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A B S T R A C T

Evidence suggests that chronic cortisol excess may precede the development of an allostatic load, and that this
association may be influenced by the level of work stress. This study aims to investigate the associations between
hair cortisol concentration and the development of systemic allostatic load cross-sectionally and at a lag of four
years, stratified by level of effort-reward imbalance.

The sample consisted of respondents from the English Longitudinal Study of Ageing (ELSA) who were in
employment with hair cortisol measurements at baseline (wave 6), and allostatic load markers at baseline and
follow-up (wave 8; n=411; 64% female). Hair cortisol was used as a measure of total cortisol expression over the
preceding two months. Allostatic load was modelled as a count-based index using nine markers; three per system,
across the immune, metabolic and cardiovascular systems. This model was then grouped by a median-cut effort
reward-imbalance scale (0.83) and regression pathways were compared between groups using a series of Chi-
Squared tests of difference.

Results provide evidence that higher hair cortisol concentrations predict an increase in immune and cardio-
vascular allostatic load cross-sectionally, and a metabolic allostatic load at a lag of four years. These pathways
were found in the high effort-reward imbalance group, but not in the low effort-reward imbalance group. There
were also significant differences found between groups for hair cortisol concentration as a predictor of con-
current immune and cardiovascular allostatic load

Findings may indicate a novel temporality to the accumulation of an allostatic load, and that the “tipping
point” between allostasis and allostatic load may lie within the ability of the HPA axis to regulate the cardio-
vascular system concurrently, with longitudinal consequences for metabolic syndrome indicators.

1. Introduction

Allostatic load (AL) is a composite measure of the physiological
impact of chronic stress, which is frequently examined as a mechanism
through which the social environment influences differences in health
outcomes later in the lifecourse (McEwen, 2000). When presented with a
stressful situation (e.g. a workplace with high-demands), the body ini-
tiates a cascade of primary physiological adaptations to help cope with
the stressor (for example elevating levels of cortisol via the
hypothalamic-pituitary-adrenal axis; HPA axis). This heightened

response can then return to a resting state when the stressor has passed,
through the process of allostasis. The repeated activation of these
initially adaptive allostatic systems can lead to a secondary adjustment
to the set-points for markers in the immune, metabolic and cardiovas-
cular systems, and this persistent dysregulation of physiological systems
is referred to as an allostatic load (or “the price of adaptation”; McEwen
and Stellar, 1993). An increased allostatic load has shown associations
with tertiary disease endpoints (like cardiovascular disease), psycho-
logical disorders (such as depression) and all-cause mortality (Juster
et al., 2010; Ganster and Rosen, 2013). However, the “tipping point” at
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which the body transitions from adaptive allostasis to the accumulation
of an allostatic load remains unclear.

The construct of allostatic load is commonly used in epidemiological
studies to measure the effect of stressful social experiences on health,
with indicators of a poor workplace environment (primarily effort-
reward imbalance; Montano et al., 2016) showing longitudinal associ-
ations with an increased allostatic load over the lifecourse (Coronado
et al., 2018; Wahrendorf et al., 2021). However, most allostatic load
literature sums markers into a single composite index. This approach has
high predictive validity of health outcomes and situates allostatic load as
a biological mechanism through which the workplace becomes
embodied. However, this approach also attributes equal weighting to
each biological system and cannot assess the temporal sequence through
which an allostatic load accumulates. In other words, previous literature
lacks clarity on how allostatic systems feedback and interact with one
another. Placing further attention on a systems-based approach to
allostatic load, and how allostasis may be inter-related with the body’s
other homeostatic systems (chiefly the HPA axis) may be key in iden-
tifying a critical period or threshold in which an intervention may be the
most effective.

It is thought that primary mediators of the stress response (such as
cortisol, the hormonal endpoint of the Hypothalamic-Pituitary-Adrenal
(HPA axis)) sit earlier on the temporal allostatic pathway and may be
differentially associated with dysregulation in the immune, metabolic
and cardiovascular systems across timepoints (Ganster and Rosen,
2013). Current approaches towards the use of cortisol focus on the acute
reactivity of the HPA axis via salivary or blood-based measurement.
These measures have shown repeated association with poor health
outcomes, but due to the variable diurnal patterns of cortisol, and
methodologically costly data collection, cortisol data is usually not
collected over a long enough period to reflect chronic HPA axis dysre-
gulation (Iob and Steptoe, 2019) which is perhaps closer to the concept
of an allostatic load (Wright et al., 2015). However, hair derived cortisol
concentration is increasingly used as a measure of chronic cortisol excess
(i.e. frequent HPA axis activation) reflecting average systemic cortisol
expression at a rate of around 1 month per centimetre of hair. As a
consequence, hair derived cortisol is less prone to reflecting the ’state‘ or
diurnal differences found in the area under the curve approach used in
salivary cortisol analysis, offering a high validity method for measuring
long-term, total cortisol expression (Iob and Steptoe, 2019).

Previous literature draws a line around the body’s allostatic systems
and traditionally presents only a composite measure of total cumulative
dysregulation (O’Toole et al., 2024). Placing further attention on a
systems-based approach to allostatic load, and how allostasis may be
inter-related with the body’s other homeostatic systems (chiefly the HPA
axis) may be key in identifying a critical period or threshold in which an
intervention may be the most effective (Chandola, 2024).

