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Abstract

Background

Type 2 diabetes is associated with significant morbidity and mortality. Modifiable risk factors
have been found to contribute up to 60% of type 2 diabetes risk. However, type 2 diabetes
continues to rise despite implementation of interventions based on traditional risk factors.
There is a clear need to identify additional risk factors for chronic disease prevention. The
aim of this study was to examine the relationship between perceived stress and type 2 dia-
betes onset, and partition the estimates into direct and indirect effects.

Methods and findings

Women born in 1946-1951 (n = 12,844) completed surveys for the Australian Longitudinal
Study on Women’s Health in 1998, 2001, 2004, 2007 and 2010. The total causal effect was
estimated using logistic regression and marginal structural modelling. Controlled direct
effects were estimated through conditioning in the regression model. A graded association
was found between perceived stress and all mediators in the multivariate time lag analyses.
A significant association was found between hypertension, as well as physical activity and
body mass index, and diabetes, but not smoking or diet quality. Moderate/high stress levels
were associated with a 2.3-fold increase in the odds of diabetes three years later, for the
total estimated effect. Results were only slightly attenuated when the direct and indirect
effects of perceived stress on diabetes were partitioned, with the mediators only explaining
10—20% of the excess variation in diabetes.

Conclusions

Perceived stress is a strong risk factor for type 2 diabetes. The majority of the effect estimate
of stress on diabetes risk is not mediated by the traditional risk factors of hypertension,
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physical activity, smoking, diet quality, and body mass index. This gives a new pathway for
diabetes prevention trials and clinical practice.

Introduction

Diabetes is associated with significant morbidity and mortality, and contributes substantially
to healthcare expenditure. Diabetes is projected to affect 552 million people by 2030, almost
tripling in prevalence since 2011 [1]. Type 2 diabetes, characterised by insulin resistance,
accounts for approximately 96% of all diabetes cases in adults aged over 25 [2]. It has been esti-
mated that as much as 60% of type 2 diabetes disease risk is due to modifiable environmental
factors including obesity, physical inactivity, diet quality, smoking, hypertension and abnor-
mal cholesterol levels [3]. Despite the implementation of interventions based on these tradi-
tional risk factors, the incidence of diabetes continues to rise. Identifying additional factors
that contribute to increased risk is of public health significance.

Increasingly, psychological stress is being explored as a risk factor for chronic conditions,
such as cardiovascular disease and arthritis [4]. Diabetes and cardiovascular disease share
some of the same causal pathways, hence there is logic in testing the relationship between
stress and diabetes. Pathophysiological mechanisms linking stress to diabetes have included
direct neuroendocrine effects (e.g. the fact that stress hormones such as cortisol and adrenaline
are counter-regulatory to insulin), and indirect effects mediated by traditional risk factors (e.g.
stress may reduce the likelihood of exercising) [5, 6].

When psychological stress, particularly work stress, has been examined as a risk factor for
type 2 diabetes in epidemiological research, the findings have been equivocal [7, 8]. A Swedish
study of men born 1921-1925 found that chronic stress (related to home and work) for one to
five years prior to baseline was associated with a 45% increase in the risk of being diagnosed
with either type 1 or type 2 diabetes (assessed using hospital records) at 35 year follow-up [9].
Likewise, Kato et al.[10] found that baseline perceived stress was associated with an increased
risk of diabetes onset at ten-year follow-up in a Japanese cohort of men and women aged 40-69
years. On the other hand, an Australian study of men and women aged 25 years and over at
baseline, recently found that high levels of perceived stress (as opposed to stressful life events)
were associated with abnormal glucose metabolism over a five year period for women but not
men [6]. Therefore, the way in which stress is measured, in particular the timing of exposure
and the error involved, may be pivotal to understanding the stress and diabetes relationship. To
our knowledge, no studies have examined the temporal relationship between perceived stress
and type 2 diabetes, using repeated measures of stress. We account for the variation in perceived
stress, as well as traditional risk factors, over time and at a population level. This study aims to:

1. examine the relationship between perceived stress and type 2 diabetes onset in a broadly
representative cohort of middle-aged women over a 12-year period;

2. partition the total effect estimate of stress on diabetes into direct and indirect effects using
mediation analysis.

Materials and methods
Overview of study design

This study included data from the 1946-1951 cohort of the Australian Longitudinal Study on
Women’s Health, a national population-based study of physical, psychological, environmental
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and economic factors in Australian women. Women were randomly sampled through the
Medicare Australia database, except women from rural and remote areas sampled at twice the
rate as those from urban areas to provide adequate statistical power for comparisons to be
made by area. Through comparisons with national census data the cohort has been deemed
largely representative of the population of women in this age group [11]. Written informed
consent was obtained from each person at each survey. This project has ongoing clearance
from the University of Queensland and University of Newcastle’s Human Research Ethics
Committees.

Participants

This analysis focused on women from the 1946-1951 cohort who completed surveys in 1998
(Survey 2), 2001 (Survey 3), 2004 (Survey 4), 2007 (Survey 5) and 2010 (Survey 6). Survey 2
was set as the baseline for consistency in variable measurement. Of the 13,715 women who
responded to the initial invitation in 1996, 12,338 (90%) completed Survey 2 when aged 47-52
years, with 10,011 (73%) remaining in the cohort at Survey 6 (aged 59-64 years). The longitu-
dinal analysis related to 12,844 (94% of the original cohort) women who provided at least one
data point at either Survey 2, 3, 4, 5 or 6, and did not report type 1 diabetes (n = 17).

