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A B S T R A C T

Inconsistencies in studies of chronic psychosocial stress and hypertension may be explained by the use of stress
markers greatly influenced by circadian rhythm and transient stressors. We assessed whether hair cortisol, a
marker that captures systemic cortisol over months, was independently associated with hypertension. We
measured hair cortisol and blood pressure in 75 consecutive participants in the Survey of the Health of Wisconsin,
using an ELISA test. Individuals with values � median (78.1 pg/mg) were considered exposed. We used
approximate Bayesian logistic regression, with a prior odds ratio of 1.0–4.0, to quantify the multivariate-adjusted
hair cortisol-hypertension association. Participants' average age was 46.9 years; 37.3% were male; and 25.3%
were hypertensive. Hypertension prevalence was 2.23 times higher in exposed (95% CI: 1.69–3.03). This finding
was unlikely explained by differential measurement errors, since we conducted blinded measurements of expo-
sure and outcome. Sensitivity analyses showed the association was unlikely explained by an unmeasured
confounder, survival bias, or reverse causality bias. Findings suggest elevated hair cortisol is a risk factor for
hypertension. Although feasible, the clinical value of hair cortisol as a tool for hypertension risk stratification or
for monitoring the effect of chronic psychosocial stress management interventions is still uncertain.
1. Introduction

Chronic psychosocial stress (CPS) has been proposed as a potential
risk factor for the development of hypertension [1]. CPS could increase
the risk of hypertension through a sustained exposure to increased levels
of glucocorticoids (cortisol), which leads to downregulation of the
glucocorticoid receptor and cortisol resistance, diminished capacity of
the immune system's response to cortisol's anti-inflammatory actions,
mild chronic inflammation, intra-abdominal accumulation of visceral fat,
increased salt retention, and insulin resistance [2–4]. However, available
evidence of a link between CPS and hypertension is inconsistent [5], with
some [6–8], but not all [9,10] studies documenting an association.

A lack of accurate markers of CPS significantly contributes to its un-
certain role in the development of hypertension. Most studies of the CPS-
hypertension association have relied on questionnaires that measure
stress indirectly. Unfortunately, stress questionnaires are unreliable,
because factors that define CPS – environmental stressors, perceptions of
inability to cope, and behavioral and biological responses to stressors
[11,12] – vary across individuals and time [8]. Other studies have relied
on biological markers of CPS, such as blood, urinary, and salivary levels
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of cortisol and catecholamines [13]. However, these markers are highly
influenced by daily physiological fluctuations (circadian rhythms) and
transient stressors [11]. Hair cortisol (HC) has been recently proposed as
a reliable alternate biological marker of CPS [11,14]. Blood cortisol ac-
cumulates into hair as hair grows and provides a retrospective measure of
cortisol secretion over several months [15]. Therefore, HC captures
systemic cortisol levels over longer periods of time than blood, urine, or
saliva, and is not highly influenced by circadian rhythms and transient
events [11,14,16]. Although HC is increasingly accepted as a relevant
biomarker for CPS in clinical studies, it has not been previously used to
investigate a possible CPS-hypertension association.

2. Methods

We conducted a cross-sectional study, nested within the 2016 Survey
of the Health of Wisconsin (SHOW), an annual health survey in a random
sample of Wisconsin residents [17]. We enrolled eligible SHOW partici-
pants as they came in, until completing the target sample size. Eligible
participants had at least 1.5 inches of hair on the back of the scalp and
were between 30 and 60 years old. We excluded pregnant women,
.
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individuals working night shifts, using topical, oral, or injected cortico-
steroids, and those with hair treatments that could affect HC concen-
tration (dyeing or chemical or heat treatment to make the hair straight or
curly). The study was approved by the institutional review board of the
University of Wisconsin-Madison. All participants provided written
informed consent.