Literature has not yet traced differences in primary and secondary
allostatic systems between those in poor quality work and those in good
quality work. Previous research has linked a higher effort-reward
imbalance (a measure of failed reciprocity between effort and reward
at work; Siegrist and Wahrendorf, 2016) with higher levels of total
allostatic load (Coronado et al., 2018; Siegrist et al., 2018). However,
associations between job quality and cortisol are distinctly more mixed,
with literature identifying both hyper and hypocortisolaemic profiles in
response to chronic occupational stress (Van der Meij et al., 2018; Penz
et al., 2019). Occupational health theory states that those in chronic
poor-quality work are more susceptible to HPA axis dysregulation,
which is thought to precede the accumulation of an allostatic load
(Siegrist et al., 1997). A deeper exploration of the physiological differ-
ences between poor and good quality work is needed to determine the
role of the workplace in shaping biomarker profiles, having implications
for psychoneuroendocrine theory and occupational health intervention.

This analysis seeks to address these gaps by exploring the role of hair
derived cortisol as a predictor of allostatic load in the immune, cardio-
vascular and metabolic systems over time. To offer a greater level of

visibility on the role of psychosocial work characteristics in driving the
stress response, we moderate the relationships between primary and
secondary allostatic processes by level of effort-reward imbalance. We
utilise a sample of older workers from the two waves of the English
Longitudinal Study of Ageing who are employed with valid cortisol
measures at baseline and allostatic markers at both timepoints. This
design provides a greater level of clarity on the patterning of HPA axis
dysregulation across groups of effort-reward imbalance, and the
consequent temporality to the development of an allostatic load.

To address the aims, we propose two exploratory research questions:

1. Do elevated hair cortisol levels predict an increased allostatic load
across the immune, metabolic and cardiovascular systems both cross-
sectionally and at a lag of four years?

2. Will there be a significant difference in the associations between hair
cortisol and allostatic load by level of effort-reward imbalance?

2. Methods

2.1. Data and sample

This analysis uses an analytical subsample of 411 participants from
waves 6 (2012) and 8/9 (2016/2018) of the English Longitudinal Study
of Ageing (ELSA; Banks et al., 2021). The ELSA dataset is a represen-
tative panel survey of those aged over 50 in the United Kingdom and was
supplemented with a booster sample for under-represented groups at
waves 3, 4, 6, 7, and 9 to account for non-response bias and survey
attrition. At waves 2, 4, 6, and 8/9 a nurse visit is carried out to collect
biomeasures (i.e. blood assaying & anthropometric measurements). At
waves 8 and 9, the nurse visit was only carried out with half of the
sample at each timepoint, and so waves 8 and 9 have beenmerged in this
analysis; referred to as wave 8 hereafter. The wave 8 nurse assessment is
designed to be analysed as a whole, rather than split into its constituent
waves (The English Longitudinal Study of Ageing, 2024). Hair analytes
were only collected from a small subsample of wave 6 participants with
valid hair samples (with the length of the hair sample being the limiting
factor).

The final analytical sample was derived from those who took part in
the wave 6 and waves 8/9 nurse visits and were in full or part-time
employment at wave 6. The sample excludes those who were not pre-
sent at both waves for the nurse visit, and those who hadmissing data on
blood assay variables, physiological measurements and valid hair
cortisol measurements. In addition, those not in full or part-time
employment at wave 6 were excluded from this analysis. As employ-
ment was the limiting factor for sample inclusion, the level of missing
data in the final sample of participants was minimal, and a complete
case analysis was conducted. The final sample size consisted of 411 ELSA
respondents who were employed at wave 6. In order the retain statistical
power and to not introduce further healthy worker bias, respondents not
in employment at follow-up were also included and differences were
statistically controlled for. The final sample had no missingness on
allostatic variables at waves 6 and 8, and no missing hair cortisol
measurements at wave 6. See Fig. 1 for a breakdown of how the
analytical sample was derived.

When compared to the main ELSA sample at wave 6, this analytical
sample in this analysis were disproportionately female (64 % compared
to 55 % in the main sample; due to a lack of valid hair samples from the
posterior vertex in older males) and showed a similar ratio of white to
non-white respondents (97 % compared to 96 % in the main sample.
The analytical sample were slightly younger (60 compared to 65) and
more likely to be in a managerial or professional job role (41 %
compared to 34 %).

2.1.1. Effort-reward imbalance
The present study conceptualises job quality as the degree of reci-

procity between the effort and reward at work. This process used the
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seven individual items from the Job Content Questionnaire (Karasek
et al., 1998) available in the ELSA dataset, which asked respondents to
rate their agreement with 12 statements on a scale of 1–4 (Strongly
Agree – Strongly Disagree).

Two of these items were averaged to represent the effort expended at
work (“Feels their job is physically demanding”*; “Feels under constant
pressure due to a heavy workload”*) and five of these items were
averaged to represent the reward received at work (“Received the
recognition they deserved in their work”*; “Feels their salary is accu-
rate*”; “Feels their job prospects are poor”; “Feels their job security is
poor”; “Feels they receive adequate support in difficult situations”*).
Asterisked items were reverse coded so that higher values of the effort
subscale indicated higher levels of effort at work, and higher levels of the
reward subscale indicated higher levels of reward (Siegrist and Marmot,
2004; de Araújo et al., 2019).

