivity. Use of anti-hypertensive medication was negatively associated with HR reactivity (-1.7 bpm, p = .04) and use of anti-depressant or anxiolytic medication was negatively associated with SBP (-7.4 mmHg, p = .002) and DBP (-2.8 mmHg, p = .01) reactivity. Age was not significantly associated with stress reactivity. Mean perceived stress measures were 11.5 ± 3.8 for relaxedness, 11.1 ± 4.0 for stress, 14.4 ± 3.5 for difficulty, 14.7 ± 4.1 for commitment, 9.2 ± 3.4 for performance, and 10.1 ± 3.6 for control. 

Obesity and Adiposity

Table 2 shows mean BMI and obesity frequencies in the 2002-2004 and the 2008-2009 study, as well as waist-hip ratio and skin fold thicknesses measured in 2002-2004, according to sex and SES. BMI in 2008-2009 based on self-report data was significantly lower than BMI in 2002-2004 (p < .001). The mean difference was 1.0 ± 2.0 kg/m2. Prevalence of obesity was also lower in the second compared to the first study (-6%, p < .001). Women had a significantly lower waist-hip ratio than men (-0.12, p < .001) as well as higher skin fold thicknesses (1.0 cm, p < .001 for triceps and 0.4 cm, p < .001 sub scapular). Those from a lower SES background (measured continuously) had higher BMI in the first as well as in the second study (0.03 kg/m2 per unit increase in SES, p = .01 and 0.04 kg/m2, p = .01 respectively), a higher waist-hip ratio (0.001 per unit increase in SES, p = .04), a higher skin fold thickness sub scapular (0.01 cm per unit increase in SES, p = 0.05) and were more likely to be obese than those from a higher SES background (OR 1.02 per unit SES, p < .001 in the first study and OR 1.02, p = .03 in the second study). The change in BMI from the first to the second study was not associated with gender or SES.

Obesity, Adiposity and Resting Cardiovascular and Cortisol Activity

BMI was positively associated with resting SBP, DBP and HR. Per unit increase in BMI, SBP increased by 0.5 mmHg (p = .001), DBP increased by 0.3 mmHg (p = .01) and HR increased by 0.3 bpm (p < .001 (all models fully adjusted). Waist-hip ratio was associated only with resting HR: per unit increase (0.01) in waist-hip ratio, HR increased by 0.2 bpm (p < .001). Triceps skin fold thickness was positively associated with resting HR (0.9 bpm per cm increase, p = .04). Skin fold thickness sub scapular was associated with all resting measures: a positive association was found with resting SBP (1.9 mmHg per cm, p = .01), DBP (1.8 mmHg, p < .001) and HR (1.4 bpm, p < .001) and a negative association with resting cortisol (-7%, p = .001). Participants identified as obese in 2002 had significantly higher resting SBP (3.6 mmHg, p = .04), DBP (2.2 mmHg, p = .02) and HR (2.8 bpm, p = .001), but not cortisol.

Obesity, Adiposity and Cardiovascular and Cortisol Reactivity: Cross-sectional Analyses

Whereas none of the indices of obesity and adiposity was significantly associated with SBP and DBP stress reactivity, all obesity and adiposity measures were significantly negatively associated with HR and cortisol reactivity, with the exception of waist-hip ratio and cortisol reactivity. Effect sizes and other statistics of these associations are given in Table 3. Table 3 also shows that adjustment for sex, SES, and age firstly and then, additionally, for alcohol consumption, smoking, use of anti-hypertensive medication, use of anti-depressant or anxiolytic medication, and resting HR/cortisol, did not attenuate these negative associations with two exceptions: the size of the association between triceps skin fold thickness and cortisol reactivity was halved and no longer statistically significant and the size of the association between sub scapular skin fold and cortisol reactivity became about 30% smaller but was still statistically significant. Participants identified as obese in 2002 also had significantly lower HR (-3.9 bpm, p < .001) and cortisol reactivity (-32%, p = .01), but not lower SBP and DBP reactivity. Adjusting the models for all potential confounders attenuated the associations somewhat (HR reactivity: -3.6 bpm, p < .001; cortisol reactivity: -27%, p = .03).