Causal model expressed as a directed acyclic graph

The causal model being tested in this study is articulated using the directed acyclic graph in
Fig 1. The directed acyclic graph shows the main exposure (stress) and the main outcome
(type 2 diabetes). Socioeconomic status and age both affect stress and diabetes and hence are
considered confounders since they provide a “back-door path” between the outcome and the
exposure. Perceived stress can influence smoking, hypertension, physical activity and body
mass index, either directly or indirectly, all of which can then influence the risk of diabetes;
these are therefore considered potential mediators.

Once the longitudinal nature of the study is taken into account, the causal web can get quite
complicated (S1 Fig). In particular, the addition of the longitudinal dimension means that
some mediators can now become confounders. In our case, stress at one point can influence
physical activity at the next point, which in turn can influence stress again (visualised in S2
Fig). Logistic regression models cannot adequately handle this situation where a variable can
be both a confounder (in which case it must be adjusted for) and a mediator (in which case
adjusting for it would remove some of the effect we are trying to capture). For these cases, mar-
ginal structural models must be used.

Measures

Unless otherwise stated, the following variables were measured at all surveys.

Outcome: Type 2 diabetes. Type 2 diabetes was defined as self-reported diagnosis or
treatment for diabetes (excluding type 1) in the previous three years. Self-reported diabetes sta-
tus has been found to be a reliable proxy for medical record review, particularly for women
[12]. Impaired glucose tolerance is on the biological pathway to development of diabetes.
Hence a sensitivity analysis was conducted where type 2 diabetes was defined as self-reported
diagnosis/treatment for diabetes in the previous three years or diagnosis/treatment for
impaired glucose tolerance at Surveys 3-6.

Predictor: Perceived stress. Women were asked to rate how stressed they had felt across
ten life domains (including money and personal relationships) within a 12 month period on a
five point scale from ‘not stressed at all’ to ‘extremely stressed’. Mean scores were aggregated
into ‘no stress’ (mean score of 0), ‘minimal stress’ (scores >0 and <1) and ‘moderate/high

PLOS ONE | DOI:10.1371/journal.pone.0172126  February 21, 2017 3/13



. ©®
@ : PLOS ‘ ONE Causal modelling of stress and incident diabetes

Fig 1. Simplified Directed Acyclic Graph showing hypothesised causal mechanism between perceived stress and type 2 diabetes taking into
account potential confounders and mediators. According to the DAG, perceived stress (measured at Survey 2) may be mediated through physical
activity, diet quality (or BMI instead of diet), hypertension and smoking status and confounded by age and socioeconomic status (i.e. highest educational

qualification).
doi:10.1371/journal.pone.0172126.9001
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stress’ (scores >1). This method of classification has been previously adopted to examine dis-
ease onset in other chronic conditions [4, 13]. This measure of perceived stress has demon-
strated acceptable internal consistency (Cronbach’s alpha = 0.70) for the 1946-1951 cohort
[14] and convergent and discriminant validity [15, 16]. For reference, Cronbach’s alpha coeffi-
cient for internal reliability was comparable with the commonly used 14-item Perceived Stress
Scale (alpha = 0.75) [17].

Confounder variables. Age in years was determined from date of birth. Highest educa-
tional qualification was used as a measure of socioeconomic status.

Mediator variables. Hypertension was defined as self-reported diagnosis or treatment for
the condition in the previous three years.

Physical activity was derived from Active Australia’s National Activity Survey (based on the
frequency and duration of leisure-time activity lasting ten minutes or more in the last week).
Weekly minutes were assigned a resting metabolic rate (MET) equivalent and were categorised
as ‘no/low’ (<600 MET mins/week) and ‘moderate/high’ (>600 MET mins/week) [18].

Diet quality was assessed at Survey 3 (2001) and Survey 5 (2007) using the Australian Rec-
ommended Food Score method [19], which allocates points for foods and beverages that are
consistent with national dietary recommendations. Higher scores indicate better diet quality:
higher dietary fibre, lower total and saturated fat, and higher micronutrient intakes [19]. For
these analyses, diet scores were ranked as quintiles.

Smoking was categorised as ‘non-smoker’, ‘ex-smoker’ and ‘current smoker’ when exam-
ined as a predictor and as ‘non-smoker’, ‘ex-smoker/current smoker’ when examined as a
mediator variable.

Body Mass Index (BMI) was used in sensitivity analyses instead of diet quantity. BMI was
calculated for each participant from self-reported height and weight, categorised as: ‘under-
weight’ (<18-5m?), ‘healthy’ (18-5-24-99m?), ‘overweight’ (25-29-99m?) and ‘obese’ (>30m?).

Statistical analysis

Chi-square analyses (for categorical variables) and independent t-tests (for continuous vari-
ables) were used to examine sociodemographic differences according to type 2 diabetes status
by Survey 6.

Estimating the total causal effects of perceived stress on type 2 diabetes. Associations
between perceived stress and each of the hypothesised mediators (physical activity, diet quality,
hypertension and smoking status) were examined using logistic regression (or ordinal logistic
regression for diet quintiles), adjusting for potential confounders (age and education). Clus-
tered robust variances were used to account for the repeated measurement on participants
over time. Associations between each of the mediators and diabetes were then examined using
separate pooled logistic regression models. Finally, the total causal effect estimate of perceived
stress was examined using pooled logistic regression. Data were censored at type 2 diabetes
diagnosis or the end of the observation period, whichever occurred first. Physical activity was
identified as time varying: that is, depending on time it could be either affected by perceived
stress (i.e. act as a mediator), or a confounder of the relationship between perceived stress and
diabetes (S2 Fig). Therefore, a sensitivity analysis using marginal structural models to account
for the effects of physical activity was performed. Marginal structural models were constructed
with inverse probability of treatment weighting, where the weights were derived and used to
circumvent the necessity to adjust for the time varying confounder. In short, inverse probabil-
ity of treatment weighting “balances” the stress levels across prior physical activity levels such
that the stress levels at each wave are not related to physical activity at previous waves. This is
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achieved by either up-weighting or down-weighting those with physical activity histories that
are under-represented (or over-represented) in their current stress level.