Effort-reward imbalance was computed as a ratio of mean effort
score to mean reward score, with higher values indicating higher levels
of imbalance. This method of computing effort-reward imbalance has
been previously validated in the ELSA dataset (Coronado et al., 2018).
While a threshold of 1 has typically been used to dichotomise an
effort-reward imbalance ratio, (Montano et al., 2016) highlight the
importance of using values from the sample distribution; the resulting
value was cut at the median point (0.83) to account for skewness
(DeCoster et al., 2011). Overall, a binary variable was created, repre-
senting the psychosocial job quality of the respondent’s employment
(“Low-Stress”; “High-Stress”). These categorical groups of ERI were
computed at wave 6 and used for model stratification and multi-group
moderation.

2.1.2. Biomarkers
A total of 11 biomarkers across the neuroendocrine, immune,

metabolic and cardiovascular systems were used for analyses (see
Table 1).

Cortisol was derived from a hair sample taken at wave 6 of the ELSA
dataset. Samples were cut as closely to the scalp as feasible from the
posterior vertex, and valid samples measured at least 2 cm long, with a
weight of at least 10 mg. Hair samples were washed with isopropanol,
after which steroid hormones were extracted using high performance
liquid chromatography–mass spectrometry. Further details on the
collection and analysis of hair-derived analytes can be found in Jackson
et al. (2017).

Immune and metabolic markers were derived from fasting blood
samples collected during the nurse assessment of waves 6 and 8. Im-
mune markers were; insulin-like growth factor 1 (nmol/l), c-reactive
protein (mg/l),clauss fibrinogen (g/l). Metabolic markers were; glyco-
sylated haemoglobin (mmol/mol), triglycerides (mmol/l), total blood
cholesterol (mmol/l) and blood high-density lipoprotein level (mmol/l).
Anthropometric and cardiovascular measures were also collected at the
nurse assessment; systolic and diastolic blood pressure(mmHg) and
pulse (beats per minute). These measures were collected at three times
over 1-minute intervals and the mean of the three was reported.

The dataset was then cleaned and corrected along the guidelines of
Read and Grundy (2014). C-reactive protein values above 10 mg/l were
excluded as these values indicate an acute inflammation reaction, rather
than the low-grade systemic inflammation allostatic load captures.
Chol/HDL was computed as a ratio of cholesterol to high-density lipo-
protein in the blood, and log transformations were used with
non-normally distributed measures to reduce skewness (hair cortisol
was log 10 transformed to account for nil-values). Following this, each of
the biomarkers (excluding cortisol) were cut into binary variables, with
the highest quartile being coded as “1” for “at risk” and the rest as “0” for
“not at risk”. The lowest quartile for insulin-like growth factor 1 was
used as lower values indicate a higher risk. This process was carried out
for male and female respondents respectively, to compute sex
specific-cut points (which can be found in Table 1).

To account for the biochemical changes of medication usage, the

Fig. 1. Analytical sample derivation for individuals employed at wave 6 of ELSA, with a full allostatic load index and hair cortisol at wave 8.
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allostatic load risk markers were corrected for according to the recom-
mendations of Read and Grundy (2014), participants were assigned to
the risk category for diastolic and systolic blood pressure if participants
used blood pressure lowering medication, fibrinogen if they used anti-
coagulant medication, triglycerides and HDL cholesterol ratio if partic-
ipants used lipid lowering medication, and glycosylated haemoglobin if
participants used diabetes medication. In addition, the second highest
quartile was used for c-reactive protein if blood pressure, cholesterol or
diabetes medications were taken. No data was available on steroid
medication usage, and so was unable to be controlled for in this analysis.

To create the allostatic load indices, count-based summaries were
used per allostatic system (Juster et al., 2010). To compute the immune
allostatic load index, risk scores for IGF-1, crp and fibrinogen were
summed. Similarly for the metabolic allostatic load variable the risk
scores for hba1c, triglycerides and total cholesterol/hdl ratio were
summed. Finally for the cardiovascular allostatic load variable risk
scores for systolic blood pressure, diastolic blood pressure and pulse
were summed. The results of these computations were three variables
per wave (6 & 8) representing the allostatic load index across the im-
mune, metabolic and cardiovascular systems, each on a scale of 0–3.

A note for this index is that insulin-like growth factor 1 (IGF-1) is
often found to have roles in both the neuroendocrine and inflammatory
systems. For index construction in this analysis, IGF-1 was coded as a
marker of immune function along the guidelines of Juster et al. (2010).
See Table 1 for sex-specific cut-off scores and the function of each
marker by corresponding allostatic system.

2.1.3. Covariates
At waves 6 and 8 of ELSA, demographic factors were entered into the

structural equation models as dummy coded covariates; sex (“Male”,
“Female”), age ("Under 59", "60–64", "Over 65”), Ethnicity ("White",

"Non-White) and socio-economic classification ("Managerial & Profes-
sional", "Intermediate", "Routine&Manual"), in addition to employment
at wave 8 (“Yes”, “No”), hair treatment status (“Yes”, “No”) and wave of
nurse assessment for the split biomarker collection at waves 8/9 (“Wave
8”, “Wave 9”. Covariate inclusion was blocked into sociodemographic
characteristics and employment characteristics to check the robustness
of each model; fully covariate adjusted models are presented.