A hair sample, typically a 1/8” bundle, of the most proximal 3 cm of
hair was collected from the back of the head and used for cortisol
extraction. Cortisol content in these samples corresponds to average
blood cortisol during the last three months [15]. All processing of hair
samples and cortisol quantification was conducted at the Wisconsin State
Laboratory of Hygiene. Hair sample washing, drying, homogenization,
and extraction were based on methods outlined by Meyer et al. [18]. In
general, >7 mg of hair was required for accurate quantitation of cortisol,
though depending upon cortisol levels, hair masses as low as 5 mg were
viable. A coarsely chopped hair sample was rinsed twice with HPLC
grade isopropanol and dried at room temperature under a HEPA hood.
Dried hair was weighed to the nearest 0.01 mg, put into 2.0 mL Sarstedt
plastic tubes and homogenized by bead-beating for 5 min (Mini--
Beadbeater 8, Biospec Products, 3.2 mm chrome steel balls). Cortisol was
then extracted by incubating/shaking the powdered hair samples in 1.5
mL of HPLC grade methanol on a shaker table (200 rpm) for 22 h at room
temperature. QC samples included cortisol-spiked tubes, cortisol-spiked
hair samples, method blanks, and hair duplicates (when sufficient hair
mass was available). Samples were then centrifuged at 10,000 rpm and
1.0 mL of supernatant was removed and aliquoted to a clean vial. The
methanol was evaporated to dryness under nitrogen at 50 �C in an
EvapTrap© and then each sample was reconstituted with 0.25 mL of
phosphate buffered saline [16]. Sample extracts were frozen at �20 �C
until quantification of cortisol via ELISA (Alpco 11-CORHU-E01-SLV)
(sensitivity of 1 ng/mL). For purposes of analysis, we dichotomized HC
as above or below 78.1 pg/mg (the median value in the study sample).

Self-perceived stress was measured using the short-form version of
the Depression Anxiety Stress Scales (DASS-21) [19]. The DASS-21 is a
self-reported 4-point Likert-type measure of three dimensions of mental
health: depression, anxiety, and stress. The DASS-21 has excellent psy-
chometric properties in older adults [20]. Individuals with a DASS-21
stress score of 15 or higher were categorized as being under high stress
[21].
Fig. 1. A causal DAG representing the relationship between hair cortisol and hy
adjustment set (MSAS) of variables that would allow identifying an unconfounded e
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Blood pressure (BP) was measured using an oscillometric device
(Omron Model HBP-1300, Omron Healthcare, Lake Forest, IL) after a
five-minute rest period in a sitting position and following standard pro-
cedures. This device has been validated and exceeds the minimum re-
quirements of the international validation protocol of the British
Hypertension Society and the Association for the Advancement of Med-
ical Instrumentation [22]. Three BP measurements were taken, with one
minute between measurements, and the average of the last two was used
in the analysis. Participants were considered hypertensive if they had a
systolic BP � 140 mmHg, or diastolic BP � 90 mmHg, or took prescribed
antihypertensive drugs.

For the analysis, age was dichotomized as <50 years and �50 years.
Abdominal obesity was defined as waist circumference �96.8 cm in
White women and �102.1 cm in White men [23]. Women having >7
alcohol drinks/week and men having >14 drinks/week were considered
heavy drinkers [24].

We drew a directed acyclic graph (DAG) and used Pearl's back-door
criterion [25], as implemented in DAGitty [26], to select a minimally
sufficient adjustment set (MSAS) of variables that would allow us to
identify an unconfounded effect of HC on hypertension. Conditioning on
the variables included in the MSAS blocks all non-causal pathways be-
tween HC levels and hypertension, without blocking causal pathways.
We built the DAG (Fig. 1) by identifying all known factors that are
independently associated with either hypertension or HC levels, and then
adding any variable that was a common cause of at least two variables
already included in the DAG. The MSAS included age, gender, race,
obesity, and alcohol use. We did not adjust for race because all but one of
the participants wereWhite. All models included the MSAS variables plus
an age-by-gender interaction term, based on a well-documented differ-
ence in the age-related rise in BP in men and women.

Concerned about sparse data bias [27], due to the limited number of
participants in our study, we decided a priori to use Bayesian analysis to
improve the precision of the estimate of the association between HC and
hypertension. On average, this approach results in estimates that are
more accurate and have better predictive ability than frequentist ap-
proaches [27]. Specifically, we used approximate Bayesian logistic
regression via penalized likelihood estimation with data augmentation,
to estimate the association between HC and hypertension [28]. We first
fitted a model without a prior odds ratio (OR) for the effect of HC (i.e., a
pertension. Variables enclosed in circle are those in the minimally sufficient
ffect of hair cortisol levels on hypertension.



Table 1
Average risk factors for hypertension, mean blood pressure, and hypertension prevalence by hair cortisol level (95% confidence intervals).