Estimating the controlled direct effects of perceived stress on type 2 diabetes. Con-
trolled direct effects were estimated by setting the mediator to a fixed level (through condition-
ing in the regression model), thereby controlling for the effects of perceived stress on the
mediator. We calculated the fraction of the total effect explained by the mediators with 95%
confidence intervals (95%CI) using a bootstrapping method (with 200 replications).

Models were constructed with and without a time lag (i.e. one survey or three years) at both
a univariate and multivariate level (i.e. adjusting for confounders identified using a directed
acyclic graph; see Fig 1 for a simplified model of hypothesised pathways and S1 Fig for the
complete causal model). This method allowed for the examination of a temporal sequence (i.e.
to allow for cause and effect) between perceived stress and type 2 diabetes onset, with psycho-
logical stress having to precede type 2 diabetes diagnosis [20].

As impaired glucose functioning is a key factor in type 2 diabetes [21], a sensitivity analysis
was conducted with the diabetes category including women who reported either a diagnosis of
glucose intolerance or type 2 diabetes. This approach accounted for women who may be symp-
tomatic but had not yet been diagnosed with type 2 diabetes.

Statistical significance was set at p<0.05. All statistical analyse were conducted using Stata
v13 (StataCorp, College Station, TX, USA).

Results
Sample characteristics

In 1998 (Survey 2; baseline in this study), 477 (3.7%) women reported a diagnosis of type 2 dia-
betes and were censored. By 2010 (Survey 6), 6.8% (n = 871) of women reported an incident
diagnosis of type 2 diabetes. Sociodemographic characteristics for women with incident type 2
diabetes by Survey 6 compared to women without type 2 diabetes are shown in Table 1.

Direct and indirect effect estimates of stress on incident diabetes

Partitioning the effect estimates of stress on diabetes allows us to quantify the total effect, and
divide this into an indirect effect, mediated through known variables, and a direct effect,
which as the name implies, represents either a direct effect on diabetes or an effect through as
yet unknown variables. We build up the model for the total effect of stress on diabetes by: first
exploring the relationship between stress and known mediators; then the relationship between
the known mediators and diabetes; and finally, by looking at the multivariate model.

Longitudinal associations between perceived stress and mediators. Table 2 shows the
longitudinal relationship between perceived stress and the hypothesised mediators. As the
models produced with and without a time lag were similar, only the results from the time lag
models are reported here. A graded relationship was found between perceived stress and all
mediators in the multivariate analyses. In particular, experiencing moderate/high levels of per-
ceived stress was associated with a 1.61-fold increase in the odds ratio (OR) of having ever
smoked (95%CI 1.42, 1.83; P<0.001), and a 1.67-fold increase in having been diagnosed or
treated for hypertension (95%CI 1.46, 1.90; P<0.001). Further, women reporting moderate/
high levels of perceived stress reported lower diet quality (OR 0.79, 95%CI 0.71, 0.88; P<0.001)
and lower physical activity (OR 0.61, 95%CI 0.55, 0.68; P<0.001) compared to women with no
stress.

Longitudinal associations between mediators and type 2 diabetes. In the time lagged
multivariate analyses, a significant association with diabetes was found for both hypertension
and physical activity (Table 3). Compared to women without hypertension, the presence of
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Table 1. Comparison of sociodemographic characteristics between women with incident type 2 diabetes compared with women without a diagno-
sis of type 2 diabetes over the observation period.

Characteristic Type 2 Diabetes (n = 871) No Type 2 Diabetes (n = 11,496) PValue
Age (years, mean + SD) 49.6+1.5 495+1.5 0.703
n (%) n (%)
Marital status
Partnered® 617 (73.5) 7,914 (77.9) 0.003
Unpartnered® 223 (26.6) 2,245 (22.1)
Educational attainment®
Tertiary/post graduate 87 (10.1) 1,682 (14.8) <0.001
Trade/diploma 118 (13.7) 2,291 (20.1)
School/ higher school certificate 424 (49.3) 5,545 (48.6)
No formal 231 (26.9) 1,882 (16.5)
Area of residence
Major city 309 (37.0) 3,867 (38.2) 0.288
Inner regional 332 (39.7) 4,107 (40.6)
Outer regional 160 (19.1) 1,832 (18.1)
Remote/very remote 35 (4.2) 314 (3.1)
Income management
Impossible/difficult all the time 166 (21.0) 1,193 (12.4) <0.001
Difficult some of the time 224 (28.3) 2,169 (22.6)
Not too bad/easy 402 (50.8) 6,246 (65.0)

& Married or cohabitating
b Separated, divorced, widowed or never married
® Measured at Survey 1

doi:10.1371/journal.pone.0172126.t001

hypertension was associated with a 2.63-fold (95%CI 2.28, 3.04; P<0.001) increase in odds of
reporting type 2 diabetes at the next survey (i.e. three years). Likewise, women who reported
low levels of physical activity (compared to those with moderate or high levels) were 1-54
times more likely to report type 2 diabetes at the next survey (95%CI 1.33, 1.79; P<0.001). No

Table 2. Longitudinal associations between perceived stress and hypothesised mediators using a time lag approach. Each analysis is adjusted for
the potential confounders of SES (measured by educational attainment) and age, as well as secular trends (time by survey).