Sensitivity Analyses Stress Reactivity per Stress Task
Analyses on stress reactivity during each of the three stress tasks showed a significant negative association between SBP reactivity and BMI on the Stroop (β = -0.28, t = -2.27, p = .02, R2 = 0.01, fully adjusted model β = -0.25, t = -2.00, p = .05, R2 = 0.07) and mirror task (β = -0.29, 

t = -2.02, p = .04, R2 = 0.01, fully adjusted model β = -0.34, t = -2.34, p = .02, R2 = 0.06). SBP reactivity was also negatively associated with triceps on the Stroop and mirror task, but these associations did not survive adjustment. DBP reactivity was not significantly associated with any of the obesity and adiposity measures during any stress task. 
Table 4 shows that HR and cortisol reactivity per stress task showed exactly the same outcomes as in the peak HR and cortisol reactivity analyses (including the fully adjusted analyses, data not shown), with the single exception of an absence of an association between waist hip and HR reactivity on the mirror task. 
Sensitivity Analyses Obesity

Participants were split into three groups to determine whether those with normal BMI (<25 kg/m2) differed in peak HR and cortisol reactivity from those who were overweight but not obese (>25 but < 30 kg/m2), and whether the overweight in turn differed from the obese (>30 kg/m2). Those who were overweight exhibited lower HR stress reactivity than those with normal BMI values (-2.0 bpm, p = .04) and, in turn, those who were obese had lower HR reactivity than those who were overweight (-3.2 bpm, p < .001). This effect is illustrated in Figure 1. Full adjustment for potential confounders changed these associations only marginally (-2.5 bpm, p = .01 and -2.7 bpm, p = .001 respectively). With respect to cortisol reactivity, participants who were overweight did not significantly differ from those with normal BMI, but the obese showed significantly lower cortisol stress reactivity than the overweight (30%, p = .02; fully adjusted model 21%, p = .11). This is illustrated in Figure 2.

Obesity, Adiposity and Cardiovascular and Cortisol Reactivity: Prospective Analyses

Peak blood pressure and cortisol reactivity were not significantly associated with change in BMI between 2002 and 2008. However, lower peak HR reactivity was prospectively associated with an increased likelihood of becoming or staying obese between 2002 and 2008 (OR 1.03, 95%CI 1.01-1.06, p = .01). This association survived adjustment for all potential confounders (OR 1.03, 95%CI 1.00 – 1.05, p = .02). Participants who became or remained obese had a mean HR reactivity of 10.1 ± 8.7 bpm compared to a mean HR reactivity of 12.9 ± 9.7 bpm for those who became or remained non-obese.

Obesity, Adiposity and Perceived Stress

Participants with higher BMI felt more relaxed during the stress protocol (0.1 point increase per kg/m2 increase in BMI, p = .03, fully adjusted model) and those with a higher waist-hip ratio felt less stressed (-0.1 point decrease per kg/m2 increase in waist-hip ratio, p = .03). Participants who were obese in 2002 scored 0.9 points higher on perceived relaxedness (p = .01). There were no significant associations between any of the other obesity and adiposity measures and perceived stress measures, including the commitment scores.

DISCUSSION adapt literature
Higher resting BP levels were associated cross-sectionally with higher BMIs and greater sub scapular skin fold thickness and, in addition, those defined as obese registered relatively high resting BP. Resting HR was positively related to all the indices of adiposity. These outcomes are not without precedent and are reasonably consistent with recent findings on adiposity and resting cardiovascular activity from the West of Scotland Study (38). Numerous other studies also attest that adiposity and obesity are positively related to resting BP 
 ADDIN EN.CITE 

(12,13)
. Further, modestly higher basal HRs in obese versus lean participants has been reported in some, although not all, previous studies (57). The present study extends such associations to skin fold thickness measures. Basal cortisol was not related to adiposity with the exception of a negative association with sub scapular skin fold thickness. The direction of this relationship is surprising given that high cortisol levels have been implicated in abdominal fat deposition 
 ADDIN EN.CITE 

(46, 58)
. However, it should be conceded that the present negative association was manifest at only one site of skin fold measurement and was small in percentage terms. It also emerged in the context of a substantial number of tests of association and, thus, it is not inconceivable that this may be a type 1 error.  