Risk Factor High hair cortisol
(>78.1 pg/mg)

Low hair cortisol
(�78.1 pg/mg)

All

Mean age (years) 48.3 (45.1, 51.5) 45.6 (42.2, 49.0) 46.9 (44.6, 49.2)
Age >50 years (%) 54.1 (36.9, 70.5) 44.7 (28.6, 61.7) 49.3 (37.6, 61.1)
Male (%) 37.8 (22.5, 55.2) 36.8 (21.8, 54.0) 37.3 (26.4, 49.3)
Abdominal obesity (%) 54.1 (36.9, 70.5) 47.4 (31.0, 64.2) 50.7 (38.9, 62.4)
Mean DASSa 11.3 (10.3, 12.4) 11.9 (10.7, 13.2) 11.6 (10.8, 12.5)
Heavy drinking (%)b 13.9 (4.7, 29.5) 13.2 (4.4, 28.1) 13.5 (6.7, 23.5)
Mean blood pressure
Systolic (mm Hg) 123.1 (118.2, 127.9) 119.5 (116.2, 122.8) 121.3 (118.4, 124.2)
Diastolic (mm Hg) 77.9 (74.5, 81.4) 74.1 (71.1, 77.0) 76.0 (73.7, 78.2)

Hypertensionc (%) 32.4 (18.0, 49.8) 18.4 (7.7, 34.3) 25.3 (16.0, 36.7)

a Depression Anxiety Stress Scales; one individual with missing data.
b >14/7 drinks/week for men/women; three individuals with missing data.
c Systolic/diastolic blood pressure �140/90 mm Hg or taking antihypertensive medication.

Table 2
Odds ratios of hypertension by hair cortisol level and type of analysis.

Type of Analysis Limits for prior
odds ratio

Odds ratio 95% Credible
interval

Frequentist
Crude 1/∞, ∞ 2.13 (0.73, 6.20)
Adjusteda 1/∞, ∞ 2.35 (0.71, 7.80)
Adjusteda þ stress 1/∞, ∞ 3.60 (0.93, 13.98)
Bayesian
Crude 1.00, 4.00 2.04 (1.43, 2.73)
Adjusteda 1.00, 4.00 2.07 (1.52, 2.80)
Adjusteda þ stress 1.00, 4.00 2.23 (1.68, 3.04)
Crude 0.72, 3.10 1.67 (1.16, 2.30)
Adjusteda 0.72, 3.10 1.68 (1.21, 2.33)
Adjusted þ stressb 0.72, 3.10 1.81 (1.33, 2.51)

a Adjusted for gender, age, alcohol intake, and abdominal obesity.
b

L.E. Bautista et al. International Journal of Cardiology Hypertension 2 (2019) 100012
standard frequentist logistic regression model). Then we fitted a model
with a prior OR for the effect of HC on hypertension, with a log-normal
distribution and bounds of 1.0 and 4.0. Prior OR values for MSAS vari-
ables were obtained from a logistic regression analysis of data from the
National Health and Nutrition Examination Survey 1999–2004. We used
bootstrapping, with 1000 replications, to obtain 95% credible intervals
(CI) without making assumptions regarding the distribution of the esti-
mated OR [29].

We conducted sensitivity analyses to assess study assumptions and
potential sources of bias. First, we conducted an analysis with HC prior
OR bounds of 0.72 and 3.10. These correspond to the smallest and largest
OR reported in previous studies of CPS and hypertension [8,30]. This
relaxed the assumption of an OR between 1 and 4, used in the main
analysis. Second, we used an assumption-free bounding method [31] to
estimate how strong the joint associations (i.e. risk ratios) between an
unmeasured confounder and exposure, and unmeasured confounder and
outcome would have to be, so that the unmeasured confounder would
explain away the observed effect of HC on hypertension. Then, we
calculated risk ratios of high cortisol levels using correlations [32,33]
reported in a meta-analysis of basic determinants of HC [34] and
compared themwith the bounding risk ratio that would explain away the
effect of HC. This allowed us to judge how likely it was for an unmea-
sured confounder to explain away the observed effect of HC on hyper-
tension. Third, we conducted an analysis excluding individuals who were
aware that they were hypertensive, to account for the possibility that
high levels of HC were a consequence of a diagnosis of hypertension,
instead of a cause.

All analyses were conducted using Stata 15.0 (StataCorp 1985–2017,
College Station, TX).

3. Results

We studied 75 individuals, 37.3%male and 25.3% hypertensive, with
an average age of 46.9 years and a mean HC level of 78.1 pg/mg
(Table 1). Risk factors for hypertension (male gender, older age, heavy
drinking, and abdominal obesity) were more likely in individuals with
HC levels above the median.

When a prior OR ranging from 1 to 4 was used in the Bayesian
analysis, the crude prevalence of hypertension was 2.04 (95% credible
interval –CI: 1.43, 2.73) times higher in individuals with high HC than in
those with lower HC levels (Table 2). After adjusting for the MSAS var-
iables, the prevalence odds ratio increased to 2.07 (95% CI: 1.52, 2.80).
Further adjustment for self-perceived stress increased the prevalence
odds ratio to 2.23 (95% CI: 1.68, 3.04). Using a prior OR ranging from
0.72 to 3.10, as suggested by previous studies, decreased the adjusted OR
by 19%. However, the 95% CI still supported a minimum increase of 21%
in hypertension prevalence among individuals with high HC (OR ¼ 1.68,
95% CI: 1.21, 2.33). Similar analyses, with and without adjustment for
3

HC levels, resulted in a prevalence odds ratio of 1.22 (95% CI: 0.95, 1.60)
for high level of self-perceived stress.