Variable Stress — Diet Stress — Smoking® Stress — Hypertension | Stress — Physical activity
OR (95%Cl) P Value |OR (95%Cl) P Value |OR (95%Cl) P Value |OR (95%Cl) P Value

Perceived stress

No stress 1.00 1.00 1.00 1.00

Minimal stress 1.00(0.91,1.09) | 0.930 | 1.25(1.13,1.38) | <0.001 | 1.25(1.12,1.39) | <0.001 | 0.76(0.69,0.82) | <0.001

Moderate/high stress 0.79(0.71,0.88) | <0.001 | 1.61(1.42,1.83) | <0.001 | 1.67(1.46,1.90) | <0.001 | 0.61(0.55,0.68) | <0.001
Educational attainment

Tertiary/post graduate 1.00 1.00 1.00 1.00

Trade/diploma 1.04 (0.95,1.15) | 0.417 | 1.23(1.08,1.40) | 0.002 | 1.14(1.00,1.30) | 0.060 | 0.91(0.83,1.00) | 0.061

School/ higher school certificate | 0.80 (0.73, 0.87) | <0.001 | 1.13(1.00,1.25) | 0.038 | 1.32(1.17,1.48) | <0.001 | 0.75(0.69, 0.81) | <0.001

No formal 0.53(0.48,0.59) | <0.001 | 1.54(1.34,1.77) | <0-001 | 1.47(1.28,1.69) | <0.001 | 0.51(0.46,0.57) | <0.001
Age (per year) 1.02 (1.00, 1.04) | 0.034 | 0.99(0.97,1.02) | 0.480 | 1.07(1.04,1.09) | <0.001 | 1.01(0.99,1.03) | 0.576
Time (per survey) 0.94(0.88,1.00) | 0.037 | 1.03(0.96,1.12) | 0.412 | 1.01(0.93,1.09) | 0.892 | 1.14(1.07,1.21) | <0.001
8As smoking status was treated as an outcome, for this analysis it was categorised as ‘non-smoker’ and ‘ex-smoker/smoker’.
doi:10.1371/journal.pone.0172126.t1002
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Table 3. Longitudinal associations between the hypothesised mediators and type 2 diabetes, using a time lag approach. Each analysis is adjusted
for the potential confounders of SES (measured by educational attainment) and age, as well as secular trends (time by survey). The aim here is to identify the
relationship between each mediator and the outcome of type 2 diabetes. The combined effect of all the mediators is modelled in Table 4.

Variable

Diet quintile (per unit)
Smoking status
Non-smoker
Ex-smoker
Smoker
Hypertension
No
Yes
Physical activity
Moderate/high
None/low
Educational attainment
Tertiary/post graduate
Trade/diploma
School/ higher school certificate
No formal
Age (per year)
Time (per survey)
doi:10.1371/journal.pone.0172126.t003

Diet — Type 2 Diabetes Smoking — Type 2 Hypertension — Type 2 | Physical activity — Type 2
Diabetes Diabetes Diabetes
OR (95%Cl) P Value OR (95%Cl) P Value OR (95%Cl) P Value OR (95%Cl) P Value
0.96 (0.89,1.03) | 0.228
1.00
1.09 (0.94,1.28) | 0.262
1.14(0.93,1.41) | 0.219
1.00
2.63(2.28,3.04) | <0.001
1.00
1.54 (1.33,1.79) | <0.001
1.00 1.00 1.00 1.00
1.15(0.78,1.70) | 0.486 | 1.08(0.81,1.44) | 0593 | 1.05(0.79,1.40) | 0.735 | 1.08(0.81,1.43) | 0.612
1.46 (1.05,2.05) | 0.026 | 1.62(1.27,2.06) | <0.001 | 1.52(1.20,1.94) | 0.001 | 1.58(1.24,2.01) | <0.001
2.60(1.81,3.76) | <0.001 | 2.68 (2.06,3.49) | <0.001 | 2.51(1.93,3.26) | <0.001 | 2.53(1.95,3.30) | <0.001
1.02(0.95,1.10) | 0.523 | 1.04(0.99,1.09) | 0.175 | 1.02(0.97,1.07) | 0.439 | 1.04(0.99,1.09) | 0.164
1.19(0.94,1.51) | 0.150 | 1.22(1.03,1.44) | 0.018 | 1.23(1.04,1.45) = 0.014 | 1.23(1.04,1.45) | 0.013

significant lagged effect was found for either smoking status or diet on type 2 diabetes. How-
ever, in a sensitivity analysis using BMI instead of diet quality, an association was found for
increasing BMI (S1 Table). In particular, compared to underweight women, being overweight
was associated with a 2.49-fold (95%CI 1.98, 3.14; P<0.001) increase in odds of being diag-
nosed/treated for type 2 diabetes at the following survey, while those who were in the highest
BMI category (obese) were 7.38 (95%CI 5.96, 9.13; P<0.001) times more likely to go on to
develop type 2 diabetes.

Total causal effect estimate of perceived stress on type 2 diabetes. A graded relationship
for the total effect of perceived stress on type 2 diabetes onset was found (Table 4). In particu-
lar, women with minimal (OR 1.56, 95%CI 1.14, 2.14; P = 0.005) and moderate/high stress
(OR 2.33,95%CI 1.65, 3.28; P<0.001) demonstrated increases in odds of being diagnosed/
treated for type 2 diabetes three years later, relative to no perceived stress. In a sensitivity anal-
ysis defining the outcome as either type 2 diabetes or glucose intolerance, the relationship
increased slightly for those with moderate/high levels of perceived stress in the adjusted time
lag analyses (52 Table). The sensitivity analysis treating physical activity as a time varying con-
founder through marginal structural models had no influence on the results (53 Table).