DBP reactivity was not associated with adiposity. Only one adiposity measure was negatively associated with SBP reactivity, BMI, and only in a task specific manner (during the Stroop and mirror task). In contrast, HR reactivity was associated with all adiposity outcomes; in the cross-sectional analyses, participants with lower HR reactivity had greater BMIs, waist-hip ratios, and skin fold thickness, and were more likely to be obese than those with higher HR reactivity. Indeed, as Figure 1 illustrates, there was an orderly negative relationship between BMI category and HR reactivity. The current findings for BP and HR reactivity are seemingly at odds with those from earlier studies 
 ADDIN EN.CITE 

(23, 24, 33-36)
. Although painting a far from consistent picture, these earlier studies suggest that adiposity, in particular abdominal adiposity, may be positively related to reactivity, especially for parameters such as DBP that reflect stress-induced changes in systemic vascular resistance. However, with one exception (36), these studies either tested small numbers of participants or samples that were not representative of the general population and hardly, if at all, adjusted for possible confounders. Further, the present results for HR reactivity replicate and extend those recently reported from the West of Scotland Study, the only other analysis of the relationship between reactivity and adiposity in a substantial, population-based, sample (38). In both studies, the robustness of the negative association between HR reactivity and adiposity is demonstrated by its persistence in covariate analysis with adjustment for a large number of potential confounders, including baseline cardiac activity, smoking and alcohol consumption, medication status, age, sex, and SES. In addition, in the West of Scotland Study, HR reactivity predicted which participants were more likely to have become or remain obese over the subsequent five years (38). Precisely the same result emerged from the present analyses. Low cardiac reactivity was associated with an increased likelihood of becoming or remaining obese 4-7 years later. We might speculate that low HR reactivity may be a risk marker for becoming or remaining obese. However, caution is warranted. Other factors than causal factors may explain the reported association. Moreover, an underlying mechanism linking cardiac reactivity to obesity is yet to be determined. 
The findings for cortisol stress reactivity, a relatively novel feature of the present study, largely paralleled the cardiac reactivity outcomes. In cross-sectional analyses, cortisol reactivity was significantly negatively associated with all the measures of adiposity except waist-hip ratio. Similar to the association between adiposity and HR reactivity, the relationship between adiposity and cortisol reactivity (see Figure 2) appeared to be an orderly one. Previous studies of cortisol reactivity and adiposity are hampered by small samples. Whereas higher cortisol secretion during stress exposure has been reported for women with high as opposed to low waist-hip ratios 
 ADDIN EN.CITE 

(48)
, no differences in cortisol reactivity between abdominally obese and non-obese men and women have also been observed 
 ADDIN EN.CITE 

(49, 50)
. Further, in this latter study, men characterized as ‘reduced obese’, i.e., those who had been obese but who had lost weight, but were still overweight (mean BMI = 28.8 kg/m2), exhibited lower cortisol reactions to the Trier Social Stress Test.  