2.2. Analysis

To address the aims of this analysis, a multivariate regression was
conducted with cortisol as an independent variable and immune,
metabolic and cardiovascular allostatic load at waves 6 and 8 as
dependant variables. In this model, we pool variables collected at waves
8 and 9 of the nurse assessment as described in the user guide, and
control for any temporal effects using a wave marker (The English
Longitudinal Study of Ageing, 2024). The effects of hair treatments were
also statistically controlled for using binary flags, as were the effects of
wave 6 allostatic load on wave 8 allostatic load measures. This analysis
was then grouped by “no imbalance” and “imbalance” on the
effort-reward imbalance measure to compare the biological processes of
those who are in high-stress work to low-stress work. To compare sta-
tistical differences between groups, a Chi Square test of difference was
used to compare the covariate adjusted “free” model to a model in which
the intercepts and regressions were constrained to equality. To further
explore which regression pathways were significantly different between
groups the coefficients of the “free” model were sequentially constrained
to equality between groups. This series of constrained models were
compared to the “free” model via Chi Squared tests of difference.

As the allostatic load variables were ordinal, and cortisol was used as
a continuous variable, Weighted Least Squares with Mean and Variance

Table 1
Variables, cut points and functions of allostatic load biomarkers at waves 6 and 8 of the ELSA dataset.

System Variable (Units) Cut points Function (Juster et al., 2010)

Wave 6 Wave 8

Primary Mediator Hair-derived Cortisol
(pg/ml; trimmed to 2 cm, Log10)

​ ​ Expression of Glucocorticoid produced by
the adrenal glands. Functions as a
retrospective measure of cumulative HPA
activity over the preceding 2 months.

Immune (0¡3) Insulin-like growth factor 1*
(nmol/l; Log)

Male = <2.71
Female = <2.60

Male = <2.65
Female = <2.48

Protein produced in the liver. Functions as
a stimulator of cell growth

C-reactive protein
(mg/l; Log)

Male = >0.69
Female = >0.92

Male = >0.83
Female = >1.06

Protein synthesised in the liver. Promotes
inflammation due to chronic or acute
infection or injury.

Clauss fibrinogen
(g/l; Log)

Male = >1.10
Female = >1.16

Male = >1.22
Female = >1.25

Protein which synthesises fibrin. Functions
as a blood clotting factor to promote
coagulation.

Metabolic (0¡3) Glycosylated haemoglobin
(Hba1c)
(mmol/mol; Log)

Male = >3.71
Female = >3.74

Male = >3.71
Female = >3.70

Represents the amount glucose
concentration that haemoglobin has been
exposed to over multiple days.
A marker of undiagnosed or mismanaged
diabetes.

Triglycerides
(mmol/l; Log)

Male = >0.69
Female = >0.47

Male = >0.64
Female = >0.47

Glyceride which functions as a transporter
of dietary fat in the blood.

Total cholesterol/HDL ratio Male = >4.47
Female = >3.82

Male = >4.26
Female = >3.81

Ratio of HDL to total cholesterol. A
measure of lipids in the blood.

Cardiovascular (0¡3) Systolic blood pressure
(mmHg; Log)

Male = >4.96
Female = >4.91

Male = >4.95
Female = >4.94

Represents the maximal force exerted by
blood when the left ventricle is contracting
during systole.

Diastolic blood pressure
(mmHg; Log)

Male = >4.42
Female = >4.40

Male = >4.39
Female = >4.38

Represents the minimal force exerted by
blood when the left ventricle is contracting
during diastole.

Pulse
(beats per minute; Log)

Male = >4.12
Female = >4.05

Male = >4.14
Female = >4.14

A measure of heart rate.

Total Allostatic Load Index
Immune (0− 3)
Metabolic (0− 3)
Cardiovascular (0− 3)

N/A N/A Measure of physiological stress; “wear and
tear” on the body by allostatic system.

* Reverse Coded
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adjustments (WLSMV) was determined to be the most appropriate
estimator in the structural equation models generated. WLSMV is a
variation of Diagonally Weighted Least Squares (DWLS) which accounts
for non-normality by applying weights to observations based on the
mean and variance of the data distribution.

This sub-sample is primarily contingent on those present in the nurse
assessment of wave 6 with blood assay data available, as such the wave 6
blood sample weights were applied to the structural equation model.
Data cleaning and descriptive statistics were generated in R RStudio
2022.07.02 (R Core Team, 2022). The Lavaan package was used for
structural equation modelling (Rosseel, 2022). A statistical power
analysis was performed with the semPower package in r (Moshagen and
Erdfelder, 2016). The fully adjusted model has 63 degrees of freedom.
Results from an a-priori power analysis show that a sample size of 84 is
needed to obtain an 80 % power for detecting a model misspecification,
for RMSEA of at least.08 with 63 degrees of freedom. Both the full
sample analysis and sub-group analyses meet these power requirements.

3. Results

Table 2 shows means and standard deviations for hair cortisol and
systemic allostatic load (at baseline and follow-up), in addition to the
demographic covariates of sex, ethnicity, age and socio-economic clas-
sification, employment and follow-up and hair treatment status strati-
fied by level of ERI, and total.