Controlled direct effect of perceived stress on type 2 diabetes. When the controlled
direct effect of perceived stress on type 2 diabetes onset was examined using traditional regres-
sion adjustment for all confounders and mediators, only slightly attenuated effects were
observed (Table 4). Collectively, BMI, hypertension and physical activity explained only 10%
(95%CI 3.5%, 18%) of the excess diabetes risk due to minimal perceived stress and 20% (95%
CI 14%, 28%) of the variation due to moderate/high perceived stress. Stated conversely, about
80% of the effect of stress on increasing diabetes could not be explained simply by the influence
on traditional risk factors (e.g. BMI, physical activity).
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Table 4. Total causal effects of perceived stress on type 2 diabetes using a time lag approach (assuming physical activity as a time varying

mediator).2?

Variable

Perceived stress
None
Minimal
Moderate/high
Educational attainment
Tertiary/post graduate
Trade/diploma
School/ higher school certificate
No formal
Age (per year)
Time (per survey)
Hypertension
No
Yes
Physical activity
Moderate/high
None/low
BMI
Underweight
Healthy weight
Overweight
Obese

Model adjusted for confounders Model adjusted for all mediators and

confounders
OR (95%Cl) P Value OR (95%Cl) P Value
1.00 1.00
1.56 (1.14,2.14) 0.005 1.40 (1.01,1.93) 0.043
2.33(1.65, 3.28) <0.001 1.84 (1.29, 2.63) 0.001
1.00 1.00
1.09 (0.82, 1.45) 0.549 0.97 (0.72,1.30) 0.816
1.65(1.30, 2.10) <0.001 1.32(1.03, 1.69) 0-026
2.73(2.11,3.55) <0.001 1.89 (1.44,2.47) <0.001
1.04 (0.99, 1.09) 0.124 1.03(0.98, 1.08) 0.314
1.22 (1.04, 1.43) 0.017 1.19 (1.01, 1.40) 0.041
1.00
1.82(1.56,2.12) <0.001
1.00
1.22 (1.05, 1.42) 0.010
1.00
2.29 (1.06, 4.96) 0.035
2.25(1.78,2.84) <0.001
5.88 (4.72,7.32) <0.001

@As smoking was not associated with diabetes onset, it was not included in this analysis
PAs BMI was found to have a relationship with diabetes it was included instead of diet

doi:10.1371/journal.pone.0172126.1004

Discussion

This study examined the temporal relationship between perceived stress and incident type 2
diabetes in a middle-aged cohort of Australian women over 12 years. Perceived stress was a
strong risk factor for type 2 diabetes, with a graded relationship identified in the longitudinal
time lag analyses. Our mediation analysis shows that only a small portion of the effect of stress
on diabetes risk (i.e. <20%) is acting through traditional risk factors, particularly hypertension,
BMI, and physical activity.

Our findings support and extend previous research examining the relationship between
stress and diabetes onset, particularly among women. Williams et al. [6] found an independent
effect of baseline perceived stress levels on incident impaired glucose metabolism in women
over a five year period. Similarly, a graded relationship between post-traumatic stress disorder
symptoms (an extreme example of chronic stress) and type 2 diabetes risk was shown using 22
years of data from the Nurses Health Study II [22].

Contrary to the long-standing ‘Bjorntorp hypothesis’, which proposes that neuroendocrine
responses to stress are mediated mainly by central adiposity [23], BMI explained little of the
variance in the perceived stress-diabetes relationship. Williams et al. [6] also showed adiposity
(and health behaviours) had little influence on the relationship between stress and abnormal
glucose metabolism. Likewise, Toshihiro and colleagues [24] found that obesity did not predict
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progression to diabetes from impaired fasting glucose and/or impaired glucose tolerance in
Japanese workers.

In our study, we also found no relationship between smoking and type 2 diabetes onset
over the 12 years. This is in sharp contrast with a 2007 meta-analysis of 25 prospective cohort
studies [25]. It is important to note that the temporal relationship between smoking and type 2
diabetes in the studies that were pooled was not specifically explored and the studies included
in the meta-analysis varied in terms of quality, follow-up and control of confounders. In par-
ticular, the findings of the pooled analyses appeared to be highly dependent on BMI, which
raises the possibility that adjustment for BMI increases confounding of the stress/diabetes rela-
tionship, through collider bias [26]. Despite this, a significant relationship between moderate
to high levels of perceived stress and traditional risk factors (e.g. diet and physical activity) was
detected, as it has been in previous literature [27].

The large, controlled, direct effect of stress on diabetes may act on glucose metabolism
through dysregulation of the hypothalamic-pituitary-adrenal and sympathetic-adrenal-medul-
lary axes. The acute stress response activates the central, autonomic, neuroendocrine, and
immune systems, as well as motor responses, when there are real or perceived threats to
homeostasis [28]. In particular, the sympathetic-adrenal-medullary axis releases catechol-
amines and the hypothalamic-pituitary-adrenal axis secretes glucocorticoids that mobilise the
‘fight or flight” response [29]. Chronic activation of the hypothalamic-pituitary-adrenal and
sympathetic-adrenal-medullary axes and associated mechanisms, in conjunction with resul-
tant amplification of pro-inflammatory cytokines (through increased tumor necrosis factor-o
and interleukin-6 production), all counteract insulin and may induce insulin resistance and B-
cell dysfunction [30, 31].

This study has a number of strengths. These include the prospective study design, large
national cohort, use of sophisticated statistical techniques in order to examine mediational
pathways, as well as the length of follow-up. In particular, the regularity of the survey data over
the 12 years of follow-up allowed us to examine population-level changes in the predictor,
mediators and confounders over time. To date no study has been able to achieve this.