The sensitivity analysis for confounding showed that an unmeasured
confounder would have to increase the probability of having high HC by
� 100% to explain away the observed HC-hypertension association
(Fig.2). An unmeasured confounder with weaker effects on the risk of
high cortisol level could still nullify the HC-hypertension association, but
only if it also increased the risk of hypertension more than five-fold.

Main determinants of HC increased the probability of having HC
levels above the median by 1.39–1.98 times (Table 3).

When individuals who were aware of their hypertensive status were
excluded from the analysis, the adjusted OR for HC decreased to 1.95
(95% CI: 1.53, 2.36).

4. Discussion

In this study, individuals with high HC, a biological marker of CPS,
were twice more likely to be hypertensive than those with low HC.
Moreover, there was a 95% probability of the prevalence of hypertension
being 68%–204% higher among individuals with high HC. This associ-
ation persisted after adjusting for variables selected on substantive
grounds and on inferential rules aimed to identify a minimum set of
variables needed to control for confounding bias [25]. Adjustment for
self-perceived stress and abdominal obesity defined by World Health
Organization's cut points, resulted in non-substantial changes in the
HC-hypertension association.

The impact of potential biases and assumptions in our results should
be carefully considered before interpreting our findings. Bayesian anal-
ysis constitutes a tradeoff between bias and precision, but greatly im-
proves estimation and prediction accuracy [35]. Indeed, the Bayesian OR
estimate in our study (OR¼ 2.23) was closer to 1 than the frequentist OR
Further adjusted for self-perceived stress.



Fig. 2. Area above the line corresponds to the joint values of the (unmeasured)
confounder-exposure and confounder-outcome risk ratios that would make the
lower limit of the 95% credible interval <1 and explain away the effect of hair
cortisol on hypertension.

Table 3
Relative effects (odds ratios) of main determinants of hair cortisol on the risk of
having hair cortisol levels above the mean.

Determinant Correlationa Odds
ratio

Cortisol awakening response (salivary) 0.185 1.98
Mean diurnal salivary cortisol 0.179 1.93
Single time point salivary cortisol level 0.148 1.72
Overall post-awakening salivary cortisol 0.129 1.60
Body mass index 0.134 1.63
Waist to hip circumference ratio 0.132 1.62

a Correlation coefficients come from a meta-analysis of observational studies
[1].
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estimate (3.60), but its precision was about eight times higher. The
increased precision results from the formal incorporation of existing
knowledge on the effects of risk factors for hypertension, in the form of a
plausible range of values for the OR (i.e. in the form of a prior OR) [35].
In contrast to the Bayesian approach, frequentist analyses disregard
existing knowledge. In fact, the frequentist analysis in our study is
equivalent to a Bayesian analysis conducted under the assumption that
the effect of high HC on hypertension could take any value, from
extremely protective (prior OR¼ 1/∞) to extremely harmful (prior OR¼
∞). Based on substantive knowledge on hypertension risk factors, such
extreme effects are untenable.

Of course, the validity of our Bayesian OR estimate depends on the
validity of the prior OR used in the analysis. Fortunately, we selected
bounds for the prior OR that are consistent with current knowledge on
hypertension. We selected a lower bound of OR ¼ 1 because there does
not seem to be a biological mechanism by which CPS or high levels of
circulating cortisol would decrease the risk of hypertension. On the other
hand, we selected an upper bound of OR ¼ 4, because we considered
unlikely that an effect of CPS on hypertension would be stronger than the
risk of progression to hypertension among individuals with systolic/
diastolic BP of 120-129/80–84 mmHg, after accounting for other risk
factors [36]. Moreover, we also conducted analyses where priors were
the lower (OR ¼ 0.72) and upper (OR ¼ 3.10) bounds of ORs reported in
previous studies using salivary cortisol, blood cortisol or self-perceived
stress as markers of CPS [8,30]. These informative prior ORs were
selected before looking at the data, and both lead to consistent findings.