3.1. RQ1: Do elevated hair cortisol levels predict an increased allostatic
load across the immune, metabolic and cardiovascular systems, both cross-
sectionally and at a lag of four years?

To address the first research question, a multivariate regression
analysis was carried out, using log10 transformed hair cortisol at wave 6
as a predictor of immune, metabolic and cardiovascular allostatic load at
waves 6 and 6 (cross-sectionally and at a follow-up of four years). In this
model, the time varying sociodemographic covariates of age group and
socio-economic classification were entered into the model. Sex and
ethnicity showed no variation across waves in this sample and were
treated as time-invariant.

Results of the multivariate regression analysis showed that higher
hair cortisol concentrations predict an increased level of immune allo-
static load and cardiovascular allostatic load cross sectionally. Higher
hair cortisol concentrations also predicted a higher metabolic allostatic
load at a lag of 4 years. This structural equation model showed good
model fit (Comparative fit index; CFI = 1.00, Tucker-Lewis Index; TLI =
1.00, Root Mean Square Error of Approximation; RMSEA = 0.00, Stan-
dardized Root Mean Square Residual; SRMR = 0.03). See Fig. 2 for a
path diagram for hair cortisol as a predictor of systemic allostatic load
cross-sectionally at and a lag of four years. Please see appendix item A
for the key total group model parameters.

3.2. RQ2: Will there be a significant difference in the associations between
hair cortisol and allostatic load by level of effort-reward imbalance?

To address the second research question, a multi-group moderation
analysis was carried out by level of ERI (using the median value of 0.83
as a sample-specific cut-point). In the high-stress group, an increase in
hair cortisol concentration was found to cross-sectionally predict an
increase in immune allostatic load (est.std 0.18, (0.05, 0.30), p < 0.05)
and cardiovascular allostatic load (est.std 0.27, (0.14, 0.40), p < 0.001).
An increase in hair cortisol concentration at wave 6 was also found to
predict an increased metabolic allostatic load at wave 8, across a gap of
four years (est.std 0.16, (0.05, 0.26), p < 0.05). For the low-stress
groups, none of the regression pathways between cortisol and sys-
temic allostatic load were statistically significant. The multi-group
model also showed good model fit (CFI = 1.00, TLI = 1.08, RMSEA =

0.00, SRMR = 0.03). See Table 3 for a comparison of parameters

Table 2
The distribution of allostatic load by system and demographic covariates at
waves 6 and 8 in the ELSA dataset by level of effort-reward imbalance.

Variable Dimension/
Category

Low ERI
(<0.83)

High ERI
(>0.83)

Total

Total n (n = 184) (n = 227) (n =

411)

Hair-derived
Cortisol

Wave 6 ​ ​ ​

Mean (SD) Trimmed to
<660 pg/ml

25 (72) 21 (70) 23 (71)

Trimmed to
<660 pg/ml, Log 10

0.86
(0.55)

0.78
(0.53)

0.82
(0.54)

Allostatic Load Wave 6 ​ ​ ​
Mean (SD) Immune 0.80

(0.89)
0.91
(0.91)

0.86
(0.90)

Metabolic 0.99
(1.06)

1.02
(0.98)

1.01
(1.02)

Cardiovascular 0.87
(1.00)

0.88
(1.00)

0.87
(1.04)

Wave 8 ​ ​ ​
Immune 0.83

(0.90)
0.84
(0.90)

0.84
(0.90)

Metabolic 1.10
(1.10)

1.10
(1.10)

1.06
(1.05)

Cardiovascular 0.97
(1.03)

0.89
(0.99)

0.93
(1.00)

Sex Male 75 (41 %) 73 (32 %) 148
(36 %)

Freq (%) Female 109
(59 %)

154
(68 %)

263
(64 %)

Ethnicity White 177
(96 %)

220
(97 %)

397
(97 %)

Freq (%) Non-White 7 (4 %) 7 (3 %) 14
(3 %)

Age Group Wave 6 ​ ​ ​
Freq (%) 59 & Under 53 (29 %) 109

(48 %)
162
(39 %)

60–64 93 (51 %) 93 (41 %) 144
(35 %)

65 & Over 38 (21 %) 25 (11 %) 105
(26 %)

Mean (SD) 61 (5.10) 60 (5.00) 60
(5.09)

Wave 8 ​ ​ ​
59 & Under 13 (7 %) 26 (11 %) 39

(10 %)
60–64 84 (46 %) 134

(59 %)
160
(39 %)

65 & Over 87 (47 %) 67 (30 %) 212
(52 %)

Mean (SD) 65 (5.10) 64 (5.00) 64
(5.13)

Socio-Economic
Classification

Wave 6 ​ ​ ​

Freq (%) Managerial &
Professional

84 (46 %) 85 (37 %) 169
(41 %)

Intermediate 55 (30 %) 55 (24 %) 110
(27 %)

Routine & Manual 45 (24 %) 87 (38 %) 132
(32 %)

Wave 8 ​ ​ ​
Managerial &
Professional

78 (42 %) 77 (34 %) 155
(38 %)

Intermediate 61 (33 %) 56 (25 %) 117
(28 %)

Routine & Manual 45 (24 %) 94 (41 %) 139
(34 %)

Employment
Status

Wave 8 ​ ​ ​

Freq (%) Yes 97 (53 %) 133
(59 %)

230
(56 %)

No 87 (47 %) 94 (41 %) 181
(44 %)

Hair Treatment Wave 6 ​ ​ ​
Freq (%) Yes 4 (2 %) 8 (3 %) 12

(3 %)
No 180

(98 %)
219
(97 %)

399
(97 %)

* Reverse Coded
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between high and low ERI groups. Please see appendix item B for the key
multi-group model parameters.