The study must also be considered in light of its limitations. Firstly, we used a self-report
measure of type 2 diabetes. However, self-reported diabetes status has been found to be a reli-
able proxy for medical record review, particularly for women [12]. It is possible that women
with glucose intolerance were under-represented, since onset of diabetes may occur years prior
to a clinical diagnosis [32]. However, the relationship between perceived stress and diabetes
increased when including glucose intolerance in the sensitivity analysis. Secondly, in the lagged
analyses diet quality was only measured twice, which may have contributed to its lack of predic-
tion as a risk factor for type 2 diabetes. However, a recent meta-analysis of prospective cohort
studies is in accord with the null finding [33] and BMI (which is related to dietary intake, and
reported at each survey) was a predictor. Finally, given that both measures of stress and diabetes
relied on self-report, it is possible they share common variance as a result of negative cognitive
appraisal, which may increase the likelihood of detecting a significant association.

The findings of this study have important implications for the delivery of diabetes preven-
tion and treatment programs. Current international consensus guidelines on the prevention of
type 2 diabetes advocate for interventions administered at a whole population level as well as
specific screening for high risk individuals [34]. This raises the possibility that measures of
stress could improve the performance of current screening tools for adults at risk of type 2 dia-
betes, or that interventions to improve mental health may mitigate the growing incidence of
type 2 diabetes. Targeting improved mental health and reducing stress could also have the
potential of slowing the progression from glucose intolerance to frank diabetes, or lead to bet-
ter glycaemic control. Importantly, a meta-analysis of randomised controlled trials of
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psychological interventions for type 2 diabetes found stress reduction improved long-term gly-
caemic control among type 2 diabetes patients [35]. In a complementary approach, moderate
physical activity has been found to not only increase glucose utilisation in those with glucose
intolerance [36] but also provides antidepressant effects [37].

With type 2 diabetes set to surpass cardiovascular disease as the number one chronic dis-
ease affecting society, addressing the increasing burden associated with type 2 diabetes will
become a key healthcare priority. Using causal modeling techniques in this large national
cohort study, perceived stress was found to be a strong independent risk factor for diabetes.
The findings provide support for perceived stress to be considered alongside other modifiable
risk factors for type 2 diabetes, such as obesity and physical activity in public health primary
prevention and screening programs.

Supporting information

S1 Fig. Complete directed acyclic graph demonstrating hypothesised causal pathways
between perceived stress and type 2 diabetes across the observation period.
(DOC)

S2 Fig. The role of physical activity in the relationship between perceived stress and type 2
diabetes.
(DOC)

S1 Table. Sensitivity analysis examining the longitudinal association between Body Mass
Index (BMI) and type 2 diabetes, using a time lag approach.
(DOC)

$2 Table. Longitudinal models (with and without a time lag), reporting odds ratios and
95% confidence intervals (CI) for the relationship between perceived stress and type 2 dia-
betes/glucose intolerance (sensitivity analysis).

(DOC)

§3 Table. Sensitivity analysis comparing the total causal effect of stress on diabetes with
physical activity treated as a time-varying confounder using a marginal structural model
and a mediator using standard regression.

(DOC)

Acknowledgments

The research on which this paper is based was conducted as part of the Australian Longitudi-
nal Study on Women’s Health, the University of Newcastle and the University of Queensland.
We are grateful to the Australian Government Department of Health for funding and to the
women who provided the survey data. The authors thank Professor Graham Giles of the Can-
cer Epidemiology Centre of Cancer Council Victoria, for permission to use the Dietary Ques-
tionnaire for Epidemiological Studies (Version 2), Melbourne: Cancer Council Victoria, 1996.
Researchers from the Research Centre for Generational Health and Ageing and Centre for
Clinical Epidemiology and Biostatistics at the University of Newcastle as well as the Clinical
Research Design, Information Technology and Statistical Support (CReDITSS) Unit are mem-
bers of the Hunter Medical Research Institute (HMRI).

Author Contributions
Conceptualization: MLH CO AH JL DL JA.

PLOS ONE | DOI:10.1371/journal.pone.0172126  February 21, 2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172126.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172126.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172126.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172126.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172126.s005

@° PLOS | ONE

Causal modelling of stress and incident diabetes

Data curation: MLH CO.

Formal analysis: MLH CO AH JA.

Funding acquisition: MLH JL DL JA.

Methodology: MLH CO AH JL DL JA.

Project administration: MLH CO JA.

Resources: MLH JA.

Supervision: MLH CO AH JL DL JA.

Visualization: MLH CO AH JA.

Writing - original draft: MLH.

Writing - review & editing: MLH CO AH JL DL JA.

References

1.

10.

11.

12.

13.

14.

Whiting DR, Guariguata L, Weil C, Shaw J. IDF diabetes atlas: global estimates of the prevalence of dia-
betes for 2011 and 2030. Diabetes Res Clin Pract. 2011; 94(3):311-21. doi: 10.1016/j.diabres.2011.10.
029 PMID: 22079683

Barr E, Magliano D, Zimmet P, Polkinghorne K, Atkins R, Dunstan D, et al. The Australian Diabetes,
Obesity and Lifestyle Study. Tracking the accelerating epidemic: its causes and outcomes. Melbourne:
International Diabetes Institute, 2006.

Murea M, Ma L, Freedman BI. Genetic and environmental factors associated with type 2 diabetes and
diabetic vascular complications. Rev Diabet Stud. 2012; 9(1):6—22. doi: 10.1900/RDS.2012.9.6 PMID:
22972441

Harris ML, Loxton D, Sibbritt DW, Byles JE. The influence of perceived stress on the onset of arthritis in
women: findings from the Australian Longitudinal Study on women’s health. Ann Behav Med. 2013; 46
(1):9-18. doi: 10.1007/s12160-013-9478-6 PMID: 23436274

Kelly SJ, Ismail M. Stress and type 2 diabetes: a review of how stress contributes to the development of
type 2 diabetes. Annu Rev Public Health. 2015.