The present study findings confirm our hypothesis that cardiovascular and cortisol stress reactivity would be negatively associated with adiposity. However, this seems to mainly hold for HR and cortisol stress reactivity and not so much for BP stress reactivity. 
Sympathetic nervous system blockade studies indicate that cardiac reactivity in the context of mental stress reflects β-adrenergic activation 
 ADDIN EN.CITE 

(54, 55)
. Indeed, indices of cardiac reactivity seem to be more sensitive than blood pressure reactivity to β-adrenergic blockade (54,55), suggesting, that cardiac reactivity reflects β-adrenergic activation to a greater extent than blood pressure reactivity. This could explain why the present associations mainly obtain for HR reactivity and hardly for blood pressure reactivity. Substantial research has now been directed at the role of the sympathetic nervous system in adiposity and obesity (57). A complex, although still incomplete, story is beginning to emerge. For example, there is reasonably consistent evidence that once individuals have become obese, they are characterized by high basal sympathetic nervous system activity (57). The present baseline cardiovascular data are certainly supportive of this, as are those from the West of Scotland Study (38). In contrast, there is evidence that whereas sympathetic tone may be elevated in obese individuals in the resting state, their sympathetic nervous systems may be less responsive to stimulation. For example, there is evidence of a postprandial sympathetic nervous system response, as indicated by higher plasma nor-epinephrine concentrations and an increased low to high frequency ratio in the HR variability spectrum after ingestion of a meal 
 ADDIN EN.CITE 

(58, 59)
. However, this latter effect was reported to be significantly smaller in obese versus lean individuals 
 ADDIN EN.CITE 

(58)
. In addition, the changes in HR and muscle sympathetic nerve stimulation following infusion of anti-hypertensive and anti-hypotensive drugs were significantly smaller in the obese than the non-obese (60). The present findings for HR reactivity, then, are what would be expected if a high body mass index, abdominal adiposity, and obesity are associated with generally blunted sympathetic nervous system responses to challenge. 
It is tempting to process a similar model for the HPA axis, i.e. that obesity and adiposity may be characterized by higher cortisol levels in the resting state but blunted cortisol reactions to challenge, possibly as a result of glucocorticoid receptor down-regulation. For example, Cushing’s syndrome is characterized by chronic hypercortisolemia and many such patients suffer from abdominal obesity (61) and, more importantly, others do report positive associations between basal cortisol levels and adiposity (41,54). Caution is warranted, though, as no positive associations between basal cortisol levels and adiposity emerged in the present study. This may reflect reduced power, although this seems unlikely as the negative cross-sectional associations between adiposity and cortisol stress reactivity were consistent and robust (area under the curve for cortisol was also significantly negatively associated with all adiposity measures, data not shown). Blunted cortisol stress reactivity has also been found to characterize other adverse health and behavioural outcomes such as symptoms of depression 
 ADDIN EN.CITE 

(62)
, poorer self-reported health (63), poorer antibody response to vaccination (64), tobacco and alcohol dependence, as well as risk of dependence 
 ADDIN EN.CITE 

(65-69)
, and exercise dependence (70), as has blunted cardiac reactivity 
 ADDIN EN.CITE 

(70-73)
.  