To assess the level of overall difference between groups, a scaled Chi-
Square difference test was conducted to compare the free model to a
nested constrained model in which the intercept and regression path-
ways were equal between groups using the Satorra-Bentler method
(Satorra, 2000).

Results showed a significant difference between the free model (χ2 =
91.2, df = 126) and the constrained model (χ2 = 196.8, df = 186). In
other words, a scaled χ2 difference of 97.4 on a degrees of freedom
difference of 60 was statistically significant (p < 0.05). Results indicate
that model coefficients vary significantly between groups, and so further

multi-group comparisons can be carried out.
To explore the extent to which regression coefficients differ between

those in high and low-stress work, we computed a series of six structural
equation models, in each of which the regression pathways between hair
cortisol and the six allostatic load outcomes (three per timepoint) were
sequentially constrained and the models were re-fitted. Each of these
models were compared to the baseline free model in order to determine
which regression pathways were significantly different between groups.

Between groups comparison revealed that the paths between cortisol
and immune allostatic load, and cortisol and cardiovascular allostatic
load differed significantly between groups. Please see Table 4 for multi-
group model comparisons.

Fig. 2. Path diagram for hair cortisol and immune, metabolic and cardiovascular dysregulation. Standardised path estimates and 95 % confidence intervals (in
parentheses) are shown.

Table 3
Standardised coefficients for cortisol and allostatic load.

Total Sample High Effort-Reward Imbalance Low Effort-Reward Imbalance

Outcome Predictor label est.
std

p * 95 %
CI

est.
std

p * 95 %
CI

est.
std

p * 95 %
CI

lower upper lower upper lower upper

Immune
(Wave 6)

Hair
Cortisol
(Wave 6)

a1t1 0.08 0.13 ​ − 0.02 0.18 ​ 0.18 0.00 *** 0.05 0.30 − 0.09 0.22 ​ − 0.24 0.06

Metab
(Wave 6)

Hair
Cortisol
(Wave 6)

a2t1 0.05 0.31 . − 0.05 0.16 ​ 0.10 0.15 ​ − 0.04 0.25 − 0.06 0.45 ​ − 0.20 0.09

Cardio
(Wave 6)

Hair
Cortisol
(Wave 6)

a3t1 0.18 0.00 *** 0.09 0.28 ​ 0.27 0.00 *** 0.14 0.40 0.04 0.61 ​ − 0.11 0.18

Immune
(Wave 8)

Hair
Cortisol
(Wave 6)

a1t2 − 0.08 0.06 . − 0.15 0.00 ​ − 0.08 0.16 ​ − 0.20 0.03 − 0.07 0.28 ​ − 0.17 0.04

Metab
(Wave 8)

Hair
Cortisol
(Wave 6)

a2t2 0.10 0.01 ** 0.03 0.18 ​ 0.16 0.00 *** 0.05 0.26 0.07 0.23 ​ − 0.04 0.18

Cardio
(Wave 8)

Hair
Cortisol
(Wave 6)

a3t2 0.08 0.07 ​ − 0.01 0.16 ​ 0.09 0.08 ​ − 0.01 0.19 0.02 0.81 ​ − 0.12 0.15

Note: est.std= standardised path estimate (variables are standardised to have a variance of 1), se= standard error, p= p value,. p< 0.10,* p< 0.05; ** p< 0.01; *** p
< 0.001, ci = 95 % confidence intervals; Immune = Immune allostatic load; Metab = Metabolic allostatic load; Cardio = Cardiovascular allostatic load.
Covariates: sex (Male; Reference group=Female), age (Under 59; 60–64; Reference group=Over 65), ethnicity (White; Reference group="Non-White), socio-economic
classification (Managerial & Professional; Intermediate; Reference group="Routine & Manual"), employment at wave 8 (Yes; Reference group=“No”) and hair
treatment status (Reference group=Yes; No).
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4. Discussion

Results of modelling provide some evidence that the “tipping point”
between an adaptive and a maladaptive stress response is tied to the
ability of the HPA axis to modulate the cardiovascular system. This
analysis provides two main contributions to the field. Firstly, we
establish elevated hair-derived cortisol as a predictor of a higher im-
mune and cardiovascular allostatic load cross-sectionally, and an
elevated metabolic allostatic load at lag of four years. Secondly, we
provide evidence that these allostatic temporal mechanisms are
moderated by level of job quality: high vs low effort reward imbalance.
We found that for individuals in low-quality, high-stress jobs, hair
cortisol concentration predicted immune and cardiovascular allostatic
load cross-sectionally, and metabolic allostatic load at a gap of four
years. However, for those in high-quality, low-stress employment,
cortisol was not associated with systemic allostatic load at any time-
point. Further, while we identified significant differences between the
high and low-stress groups for elevated levels of cortisol as a predictor of
immune and cardiovascular allostatic load cross-sectionally.