Williams ED, Magliano DJ, Tapp RJ, Oldenburg BF, Shaw JE. Psychosocial stress predicts abnormal
glucose metabolism: the Australian Diabetes, Obesity and Lifestyle (AusDiab) study. Ann Behav Med.
2013; 46(1):62—72. doi: 10.1007/s12160-013-9473-y PMID: 23389687

Cosgrove MP, Sargeant LA, Caleyachetty R, Griffin SJ. Work-related stress and type 2 diabetes: sys-
tematic review and meta-analysis. Occup Med (Lond). 2012; 62(3):167-73.

Bergmann N, Gyntelberg F, Faber J. The appraisal of chronic stress and the development of the meta-
bolic syndrome: a systematic review of prospective cohort studies. Endocr Connect. 2014; 3(2):R55—
80. doi: 10.1530/EC-14-0031 PMID: 24743684

Novak M, Bjorck L, Giang KW, Heden-Stahl C, Wilhelmsen L, Rosengren A. Perceived stress and inci-
dence of type 2 diabetes: a 35-year follow-up study of middle-aged Swedish men. Diabet Med. 2013; 30
(1):e8-16. doi: 10.1111/dme.12037 PMID: 23075206

Kato M, Noda M, Inoue M, Kadowaki T, Tsugane S. Psychological factors, coffee and risk of diabetes
mellitus among middle-aged Japanese: a population-based prospective study in the JPHC study cohort.
Endocr J. 2009; 56(3):459-68. Epub 2009/03/10. PMID: 19270421

Dobson AJ, Hockey R, Brown WJ, Byles JE, Loxton DJ, McLaughlin D, et al. Cohort Profile Update:
Australian Longitudinal Study on Women’s Health. Int J Epidemiol. 2015.

Jackson JM, Defor TA, Crain AL, Kerby T, Strayer L, Lewis CE, et al. Self-reported diabetes is a valid
outcome in pragmatic clinical trials and observational studies. J Clin Epidemiol. 2013; 66(3):349-50.
doi: 10.1016/j.jclinepi.2012.01.013 PMID: 22564498

Strodl E, Kenardy J, Aroney C. Perceived stress as a predictor of the self-reported new diagnosis of
symptomatic CHD in older women. Int J Behav Med. 2003; 10(3):205-20. PMID: 14525717

Beatty LJ, Adams J, Sibbritt D, Wade TD. Evaluating the impact of cancer on complementary and alter-
native medicine use, distress and health related QoL among Australian women: a prospective longitudi-
nal investigation. Complement Ther Med. 2012; 20(1-2):61-9. doi: 10.1016/j.ctim.2011.09.008 PMID:
22305250

PLOS ONE | DOI:10.1371/journal.pone.0172126  February 21, 2017 12/13


http://dx.doi.org/10.1016/j.diabres.2011.10.029
http://dx.doi.org/10.1016/j.diabres.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/22079683
http://dx.doi.org/10.1900/RDS.2012.9.6
http://www.ncbi.nlm.nih.gov/pubmed/22972441
http://dx.doi.org/10.1007/s12160-013-9478-6
http://www.ncbi.nlm.nih.gov/pubmed/23436274
http://dx.doi.org/10.1007/s12160-013-9473-y
http://www.ncbi.nlm.nih.gov/pubmed/23389687
http://dx.doi.org/10.1530/EC-14-0031
http://www.ncbi.nlm.nih.gov/pubmed/24743684
http://dx.doi.org/10.1111/dme.12037
http://www.ncbi.nlm.nih.gov/pubmed/23075206
http://www.ncbi.nlm.nih.gov/pubmed/19270421
http://dx.doi.org/10.1016/j.jclinepi.2012.01.013
http://www.ncbi.nlm.nih.gov/pubmed/22564498
http://www.ncbi.nlm.nih.gov/pubmed/14525717
http://dx.doi.org/10.1016/j.ctim.2011.09.008
http://www.ncbi.nlm.nih.gov/pubmed/22305250

@° PLOS | ONE

Causal modelling of stress and incident diabetes

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bell S, Lee C. Development of the perceived stress questionnaire for young women. Psychol Health
Med. 2002; 7(2):189-201.

Bell S, Lee C. Perceived stress revisited: the Women'’s Health Australia project young cohort. Psychol
Health Med. 2003; 8(3):343-53.

Cohen S, Williamson G. Perceived stress in a probability sample of the United States. In: Spacapan S,
Oskamp S, editors. The social psychology of health. Newbury Park, CA: Sage Publications Inc.; 1988.
p. 31-67.

Brown WJ, Bauman AE. Comparison of estimates of population levels of physical activity using two
measures. Aust N Z J Public Health. 2000; 24(5):520-5. Epub 2000/12/08. PMID: 11109690

Collins CE, Young AF, Hodge A. Diet quality is associated with higher nutrient intake and self-rated
health in mid-aged women. J Am Coll Nutr. 2008; 27(1):146-57. PMID: 18460493

Twisk JR. Applied longitudinal data analysis for epidemiology. Cambridge: Cambridge University
Press; 2003.