Errors in the measurement of HC could have also induced bias.
However, it is unlikely these errors resulted in a positive association
between HC and hypertension. Laboratory tests were conducted on de-
identified samples and without knowledge of BP level or hypertensive
status, and there is no reason to believe hair quality and mass were
associated with the latter variables. In consequence, any errors in HC
measurements were likely similar in hypertensive and non-hypertensive
participants. On average, such errors would weaken the HC-hypertension
association. Moreover, there were no substantive changes in the HC-
hypertension association (OR ¼ 2.34; 95% CI 1.88, 2.83) when partici-
pants with HC levels below the limit of detection (n ¼ 17), mostly due to
limited hair sample mass, were excluded from the analysis. Inter-
individual variation in the efficiency of incorporation of blood cortisol
into hair may be another source of error in the measurement of the
exposure. However, this error should be independent of hypertension
status (i.e. non-differential) and in average would have weakened the
HC-hypertension association.

Our study only included individuals who have survived up to the time
of recruitment into SHOW. This could result in selection bias because CPS
and hypertension are both associated with increased mortality. However,
this bias cannot explain the association observed in this study. Indeed, if a
randomly selected survivor had CPS, she would more likely be normo-
tensive than hypertensive. Thus, in a cross-sectional sample, which only
includes survivors, the CPS-hypertension correlation would be negative,
and the corresponding OR would be underestimated. On the other hand,
CPS and hypertension were measured at the same time and it is not
4

possible to ensure CPS preceded the development of hypertension. This
could be the case, for instance, if CPS developed because participants
became aware they had hypertension. This explanation also seems un-
likely, because the CPS-hypertension OR (1.95; 95% CI: 1.54, 2.39)
changed little when we excluded individuals who knew they were hy-
pertensive (n ¼ 14) from the analysis.

We used a DAG (Fig. 1) and mathematical rules to identify a MSAS
needed to correct for confounding bias. Unfortunately, this approach
does not account for bias due to unknown confounders. However, ac-
cording to our sensitivity analysis, only an unknown confounder that at
least doubles the risk of having high HC could explain away the observed
CPS-hypertension association. Estimates derived from a meta-analysis of
factors associated with HC [34] suggest only other measures of systemic
cortisol may have such an strong association with HC levels (Table 3,
Fig. 2). This bound for the unknown confounder-HC association is
predicated on the likely assumption that the unknown confounder will
not increase the risk of hypertension more than fivefold. Current
knowledge on risk factors for hypertension indicates that such strong
unknown risk factors are unlikely.

Findings from previous studies of the CPS-hypertension association
have been inconsistent. Those studies were cross-sectional, and CPS was
found to be associated with hypertension in some [7,8,30], but not all of
them [10,37]. This lack of consistency could be partly explained by the
use of CPS markers (i.e. cortisol in saliva, urine, and blood) that reflect
short lasting adaptive response to stress and/or circadian variability.
These short period exposures are unlikely to be related to a chronic stress
response and the development of sustained elevated blood pressure.
These limitations also apply to self-reported questionnaire measurements
of CPS, as they evaluate individual beliefs and feelings, usually over a
period of a month or less, and may be compromised by individual dif-
ferences in awareness of affective states and by social desirability and
retrospection bias [38,39]. Even though HC only measures CPS levels
over a period of months, it is still a better measure than the above-stated
markers. Indeed, studies in adult populations are heterogeneous
regarding the relationship between HC and self-perceived stress [40].

Multiple pathways may be involved in the development of CPS-
related hypertension. Experimental studies in animal models and
healthy adult volunteers indicate that prolonged stressors (social status
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disruption/stressful life events) result in continued exposure to high
levels of hypothalamic pituitary adrenal axis (HPA) hormones, such as
cortisol, which lead to glucocorticoid receptor resistance [4]. This leads
to a diminished capacity of the immune system's response to the
anti-inflammatory actions of cortisol, and a chronic pro-inflammatory
state [3,41,42] which in turn leads to the development of obesity [43,
44] and hypertension [45]. Moreover, elevated systemic cortisol may
lead to vascular endothelial dysfunction. High levels of cortisol inhibit
the expression of inducible nitric oxide synthase, decrease the avail-
ability of endothelial nitric oxide, and increase regional vascular resis-
tance, which could in turn lead to BP elevation and hypertension [46].

Our findings suggest that CPS, as evaluated through HC levels, results
in a stable increase in systemic cortisol levels that eventually leads to
glucocorticoid resistance and to the development of hypertension.
However, this finding should be further evaluated in larger prospective
cohort studies. HC levels provide an etiologically relevant measure of
exposure to CPS, and reduce the variability associated with self-reported
measurements and measures of cortisol in urine, saliva, and blood sam-
ples. Although potentially feasible, the clinical value of HC as a tool for
risk stratification or for monitoring the effect of CPS management in-
terventions is still uncertain and should be evaluated in future studies.
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