4.1. Glucocorticoids & The Cardiovascular System

Elevated levels of cortisol showed the strongest association with
higher levels of cardiovascular allostatic load cross sectionally. Recent
review has found that cortisol production has shown repeated associa-
tion with cardiovascular measures (Iob and Steptoe, 2019); this rela-
tionship may be explained when considering that glucocorticoids are
directly implicated in the maintenance of vascular tone, blood pressure
and pulse rate through the sympathetic and parasympathetic pathways
(adaptation to a stressor and return to resting respectively; McEwen,
2005). It is the set-point adjustment of these pathways that can lead to
the persistence of metabolic strain (via the extended production of
glucocorticoids) and consequently, cardiovascular disease (i.e. elevated
blood pressure and consequent hypertension; Iob and Steptoe, 2019;
Burford et al., 2017). Cardiovascular dysregulation is not seen longitu-
dinally, which may be explained by the inherent state-variability of
cardiovascular measures; heart rate and blood pressure are more closely
related to the external environment and perhaps become less
“embedded” than immune and metabolic markers (Thielmann et al.,
2021). In sum, cardiovascular allostatic may act as strong, early indi-
cator of subsequent poor health.

4.2. The Accumulation of the Metabolic Syndrome

The significant association found between higher cortisol concen-
trations and metabolic dysregulation falls in line with key literature,
which has found a longitudinal dose-response relationship between
exposure to chronic stress and risk of metabolic syndrome (a grouping of
metabolic risk factors which has been found to precede an increased risk

of heart disease and type 2 diabetes; Chandola et al., 2006). This analysis
corroborates previous literature by finding an association between
cortisol and metabolic dysregulation over a lag of four years. Findings
suggest that the metabolic syndrome persists and significantly increases
over time as a result of elevated cortisol levels (Jackson et al., 2017).
Higher cortisol levels can lead to the dysregulation of glucose meta-
bolism, resulting in an increase of HbA1c levels (Joseph et al., 2015;
Sapolsky, 2004). Additionally, an elevated level of cortisol in the blood
as stimulate the release of fatty acids from adipose tissue, resulting in a
raised level of triglycerides and the suppression the production of HDL
cholesterol, increasing the ratio of HDL to total cholesterol in the blood
over time (McEwen, 2007; Iob and Steptoe, 2019). We do not find evi-
dence of an association between cortisol and metabolic markers
cross-sectionally, which dovetails with previous research to suggest that
it takes time to see the effects of chronic stress in the dysregulation of
metabolic markers (Chandola et al., 2006). These findings provide evi-
dence of a longitudinal, cumulative association between hair cortisol
and markers of the metabolic syndrome, with a dysregulated HPA axis
being implicated in the persistence and later dysregulation of metabolic
systems over time.

4.3. The HPA Axis & Immunomodulation

In the high-stress group, elevated hair cortisol concentrations
showed significant direct association with a higher level of immune
allostatic load cross sectionally. While the coefficients for this associa-
tion at a lag of four years did not meet the threshold for statistical sig-
nificance, results may still warrant interpretation. Explanation of these
findings can be found in immunomodulatory effects of cortisol, as
elevated cortisol levels have been found to stimulate the production of
pro-inflammatory cytokines (Glaser and Kiecolt-Glaser, 2005). Howev-
er, when examining immune dysregulation at follow-up (four years
later), the association between cortisol levels and immune dysregulation
was negative. This temporal switch from an elevated immune allostatic
load to a lower immune allostatic load may be explained when consid-
ering that the adaptive elevation of immune function will slowly return
to normal operating ranges, and in the presence of a chronic stressor can
overshoot and fall to 40–60 % of baseline (Sapolsky, 2004). Over time,
repeated exposure to stressors can lead to a less responsive HPA axis, a
consequence of which is a desensitisation of the immune system to stress
signals, leading to an inhibited production of IGF1, CRP and fibrinogen
and a blunted immune response (Iob and Steptoe, 2019). Future
research might focus on potential differences between pro and
anti-inflammatory cytokines for a greater visibility on the temporality of
immune dysregulation.

4.4. The Physiological Difference Between High and Low-Quality Work

The second arm of this analysis focussed on a comparison of
between-group differences for those in high-stress and low-stress work;
poor and good quality employment. When comparing high and low-
stress groups, we find similar patterns of cardio-metabolic dysregula-
tion in the high-stress group, but for the low stress group cortisol was not
associated with any form of allostatic load. We find evidence that the
only pathways which may differ between those in high and low-stress
employment are those of the cardiovascular and immune systems
cross-sectionally. These findings may be explained by previous litera-
ture, which identified that more recent experiences of effort reward
imbalance are associated with a higher allostatic load index (Coronado
et al., 2018). Taken together, these findings reveal that allostatic load
may be more variable, more tied to recent exposures to (work) stressors
and potentially more open to amelioration via intervention than is
supposed by the standard epidemiological model of accumulation
(Ben-Shlomo and Kuh, 2002). The accumulation of an allostatic load
may be a slower drift towards cardiovascular and metabolic risk which
accumulates in an adaptive temporal sequence. These findings

Table 4
Aggregated Results for Sequential, Nested, Scaled Chi-Squared Tests of
Difference.