Mechanistic explanations for our findings can only be speculated upon. The present data fit in a growing body of evidence showing that greater cardiovascular and cortisol stress reactivity may not always be associated with negative health outcomes (39, 40). Blunted stress reactivity may reflect a failing stress response as a consequence of down-regulation of stress receptors. It is possible that HR reactivity in more obese individuals reflect beta-adrenergic receptor down-regulation as a result of greater basal sympathetic activity.  Alternatively, it has recently been hypothesized that relatively low reactions to acute stress may be a peripheral marker of central motivational dysregulation, i.e. dysfunction of the neural systems that support motivated behaviour (39, 41).  The systems in the brain, converging at the striatum and ventromedial prefrontal cortex, which appear to shape the motivation of our behaviour may be precisely the same circuits that support physiological reactivity. There is some evidence that individuals who show blunted cardiovascular reactions to an acute psychological stress task show blunted neural reactions in the greater amygdale system to the same stress tasks (42). Adiposity / obesity related blunted stress reactivity may fit into this model. In support of this, it was observed in a recent imaging study that the response of the striatum to food intake was negatively associated with body mass index (43).
The present study is not without its limitations. First, from observational data it is impossible to determine causality and the direction of causality. The prospective findings, though, reduce the likelihood of reverse causality operating, i.e. adiposity attenuates HR stress reactivity. Nevertheless, the issue of confounding is ever present in observational studies (74). Although we did adjust statistically for a broad range of potential confounders, residual confounding as a consequence of poorly measured or un-measured variables cannot be wholly discounted. Second, we measured only blood pressure and HR. It could have proved instructive to have a more comprehensive assessment of haemodynamics, allowing us to discern the origins of variations in HR reactivity. Although an increase in afterload as a consequence of vascular reactivity must remain a possibility, it is more likely that heart reactivity with the present stress exposure is, as we infer above, a function of increased sympathetic drive to the heart. Third, 270 participants had one or more missing cortisol samples and were therefore not included in the peak stress reactivity analyses. There were no significant differences in obesity/adiposity measures between those included and those omitted from the cortisol analyses, with the exception of the two skinfold measurements. Given that the results for HR reactivity are consistent across all of the obesity and adiposity measures, we do not believe that null cortisol findings are due to small differences in skinfold measurements between those with one or more missing cortisol values and those with complete cortisol data. However, the attenuation of cortisol reactivity and skinfold measurement associations with full adjustment may reflect that the overall sample had higher skinfold measurements. Finally, BMI at follow-up was based on self-report of height and weight. This is clearly a less reliable estimate of BMI than one based on objectively measured height and weight. Mean BMI was lower in 2008-2009, when it was based on self-report, than in 2002-2004. This could have affected our results if participants with high stress reactivity more often underreported their weight than participants with low stress reactivity. This would seem unlikely, but we cannot exclude it as a possibility.
This is only the second large scale study to examine the association between adiposity and cardiovascular reactions to acute psychological stress. High body mass index, waist-hip ratio, and skin fold thickness, as well as conventionally defined obesity were all negatively associated with HR reactivity in cross-sectional analyses; the lower the reactivity, the greater the adiposity. In prospective analyses, low HR reactivity was associated with increased risk of becoming or remaining obese. In addition, this is the first large scale study we know of to consider cortisol stress reactivity in this context. With the exception of waist-hip ratio, the outcomes very much paralleled those that obtained for HR reactivity. Cortisol reactivity was negatively related to adiposity. In conclusion, the present study results confirmed and extended the previous results of the West of Scotland Study that it is low not high cardiac and cortisol stress reactivity that is related to adiposity. 
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TABLE 1. Mean ± SD Values of Cardiovascular and Cortisol Baseline and Reactivity by Sex and Socio-Economic Status

	
	
	SBP (mmHg)
	DBP (mmHg)
	HR (bpm)
	Cortisol (nmol/l) #

	
	n
	Baseline
	Reactivity
	Baseline
	Reactivity
	Baseline
	Reactivity
	Baseline
	Reactivity

	Sex
	
	
	
	
	
	
	
	
	

	   Male 
	343
	131.5 ± 19.9
	48.1 ± 19.6
	67.7 ± 11.1
	21.1 ± 8.2
	74.0 ± 10.6
	11.8 ± 9.1
	4.4 ± 1.7
	2.3 ± 3.4

	   Female
	382
	124.7 ± 1.3*
	47.1 ± 21.6 
	64.3 ± 12.5*
	21.6 ± 9.8
	74.5 ± 10.5
	11.8 ± 10.0
	3.3 ± 1.7*
	1.3 ± 4.0*

	SES 
	
	
	
	
	
	
	
	
	

	   Low
	345
	126.9 ± 21.2
	45.2 ± 19.9
	65.0 ± 12.3
	20.8 ± 9.0
	74.1 ± 10.6
	10.7 ± 9.1
	3.8 ± 1.8
	1.6 ± 4.1

	   High
	380
	128.9 ± 20.7
	49.8 ± 21.1*
	66.8 ± 11.6*
	21.9 ± 9.1
	74.4 ± 10.5
	12.8 ± 9.8*
	3.8 ± 1.8
	1.8 ± 3.6


SD = standard deviation; SBP = Systolic Blood Pressure; DBP = Diastolic Blood Pressure; HR = Heart Rate; SES = Socio-Economic Status; 