Ferrannini E, Nannipieri M, Williams K, Gonzales C, Haffner SM, Stern MP. Mode of onset of type 2 dia-
betes from normal or impaired glucose tolerance. Diabetes. 2004; 53(1):160-5. PMID: 14693710

Roberts AL, Agnew-Blais JC, Spiegelman D, Kubzansky LD, Mason SM, Galea S, et al. Posttraumatic
stress disorder and incidence of type 2 diabetes mellitus in a sample of women: a 22-year longitudinal
study. JAMA Psychiatry. 2015; 72(3):203—10. doi: 10.1001/jamapsychiatry.2014.2632 PMID:
25565410

Bjorntorp P. Visceral fat accumulation: the missing link between psychosocial factors and cardiovascu-
lar disease? J Intern Med. 1991; 230(3):195-201. PMID: 1895041

Toshihiro M, Saito K, Takikawa S, Takebe N, Onoda T, Satoh J. Psychosocial factors are independent
risk factors for the development of type 2 diabetes in Japanese workers with impaired fasting glucose
and/or impaired glucose tolerance. Diabet Med. 2008; 25(10):1211-7. doi: 10.1111/j.1464-5491.2008.
02566.x PMID: 19046200

Willi C, Bodenmann P, Ghali WA, Faris PD, Cornuz J. Active smoking and the risk of type 2 diabetes: a
systematic review and meta-analysis. JAMA. 2007; 298(22):2654—64. doi: 10.1001/jama.298.22.2654
PMID: 18073361

Richiardi L, Bellocco R, Zugna D. Mediation analysis in epidemiology: methods, interpretation and bias.
Int J Epidemiol. 2013; 42(5):1511-9. doi: 10.1093/ije/dyt127 PMID: 24019424

Magnavita N, Fileni A. Work stress and metabolic syndrome in radiologists: first evidence. Radiol Med.
2014; 119(2):142-8. doi: 10.1007/s11547-013-0329-0 PMID: 24297580

Hawkley LC, Berntson GG, Engeland CG, Marucha PT, Masi CM, Cacioppo JT. Stress, aging and resil-
ience: can accrued wear and tear be slowed? Can Psychol. 2005; 46(3):115-25.

Padgett DA, Glaser R. How stress influences the immune response. Trends Immunol. 2003; 24(8):444—
8. PMID: 12909458

Black PH. The inflammatory consequences of psychologic stress: relationship to insulin resistance,
obesity, atherosclerosis and diabetes mellitus, type 1. Med Hypotheses. 2006; 67(4):879-91. doi: 10.
1016/j.mehy.2006.04.008 PMID: 16781084

Pickup JC. Inflammation and activated innate immunity in the pathogenesis of type 2 diabetes. Diabetes
Care. 2004; 27(3):813-23. PMID: 14988310

Harris MI, Klein R, Welborn TA, Knuiman MW. Onset of NIDDM occurs at least 4—7 yr before clinical
diagnosis. Diabetes Care. 1992; 15(7):815-9. PMID: 1516497

Li M, Fan Y, Zhang X, Hou W, Tang Z. Fruit and vegetable intake and risk of type 2 diabetes mellitus:
meta-analysis of prospective cohort studies. BMJ Open. 2014; 4(11):e005497. doi: 10.1136/bmjopen-
2014-005497 PMID: 25377009

Alberti KG, Zimmet P, Shaw J. International Diabetes Federation: a consensus on Type 2 diabetes pre-
vention. Diabet Med. 2007; 24(5):451-63. doi: 10.1111/].1464-5491.2007.02157.x PMID: 17470191

Ismail K, Winkley K, Rabe-Hesketh S. Systematic review and meta-analysis of randomised controlled
trials of psychological interventions to improve glycaemic control in patients with type 2 diabetes. Lan-
cet. 2004; 363(9421):1589-97. doi: 10.1016/S0140-6736(04)16202-8 PMID: 15145632

Kahle EB, Zipf WB, Lamb DR, Horswill CA, Ward KM. Association between mild, routine exercise and
improved insulin dynamics and glucose control in obese adolescents. Int J Sports Med. 1996; 17(1):1—
6. doi: 10.1055/s-2007-972799 PMID: 8775568

Blumenthal JA, Babyak MA, Moore KA, Craighead WE, Herman S, Khatri P, et al. Effects of exercise
training on older patients with major depression. Arch Intern Med. 1999; 159(19):2349-56. PMID:
10547175

PLOS ONE | DOI:10.1371/journal.pone.0172126  February 21, 2017 13/13


http://www.ncbi.nlm.nih.gov/pubmed/11109690
http://www.ncbi.nlm.nih.gov/pubmed/18460493
http://www.ncbi.nlm.nih.gov/pubmed/14693710
http://dx.doi.org/10.1001/jamapsychiatry.2014.2632
http://www.ncbi.nlm.nih.gov/pubmed/25565410
http://www.ncbi.nlm.nih.gov/pubmed/1895041
http://dx.doi.org/10.1111/j.1464-5491.2008.02566.x
http://dx.doi.org/10.1111/j.1464-5491.2008.02566.x
http://www.ncbi.nlm.nih.gov/pubmed/19046200
http://dx.doi.org/10.1001/jama.298.22.2654
http://www.ncbi.nlm.nih.gov/pubmed/18073361
http://dx.doi.org/10.1093/ije/dyt127
http://www.ncbi.nlm.nih.gov/pubmed/24019424
http://dx.doi.org/10.1007/s11547-013-0329-0
http://www.ncbi.nlm.nih.gov/pubmed/24297580
http://www.ncbi.nlm.nih.gov/pubmed/12909458
http://dx.doi.org/10.1016/j.mehy.2006.04.008
http://dx.doi.org/10.1016/j.mehy.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16781084
http://www.ncbi.nlm.nih.gov/pubmed/14988310
http://www.ncbi.nlm.nih.gov/pubmed/1516497
http://dx.doi.org/10.1136/bmjopen-2014-005497
http://dx.doi.org/10.1136/bmjopen-2014-005497
http://www.ncbi.nlm.nih.gov/pubmed/25377009
http://dx.doi.org/10.1111/j.1464-5491.2007.02157.x
http://www.ncbi.nlm.nih.gov/pubmed/17470191
http://dx.doi.org/10.1016/S0140-6736(04)16202-8
http://www.ncbi.nlm.nih.gov/pubmed/15145632
http://dx.doi.org/10.1055/s-2007-972799
http://www.ncbi.nlm.nih.gov/pubmed/8775568
http://www.ncbi.nlm.nih.gov/pubmed/10547175