Model Constraint df χ2 χ2 Diff P - value

1 Free Model 126 91.2 ​ ​ ​
Immune Wave 6 127 98 6.60 0.01 **

2 Free Model 126 91.2 ​ ​ ​
Metabolic Wave 6 127 93.5 2.15 0.14 ​

3 Free Model 126 91.2 ​ ​ ​
Cardiovascular Wave 6 127 95.7 4.96 0.03 *

4 Free Model 126 91.2 ​ ​ ​
Immune Wave 8 127 91.2 0.04 0.89 ​

5 Free Model 126 91.2 ​ ​ ​
Metabolic Wave 8 127 91.7 1.35 0.25 ​

6 Free Model 126 91.2 ​ ​ ​
Cardiovascular Wave 8 127 91.5 0.64 0.42 ​

= p = <0.10; * = p = 0.05; ** = p < 0.01
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emphasise the importance of early, tailored occupational health inter-
vention which should be implemented before markers of primary dys-
regulation (i.e. cortisol and cardiovascular markers) become embodied
within the metabolic system, at which point intervention may be more
difficult.

For participants in low-stress work, cortisol was not significantly
associated with systemic allostatic load measures at either timepoint.
This lack of association may indicate that, for those in low-stress work,
the HPA axis is not dysregulated, and so does not drive the accumulation
of systemic allostatic load as seen in the high-stress group. It may also be
important to consider that descriptively, both the high and low ERI
groups showed similar levels of hair cortisol, indicating that it may not
necessarily be the total level of cortisol expressed which is associated
with a higher allostatic load, but how cortisol as a marker of HPA axis
activity is associated with function across other bodily systems.

Further context might be added to these findings when considering
wider employment patterns. For example, recent findings from Chan-
dola and Zhang (2018) establish that those who transition into poor
quality work from unemployment have higher levels of allostatic load
than those who remain unemployed, but also that those who transition
into good quality employment have lower levels of allostatic load than
those who remain unemployed. The prevailing theme across recent
literature is that good quality employment (i.e. employment with a
favourable effort-reward balance) can be associated with positive
health; just as poor-quality work is associated with poor health, so too is
good quality work associated with good health.

4.5. Implications and limitations

The findings of the present analysis highlight the role of prolonged
activation of the HPA axis as a predictor of later allostatic load. We
highlight the theoretical role of the cardiovascular system, which
potentially acts as a strong early indicator of allostatic dysregulation and
disease. These findings might help to direct future intervention; the
integration of low burden cardiovascular measures, coupled with robust
psychometric scales of work stress may help to identify those who are
not only experiencing low psychosocial quality work, but those whomay
have the highest risk for poor health outcomes as a consequence.
However, it is of note that the state variability of cardiovascular mea-
sures may be confounded by concurrent stressors (such as a nurse
assessment). As such, a further investigation into measures of both
cardiovascular and autonomic nervous system activity is warranted,
with current research indicating that heart-rate variability may be an
important marker of an individual’s (in)ability to return to a resting
state following exposure to a stressor (Thielmann et al., 2021).

There are a number of limitations to this analysis, chief among them
the restricted sample. The analytical sample in this study is comprised of
older, majority white participants; this limitation is compounded by the
selective attrition seen in nurse visit waves of survey data collection.
Survey weighting was applied to account for these issues, but the gen-
eralisability of these results to other demographic groups remains
limited. A limitation noted in Jackson et al. (2017) is that it is not
possible to account for the pharmacological effects of (predominantly
steroid) medications which may influence levels of cortisol expression.
We chose to log transform hair derived cortisol for the simplicity of the
model and power limitations; however, recent findings highlight that a
quantile regression approach has been beneficial for cortisol analysis to
increase visibility on how different cortisolemic profiles are associated
with psychosocial job quality and allostatic load (Chandola et al., 2023).
We do not compare the significance of paths for demographic and
control variables; as we do not detect a significant difference between
groups for the main effects of cortisol on allostatic load, there may be
socio-demographic differences present which we do not test for. We do
not account for the impact of major life events; further research is
needed to understand the impact of life events on cortisol expression and
subsequent health outcomes. We also do not account for behavioural

pathways such as diet and exercise which have both shown repeated
ameliorating effects between stressful exposures and health outcomes. It
is also important to note the small number of respondents who had a hair
treatment which may affect cortisol measurement. Sensitivity analyses
without these respondents revealed no differences and so these partic-
ipants were retained for analysis and hair treatment was statistically
controlled for.

5. Conclusion

In summary, the present study provides evidence that chronically
elevated hair cortisol concentration is positively associated with im-
mune and cardiovascular dysregulation cross-sectionally, and an
elevated metabolic dysregulation at a lag of four years. Multi-group
comparisons revealed an overall difference in the relationships be-
tween HPA axis activity and the accumulation of an allostatic load for
those in high versus low-stress employment. We highlight the differ-
ences seen between cortisol and both immune and cardiovascular dys-
regulation cross-sectionally, which may indicate that work stress and
allostatic load are more closely, temporally related than previously
thought.
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