* Statistically significant difference (p ≤ 0.05) compared to male / low SES; # Data are given as geometric means ± SD.
TABLE 2. Obesity and Adiposity Measures by Sex and Socio-Economic Status

	
	n
	BMI (kg/m2)

(mean ± SD)
	Obesity

(%)
	WH Ratio

(mean ± SD)
	Triceps (cm)

(mean ± SD)
	Subscapular (cm)

(mean ± SD)

	
	2002
	2008
	2002
	2008
	2002
	2008
	2002

	Sex
	
	
	
	
	
	
	
	
	

	   Male 
	343
	220
	28.6 ± 4.3
	27.6 ± 4.2
	29.2 
	22.7
	0.99 ± 0.06
	1.61 ± 0.99
	2.23 ± 0.91

	   Female
	382
	240
	28.8 ± 5.1
	27.6 ± 5.0
	35.9
	28.8
	0.87 ± 0.07*
	2.63 ± 0.86*
	2.66 ± 1.11*

	SES 
	
	
	
	
	
	
	
	
	

	   Low
	345
	207
	29.0 ± 4.8
	28.0 ± 4.5
	36.8
	28.5
	0.93 ± 0.09
	2.21 ± 1.02
	2.50 ± 1.07

	   High
	380
	253
	28.4 ± 4.7
	27.4 ± 4.7
	28.9*
	23.7
	0.92 ± 0.09
	2.09 ± 1.08
	2.42 ± 1.03


BMI = Body Mass Index; SD = standard deviation; WH Ratio = Waist Hip Ratio; SES = Socio-Economic Status; * Statistically significant difference (p ≤ 0.05) compared to male / low SES.

TABLE 3. Regression Models Obesity and Adiposity Measures and HR and Cortisol peak Reactivity

	
	ß
	t
	p
	R2

	BMI and HR reactivity
	
	
	
	

	   Crude model
	-0.39
	-5.36
	<.001
	0.04

	   Model 1
	-0.37
	-5.06
	<.001
	0.05

	   Model 2
	0.38
	-5.13
	<.001
	0.10

	BMI and Cortisol reactivity*
	
	
	
	

	   Crude model
	-4%
	-3.05
	.002
	0.02

	   Model 1
	-4%
	-3.28
	.001
	0.09

	   Model 2
	-4%
	-3.08
	.002
	0.11

	Waist-Hip Ratio and HR reactivity
	
	
	
	

	   Crude model
	-0.15
	-3.82
	<.001
	0.02

	   Model 1
	-0.27
	-4.91
	<.001
	0.05

	   Model 2
	-0.23
	-4.05
	<.001
	0.09

	Waist-Hip Ratio and Cortisol reactivity*
	
	
	
	

	   Crude model
	1%
	1.57
	.12
	0.01

	   Model 1
	-3%
	-2.09
	.04
	0.07

	   Model 2
	-2%
	-1.54
	.12
	0.09

	Skin Fold Thickness Triceps and HR reactivity
	
	
	
	

	   Crude model
	-1.00
	-2.96
	.003
	0.01

	   Model 1
	-1.26
	-3.24
	.001
	0.03

	   Model 2
	-1.34
	-3.47
	.001
	0.08

	Skin Fold Thickness Triceps and Cortisol reactivity*
	
	
	
	

	   Crude model
	-21%
	-3.49
	.001
	0.03

	   Model 1
	-11%
	-1.63
	.10
	0.07

	   Model 2
	-11%
	-1.66
	.10
	0.09

	Skin Fold Thickness sub Scapular and HR reactivity
	
	
	
	

	   Crude model
	-1.83
	-5.42
	<.001
	0.04

	   Model 1
	-1.84
	-5.35
	<.001
	0.06

	   Model 2
	-1.80
	-5.13
	<.001
	0.10

	Skin Fold Thickness sub Scapular and Cortisol reactivity*
	
	
	
	

	   Crude model
	-23%
	-3.73
	<.001
	0.03

	   Model 1
	-18%
	-2.96
	.003
	0.09

	   Model 2
	-16%
	-2.61
	.01
	0.11


BMI = Body Mass Index; HR = Heart Rate;  Crude model is the basic unadjusted model; Model 1 includes sex, socio-economic status, and age; Model 2 additionally includes alcohol consumption, smoking, use of anti-hypertensive medication, use of anti-depressant or anxiolytic medication, resting heart rate / cortisol; * ß in percent difference based on log-transformed cortisol reactivity values.

TABLE 4. Regression Models Obesity and Adiposity Measures and HR and Cortisol Reactivity during each of the Three Stress Tasks.

	
	ß
	t
	p
	R2

	Stroop
	
	
	
	

	   BMI and HR reactivity
	-0.24
	-5.89
	<.001
	0.05

	   BMI and Cortisol reactivity
	-0.08
	-2.73
	.01
	0.01

	   Waist-Hip Ratio and HR reactivity
	-0.07
	-2.95
	.003
	0.01

	   Waist-Hip Ratio and Cortisol reactivity
	0.01
	0.64
	0.52
	0.00

	   Skin Fold Thickness Triceps and HR reactivity
	-0.83
	-4.40
	<.001
	0.03

	   Skin Fold Thickness Triceps and Cortisol reactivity
	0.01
	-2.54
	.01
	0.01

	   Skin Fold Thickness sub Scapular and HR reactivity
	-1.20
	-6.37
	<.001
	0.06

	   Skin Fold Thickness sub Scapular and Cortisol reactivity
	-0.33
	-2.68
	.01
	0.01

	Mirror
	
	
	
	

	   BMI and HR reactivity
	-0.22
	-4.50
	<.001
	0.03

	   BMI and Cortisol reactivity
	-0.09
	-2.67
	.01
	0.01

	   Waist-Hip Ratio and HR reactivity
	0.00
	-0.06
	0.95
	0.00

	   Waist-Hip Ratio and Cortisol reactivity
	0.01
	0.39
	0.69
	0.00

	   Skin Fold Thickness Triceps and HR reactivity
	-1.08
	-4.96
	<.001
	0.03

	   Skin Fold Thickness Triceps and Cortisol reactivity
	-0.46
	-2.93
	.004
	0.02

	   Skin Fold Thickness sub Scapular and HR reactivity
	-1.36
	-6.20
	<.001
	0.05

	   Skin Fold Thickness sub Scapular and Cortisol reactivity
	-0.44
	-2.81
	.01
	0.01

	Speech
	
	
	
	

	   BMI and HR reactivity


	-0.42
	-5.42
	<.001
	0.04

	   BMI and Cortisol reactivity
	-0.10
	-2.62
	.01
	0.01

	   Waist-Hip Ratio and HR reactivity
	-0.18
	-4.25
	<.001
	0.03

	   Waist-Hip Ratio and Cortisol reactivity
	0.01
	0.27
	.79
	0.00

	   Skin Fold Thickness Triceps and HR reactivity
	-0.89
	-2.48
	.01
	0.01

	   Skin Fold Thickness Triceps and Cortisol reactivity
	-0.50
	-2.85
	.004
	0.01

	   Skin Fold Thickness sub Scapular and HR reactivity
	-1.80
	-5.07
	<.001
	0.04

	   Skin Fold Thickness sub Scapular and Cortisol reactivity
	-0.47
	-2.62
	.01
	0.01


BMI = Body Mass Index; HR = Heart Rate; Models are basic unadjusted models.

Figure Legends

Figure 1. Mean values (+ standard error) for heart rate reactivity for participants with a Body Mass Index in the normal range (n = 166), overweight (n = 321) and obese (n = 237); * p < .05.

Figure 2. Geometric mean values (+ upper confidence limit) for cortisol stress reactivity for participants with a Body Mass Index in the normal range (n = 109), overweight (n = 210) and obese (n = 135); * p < .05.
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